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Thermoelectric materials are solid-state energy converters whose combination of thermal,
electrical, and semiconducting properties allows them to be used to convert waste heat into
electricity or electrical power directly into cooling and heating. These materials can be competitive
with fluid-based systems, such as two-phase air-conditioning compressors or heat pumps, or
used in smaller-scale applications such as in automobile seats, night-vision systems, and
electrical-enclosure cooling. More widespread use of thermoelectrics requires not only improving
the intrinsic energy-conversion efficiency of the materials but also implementing recent
advancements in system architecture. These principles are illustrated with several proven and
potential applications of thermoelectrics.

Broad societal needs have focused attention
on technologies that can reduce ozone
depletion, greenhouse gas emissions, and

fossil fuel usage. Thermoelectric (TE) devices,
which are semiconductor systems that can directly
convert electricity into thermal energy for cooling
or heating or recover waste heat and convert it into
electrical power, are increasingly being seen as
having the potential to make important contribu-
tions to reducing CO2 and greenhouse gas emis-
sions and providing cleaner forms of energy.

In this Review, I compare solid-state TE sys-
tems with more familiar mechanical providers of
heating, cooling, and electrical power generation,
such as air conditioners, refrigerators, heat pumps,
heat exchangers, and turbine engines. Both classes
of devices are similar in that they employ a work-
ing fluid—in TEs, this is electrical current, where-
as in conventional closed-system heat engines
steam or freon substitutes are the common work-
ing fluids. These classes have complementa-
ry regimes in which they can provide good
performance.

Solid-state energy conversion has great ap-
peal in terms of its simplicity as compared with
systems that must compress and expand a two-
phase (gas/liquid) working fluid. However, ex-
cept in a limited number of cases, the operational
efficiencies of TE systems have fallen short of the
targets needed for them to be used broadly.
Nevertheless, several commercial uses have been
realized, including thermal cycles for DNA syn-
thesizers, car seat cooler/heaters, laser diode cool-
ers, and certain low-wattage power generators.
Successful applications have capitalized on the
small size of these devices, their robustness in
demanding environments, or their rapid response
time.

Two important pathways will lead to addition-
al applications for TEs. One will be improving the

intrinsic efficiencies of TE materials, and many
efforts are underway to accomplish this. Another
is to improve the way in which existing TEs are
currently used, which will be the main focus of
this overview.

Thermoelectrics As Heat Engines
TE devices are solid-state heat engines. Unlike
today’s air conditioners, which use two-phase
fluids such as the standard refrigerant R-134A,
TE devices use electrons as their working fluid.
Figure 1 demonstrates the principal effects that
govern their performance.

In 1834, Peltier observed that if a current is
applied across a junction of dissimilar electrically
conductivematerials, either heating or cooling can
occur at the junction. When the current is re-
versed, the opposite effect is observed. Figure 1A
illustrates why this occurs. Electric current is
propagated by electrons in n-type materials and
by holes (traveling in the opposite direction) in
p-type materials, be they semiconductors, metals,
or semimetals. If voltage is applied in the right
direction across a p-n junction, electron/hole
pairs are created in the vicinity of the junction.
Electrons will flow away from the junction in the
n-type material, and holes will flow away in the
p-type material. The energy to form them comes
from the junction region, cooling it. On the
opposite end, electrons and holes stream toward
junctions where pairs recombine. This process
releases energy and heats the junctions. At the
bottom of Fig. 1 is a typical TE module, con-
figured so that all junctions on one side heat and
those on the other side cool.

In 1821, Seebeck noticed that the needle of a
magnet is deflected in the presence of dissimilar
metals that are connected (electrically in series
and thermally in parallel) and exposed to a tem-
perature gradient. The effect he observed is the
basis for TE power generation. As shown in Fig.
1B, if the junctions at the top are heated and those

at the bottom are cooled (producing a temper-
ature differential), electron/hole pairs will be
created at the hot end and absorb heat in the
process. The pairs recombine and reject heat at
the cold ends. A voltage potential, the Seebeck
voltage, which drives the hole/electron flow, is
created by the temperature difference between
the hot and cold ends of the TE elements. The net
voltage appears across the bottom of the TE
element legs. The Seebeck effect forms the basis
of the operation of TE couples (thermocouples)
used extensively in temperature-measurement
systems. Electrical connections can be made from
the TEs to an external load to extract power.

In order for this process to be efficient, it is
necessary to find materials that are good electric
conductors, otherwise electron scattering gener-
ates heat on both sides of the barrier and through-
out the materials. Also, the materials must be
poor thermal conductors, otherwise the temper-
ature difference that must be maintained between
the hot and cold sides will produce large heat
backflow. Similarly, the Seebeck effect should be
maximized. Optimization of these three parame-
ters is compromised because all three are affected
by the electronic properties of the materials. Be-
cause the working fluid (electrons) conducts un-
wanted heat as well as electric current, and the
Seebeck effect decreases as the electrical con-
ductivity increases, it is necessary to optimize
these properties simultaneously (1). The highest
performance is achievedwith heavily doped semi-
conductors, such as bismuth telluride or silicon
germanium. Finally, for semiconductors, it is de-
sirable to have a base material that can be both
p- and n-type–doped, so that the same material
system can be used on both sides of the junctions.

It is useful to compare the electrical current as
a working fluid with the gas/liquid two-phase
fluids in conventional air conditioners. The key
difference that allows a refrigeration system in a
building to achieve up to 60% of the maximum
theoretical efficiency (as compared with 12% for
TEs to date) is that cooling and heat-rejection
components can be physically well separated,
and large temperature differences do not lead to
the high heat backflow that penalizes efficiency
in TE systems.

Practical Thermoelectric Devices
In a working TE device, segments of p-type– and
n-type–doped semiconductor materials, such as
suitably doped bismuth telluride, are connected
by shunts to form an electric circuit. The shunts
are made of an excellent electrical conductor, such
as copper. A voltage drives a current through the
circuit, passing from one segment to another
through the connecting shunts. For determining
efficiency, this configuration is equivalent to the
electrons passing directly from one TE material
to the other. Conventional TE cooling/heating
modules are constructed of pairs of TE segments,
repeated about 100 times, and organized into ar-
rays like the one shown in Fig. 1. When current
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flows within the module, one side is cooled and
the other heated. If the current is reversed, the hot
and cold sides reverse also. The geometry for
power generators (Fig. 1B) is conceptually the
same. In this case, the top side is connected to a
heat source and the bottom to a heat sink. TE
power generators often are similar in physical form
to cooling modules except that fewer taller and
thicker elements are used.

A figure of merit, ZT, expresses the efficiency
of the p-type and n-type materials that make up a
TE couple. The parameter Z is the square of the
Seebeck voltage per unit of temperature, multi-
plied by the electrical conductivity and divided
by the thermal conductivity, and T is the abso-
lute temperature. In today’s best commercial TE
cooling/heating modules, ZT is about 1.0, and in
air-conditioning applications is about one-quarter
as efficient as a typical conventional system, such
as one that uses R-134A. Ideal TE system ef-
ficiency increases nonlinearly with ZT, so that to
double efficiency, ZT has to increase to about 2.2.
To achieve a fourfold increase (to equal the effi-
ciency exhibited by today’s two-phase refriger-
ants), ZTwould need to increase more substantially
to about 9.2.

To maximize power-generation efficiency, ZT
should be as high as possible, and the temper-
ature differential between the hot and cold sides
should be as large as possible. The material prop-
erties that make up Z vary with temperature, so
that materials exhibit optimum performance over
a relatively narrow temperature range. As a result,
in order to maximize the efficiency of power-
generation modules, individual TE elements are
usually formed from two and sometimes three
different TE materials laminated together in the
direction of current flow to form segmented ele-
ments. Each TEmaterial in the laminate structure
is chosen to have superior performance over the
range of its temperature exposure (2). For effec-
tive waste heat recovery from vehicle exhaust (an
operating condition with about a 350°C temper-
ature differential), the efficiency needs to be about
10% and the corresponding average ZT should be
about 1.25 to increase mileage up to 10%. For
primary power generation, the net efficiency needs
to be about 20% and have an average ZTof 1.5 or
greater (at an 800°C temperature differential).

Given that the merits of solid-state energy
conversion are easily understood and accepted,
why are TE devices not more broadly used? The

principal reason is that efficiency has been too
low to be economically competitive. Use in large-
scale air conditioners for homes and commercial
buildings falls into this category. Besides low
efficiency, a second reason is that the cost of
traditional TE modules per watt of cooling, heat-
ing, or power generation has been too high to
allow the displacement of existing technologies,
with the exception of those few applications in
which the beneficial characteristic of being solid
state outweighs cost and performance limitations.
A lack of design knowledge and design tools has
created yet another barrier to broader usage. In
part, this is to be expected because the technology
has a legacy of low efficiency and high cost, and
the small number of applications has limited the
development of commercially designed software.

Improving Performance
In 1993, the U.S. government’s Office of Naval
Research and Defense Advanced Research Proj-
ects Agency asked interested researchers to pro-
pose pathways to improve ZT for cooling and
heating applications (3). A specific interest was to
determine whether the then-emerging nanotech-
nology and its potential quantum-scale synthesis
could lead to new superior TE materials. In 1993,
Hicks and Dresselhouse published a theoretical
model predicting the effect on ZT of confining
electrons to two-dimensional quantum wells (4).
They calculated that the Seebeck coefficient could
be increased and the thermal conductivity could
be suppressed. The promise of this concept and
other ideas fromwithin the TE community led the
U.S. government to fund several innovative ap-
proaches in the mid-1990s. This initiative set in
motion a substantial increase in both theoretical
and TE-material developmental research. By 2001,
Venkatasubramanian of Research Triangle Institute
announced achievement of a room-temperature ZT
of about 2.4 for a nanoscale structure made by al-
ternating layers of two TE materials that both en-
hanced the Seebeck coefficient and suppressed
thermal conductivity (5). The next year, Harman of
Lincoln Laboratory published results claiming a
ZTof up to 3.2 at about 300°C for a material with
nanoscale inclusions that dramatically reduced
thermal conductivity (6). In 2003, Kanatzidis at
Michigan State University led a team in the devel-
opment of a complex bulk tertiary material with
aZTof at least 1.4 at 500°C (7). Recently,Heremans
at Ohio State University and an international team
claimed reaching a ZT of 1.5 at 500°C (8). Despite
these promising results, efficiency gains at the de-
vice level have yet to be demonstrated. The scaling
of the nanomaterials has proven to be quite difficult
and is still in the development stage. The bulk ma-
terial has yet to be made commercially available.

The theoretical and nanoscale experimental
results led to increased interest in pursuing appli-
cations enabled by the promisedmaterial advance-
ments. At the same time as thematerial gainswere
forthcoming, attempts weremade to identify other
opportunities to achieve system-level performance
gains. In total, four sources for these opportunities
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Fig. 1. TE heat engines. (A) When current is run across a TE junction, it heats or cools through the Peltier
effect, depending on the direction of the current flow. (B) When heat flows across the junction, electrical
current is generated through the Seebeck effect. (C) Practical TE generators connect large numbers of
junctions in series to increase operating voltage and spread heat flow.
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can be identified. The first is an obvious one: In-
crease the material ZT. The second is to look to con-
tinuous improvement in design optimization and to
reduce parasitic losses by using nontraditional ma-
terials in device fabrication. These opportunities lead
to efficiencygains of up to 25%; the potential for large
gains is limited because most early uses of TE de-
vices were for aerospace applications and great ef-
forts had already been devoted to design optimization.

The third is to determine whether alternative
thermodynamic cycles could be used to improve
efficiency. In thermodynamic terms, each p and n
TE couple (Fig. 1) is a separate heat engine and, in
principle, could operate independently of the other
engines that make up a TE device. If each engine
could operate optimally (that is, at the ideal temper-
ature and current), system-level efficiency could
increase. The analog is to compare the efficiency
of two common heat engines that burn oil. In a
diesel engine, each cylinder is an independent heat
engine, but all cylinders operate at the same tem-
perature and pressure conditions, the diesel cycle.
The engine delivers about 30 to 45% efficiency. In
contrast, in a turbine engine, such as is used in mu-
nicipal electric power–generation systems, every
stage of the compressor and expansion sections
operates optimally for theworking-fluid conditions
at each point. This is a regenerative Brayton cycle,
and efficiency in modern systems is about 60 to
65%, nearly double that of the diesel cycle. We
developed a cycle analogous to the Brayton cycle,
in which the TE engines are arranged as shown in
Fig. 2A (9).

The system is suited for use with a working
fluid, such as air and water. Flow patterns are
similar to those of counterflow heat exchangers.
However, in this case, the heat transported from
one fluid to the other ismodified by the TE engines
as it passes through the system. In cooling/heating
mode, the TE elements boost the heat quality so
that one of the opposing fluid streams is heated
and the other is cooled. For the conditions il-

lustrated, the efficiency can be about double that
of a single module operating with all elements at
the same temperature (10). Figure 2B shows a
similar geometry operating in power-generation
mode. In this case, system efficiency gains are
about 30% greater than those of TE heat engines
in which the incoming working fluid is com-
busted without being preheated by the waste side
of the TE array (11). The cycles can be combined
with higher-ZT materials to compound the per-
formance gains.

The fourth opportunity comes from the real-
ization that there is no length scale in the equa-
tions that determines the efficiency of a TE engine.
Thus, the amount of TE material used in the con-
struction of a perfect, theoretically lossless TE
engine is arbitrary. In real devices, system per-
formance does degrade as the device is made
smaller, because the relative impact of parasitic
electrical and thermal-loss mechanisms increases
as size decreases. Also, manufacturing tolerances
and electrical isolation requirements place prac-
tical limitations on device size. An alternative
stack TE configuration in Fig. 3B has lower

parasitic losses from the electrical connections
(shunts) between TE elements than does the tra-
ditional configuration shown in Fig. 3A. Maxi-
mum benefit occurs if the stack design is used in
combination with a reduction in the electrical
resistance at the TE-material/shunt interfaces.

Other parasitic losses tend to increasewhen less
TE material is used, so TEmaterial volume can be
lowered to the point where the benefits of the re-
duced resistance inherent in the stack geometry
equal the increased losses fromother sources.Under
many practical operating conditions, the weight of
TEmaterial used can be reduced by a factor of 6 to a
factor of 25 (12). By employing the design tech-
nology behind this configuration, TE material costs
for high-capacity systems are generallymuch lower.
For example, TE cooling and heating systems with
the traditional configuration are cost-competitive up
to about 400 thermal watts of output, but increases
to about 4000Wwith the stack design. Power gen-
erators have been restricted to uses in harsh, remote
environments where reliability justifies higher
costs. With substantial reductions in TE material
usage, a broader spectrum of commercial applica-
tions becomes economically viable.

Present Applications
TE-powered devices have been in production since
the bismuth telluride–based room-temperature
materials were developed in the late 1950s. As
withmany innovative technologies that offer new
functionality (in this case, refrigerators and heat
engines the size of matchboxes), military applica-
tions developed first. TEs are used to produce –80°C
temperatures to operate the sensors in infrared
imaging systems for heat-seeking missiles and
night-vision systems. The development of silicon
germanium high-temperature power-generation
materials led directly to the production of heat
engines for space applications with no moving
parts that could operate in the absence of sunlight.
Solar cells, another type of heat engine, are effective
and can be used as far as the orbit of Mars, but
beyond that distance the solar radiant flux is not
adequate to power spacecraft. All power sources
for U.S. and former-USSR deep-space probes have
used TE heat engines to convert heat generated by
nuclear fissile material to electricity (13).

More-recent applications take advantage of
lowered costs and greater yields made possible
by adopting semiconductor manufacturing pro-
cesses for fabricating TE materials and devices.
TE-powered devices are now in mass production
for cooling, heating, and temperature-control appli-
cations in several important markets. Miniature
TEmodules keep laser diodes at constant temper-
ature to stabilize operating wavelengths (14). Bio-
logical assaying has been revolutionized by the
development of polymerase chain reaction (PCR)
systems, and PCR systems use TE devices to
thermally cycle microliter quantities of enzymatic
reactions through exact series of temperature cycles
(15). The process is used to multiply specific
sequences of DNA material for analytical testing
purposes.
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Fig. 2. Thermodynamic cycles. By optimizing each element along the thermal gradient, the engine
resembles a gas turbine engine (the high-efficiency Brayton cycle) rather than the less efficient diesel cycle,
in which the temperature and pressure conditions of every element (TE junction or combustion cylinder) are
the same. This approach is shown for heating and cooling in (A) and for power generation in (B).
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Climate-control seat (CCS) systems have been
developed to provide rapid seat cooling in the
summer and equally fast heating in the winter
(16). The CCS is being installed in more than
500,000 vehicles a year. It increases passenger
comfort and is beginning to be used to provide a
degree of comfort when the vehicle engine is off.
Fuel consumption is reduced in hybrid vehicles
in hot driving conditions because the engine can
be turned off when the vehicle is coasting, braking,
or stopped.

Portable beverage and picnic coolers were an
early commercial application that combined the
small size, light weight, and electric operation that
characterize TEs to open a newmarket for ice-free
portable cooling systems (17). Product offerings
have since expanded to include coolers that are
quiet and vibration-free. They have proven pop-
ular for replacing traditional vapor-compressor
refrigeration in wine-storage cabinets, hotel room
mini-refrigerators, and office water coolers.

Personal temperature-control systems that pro-
vide cooling as well as heating for the office envi-
ronment have also come onto themarket. A desktop
unit uses the high-efficiency thermodynamic
cycle to condition a person’s immediate environ-
ment while keeping input electrical power to that
of a personal computer and within industry limits
for power consumption by office furnishings and
electrical outlets (18). For this and many other
applications, the TE systems, when used in the
heating mode, operate as heat pumps and not sim-
ply as resistive heaters. Efficiency is about two
and a half times that of the traditional office re-
sistance heaters. Usually, traditional heaters draw
more electrical power than the ratings for cubicle

circuits allow and hence create a hazard, which
now can be averted while giving the user added
heating power and the benefits of cooling.

Microprocessor electronic TE-based cooling
systems have seen limited application as add-ons
to boost personal-computer clock speeds. Present
TE systems do not demonstrate sufficient per-
formance gains for acceptance by the general
personal-computer market. However, TE cooling
of small electronic enclosures, such as those used
to cool the various low-power computer boards
that control industrial equipment, is efficient and
cost-effective. The systems have a long history of
successful (if limited) application where reliabil-
ity is critical and cooling capacity can be limited
to less than 1000 W (19).

Present TE power-generation systems have
been limited to uses for which their durability and
maintenance-free operation dominate other per-
formance criteria. Examples of important uses are
power for remote data communication systems for

oil and gas pipelines, polar weather station power
generators, and cathodic protection for oil drilling
platforms (20). TE generators are chosen for these
applications because of their proven reliability
(often maintenance-free operation for 20 years),
durability under extreme conditions, and very lit-
tle if any performance degradation over their
operating life.

Future Applications
The separate technological advances in materials,
cycles, and power density can be combined read-
ily to compound benefits. More-efficient cycles
are coming into use in automotive, electronic en-
closure, and personal climate-control applications.

As higher-ZT materials become available, they
should be able to be incorporated into existing TE
designs with relatively little modification. Per-
formance will be enhanced for all of these uses to
the extent that conventional devices can be re-
placed with no operating-cost increase. However,
the most exciting prospects for TE technology are
that new uses will be enabled that have beneficial
impacts on the environment.

If the average ZT reaches 2, room, home, and
commercial solid-state heating, ventilating, and
air-cooling systems become practical. The sys-
tems would replace R-134A, which has a green-
house gas equivalence of 1430 times that of CO2

(21), with electric current as the working fluid.
Not only would the systems have zero CO2 equiv-
alency from leakage and refrigerant disposal, but
they would have exceptional heat-pumping per-
formance, so that if the source of electrical power
were green, fossil fuel usage would be eliminated
in the winter as well.

Recently published review articles give a com-
prehensive overview of trends and accomplish-
ments in TE material developments (22–25).
Other recent publications claim gains in bulk
material ZTof up to 40% (26) and advancements
in nanostructured silicon (a poor TE material in
bulk form) to performance levels at the nanoscale
on par with those of today’s best commercial ma-
terials (27, 28). Several of the new TE materials
are grown as 5- to 30-mm-thick films (5, 6, 29, 30).
Standard semiconductor fabrication methods are
used to form these materials into arrays of sub-
millimeter couples. The resulting devices exhibit
thermal response times as short as 20 ms and can
cool, heat, or generate electric power. In addition
to integrated circuit hot-spot cooling, these prop-
erties suggest possible new applications requiring
temperature change for function, such as fast DNA
analysis on a nanoliter scale, continuous envi-
ronmental or hazard assaying, real-time monitor-
ing of complex biological processes, and control
and power supplies for remote-sensing systems.

Because of their ruggedness, portability, and
ready ability to be electrically powered, TE sys-
tems should provide more-efficient and better-
performing temperature control in vehicles ofmany
types, including cars, trucks, trains, and aircraft.
The advantages, in addition to eliminating un-
friendly refrigerants, would again be that the very
efficient cooling and heating would be contained
in the same package and operate with the same
controls. At a ZT of 2, cooling and temperature
control of microprocessors, communications cir-
cuitry, electro-optical systems, and other electronic
components become attractive. The clock speed
and operating life of many chip circuits decreases
rapidly with increased temperature, so that ef-
fective thermal management becomes beneficial
on several counts (31).

Average ZT in the range from 1.5 to 2 would
enable substantial waste-heat harvesting and
primary power-generation applications. Various
government-sponsored programs are underway
in the United States and Japan to increase vehicle

Fig. 3. Alternative TE junction geometries. (A) A traditional junction. Current and heat flow in the same
general direction, and there is a long current path through shunts and tall narrow TE elements. (B) A stack
junction. The current flow is perpendicular to the heat flow, the current path is minimized through shunts,
and the TE elements are short and wide.
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mileage by converting a fraction of the heat in the
exhaust systems of trucks and cars to electric
power (32, 33). The power would be available to
drive power steering, brakes, water pumps, turbo-
chargers, and other vehicle subsystems electri-
cally. Less electrical power would need to be
produced by the alternator, which has efficiency
losses caused by the load these subsystems put
on engines today. On average, the electrical sub-
systems weigh less and can be positioned more
favorably in the vehicle away from the engine, so
that secondary but still important system-level
gains occur. All of these factors combine to im-
prove mileage and reduce costs. Estimates vary
depending on the degree of system integration
and on driving conditions, but the U.S. Depart-
ment of Energy target of 10% fuel reduction
appears to be within reach at these higher ZT
levels (34).

Gains of about 5 to 10%would be possible in
diesel-powered cogenerators that are becoming
widely used for onsite power generation in de-
veloped countries and for 5000- to 20,000-W
primary generators in developing countries. In
another proposed cogenerator concept, the solar
spectrum is split into shorter wavelengths that
yield high photovoltaic-conversion efficiency
and longer wavelengths that heat a TE generator
(35). Recent studies by PacificNorthwestNational
Laboratory suggest that industrial waste-heat
recovery in aluminum smelting, glass manufac-
ture, and cement production is practical at a ZT
of 2 (36). At the same ZT, it appears possible to
replace small internal combustion engines such
as those used in lawn mowers, blowers, and
small outboard motorboats with external com-
bustion TE engines.These engines would be very
quiet and nearly vibration-free. They could burn
a wide spectrum of fuels, such as propane, bu-
tane, liquified natural gas, and alcohols, and
would not necessarily depend on fossil oil as a
fuel source.

Outlook
Until recently, TE technology has languished de-
spite the astonishing gains made in electronics,

photonics, and other solid-state fields. Now, 15
years after U.S. government initiatives spurred
resurgence in TE research, substantial progress is
evident. More-efficient thermodynamic cycles
and designs that reduce material costs are coming
into commercial production. If the final enabling
advancement, higher ZT in TE materials, is real-
ized, gas-emission–free solid-state home, indus-
trial, and automotive air conditioning and heating
would become practical. In power generation,
fuel consumption and CO2 emissions would be
reduced by electric power production from vehicle
exhaust. Industrial waste-heat recovery systems
could reduce emissions by providing supplemental
electrical power without burning additional fossil
fuel. The question is, Is TE technology on a path
to overcome the historic limitations of low ef-
ficiency and high cost per watt of power con-
version that have limited its applications in the
past? If so, TE solid-state heat engines could well
play a crucial role in addressing some of the
sustainability issues we face today.
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