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1.	  Thermoelectric	  Power	  and	  Cooling	  
1.1.	  Introduction	  to	  Thermoelectrics	  

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 (e.g. electrons) in the 
material to diffuse from the hot side 
to the cold side. 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 and coolers. (Source: Wikipedia) 

(Adapted from Dr. Hogan, Mich State) In 1822, Seebeck observed that when two 
electrically conducting materials are connected in a closed loop and a temperature 
difference exists at the two junctions T1 and T2, then there was a deflection of the 
magnetic needle in his measurement apparatus. The deflection was dependent on the 
temperature difference between junctions and the materials used for the conductors. 
Many scientists subsequently researched this relationship, and it was discovered that the 
observation by Seebeck was not caused by a magnetic polarization, but was caused by 
electrical current flowing in the closed loop circuit. Twelve years after Seebeck's 
discovery, a watchmaker and scientist named Jean Peltier reported a temperature anomaly 
at the junction of two dissimilar materials as a current was passed through the junction. It 
was unclear what caused this anomaly and while Peltier attempted to explain it on the 
basis of the electrical conductivities and/or hardness of the two materials, Lenz removed 
all doubt in 1838 with one simple experiment. By placing a droplet of water in a dimple 
at the junction between rods of bismuth and antimony, Lenz was able to freeze the water 
(!) and subsequently melt the ice by changing the direction of current through the 
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alloys based on the Bi2Te3 system
[(Bi1–xSbx)2(Te1–xSex)3] and the Si1–yGey sys-
tem have been extensively studied and
optimized for their use as TE materials to
perform in a variety of solid-state TE re-
frigeration and power-generation applica-
tions.11,12 These traditional TE materials
have undergone extensive investigation,
and there appears to be little room for fu-
ture improvement in the common bulk
structures. However, recent results on
nanostructures of traditional TE materials
have shown a promising new direction for
these materials. In addition, entirely new
classes of compounds will have to be in-
vestigated. Figure 2 shows ZT as a func-
tion of temperature for the Bi2Te3 and
Si1–yGey materials as well as many of the
more recent bulk materials that have been
developed over the last decade. The ZT of
more exotic structures such as superlat-
tices and quantum dot structures are not
shown here but are addressed in the ar-
ticle by Böttner et al. in this issue.

Transport Properties
The thermopower, or Seebeck coeffi-

cient, can be thought of as the heat per car-
rier over temperature or, more simply, the
entropy per carrier, α C/q, where C is
the specific heat and q is the charge of the
carrier.7 For the case of a classical gas, each
particle has an energy of 3/2(kBT), where
kB is the Boltzmann constant. The ther-
mopower is thus approximately kB/e,
where e is the charge of the electron. For
metals, the heat per carrier is essentially a
product of the electronic specific heat and
the temperature divided by the number of

!

carriers (N), that is, α CelT/N, and then
α is approximately

(4)

where EF is the Fermi energy (related to
the chemical potential of the material).
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The Fermi energy is basically the energy
such that at T 0, all the states above 
this energy are vacant and all the 
states below are occupied. The quantity
kB/e 87 !V/K is a constant that repre-
sents the thermopower of a classical elec-
tron gas. Metals have thermopower values
of much less than 87 !V/K (on the order
of 1–10 !V/K) and decrease with decreas-
ing temperature, that is, EF "" kBT).

In a semiconductor, a charged particle
must first be excited across an energy gap
Eg. In this case, the thermopower is ap-
proximated by

(5)

Thus, the thermopower is larger than the
characteristic value of 87 !V/K and in-
creases with decreasing temperature.
Semiconductors can exhibit either electron
conduction (negative thermopower) or
hole conduction (positive thermopower).
The thermopower for different carrier
types is given by a weighted average 
of their electrical conductivity values 
(σn and σp):

(6)

It is necessary to dope the semiconductors
with either donor or acceptor states to
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Figure 1. Diagram of a Peltier thermoelectric couple made of an n-type and a p-type
thermoelectric material. Refrigeration or power-generation modes are possible, depending
on the configuration. I is current.

Figure 2. Figure of merit ZT shown as a function of temperature for several bulk
thermoelectric materials.
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Introduction to Thermoelectrics
Solid state heat pumps have been known since the discovery of 
the Peltier effect in 1834. The devices became commercially avail-
able in the 60’s with the development of advanced semiconductor 
thermocouple materials in combination with ceramics substrates.  
Thermoelectric modules (TEMs) are solid-state heat pumps that 
require a heat exchanger to dissipate heat utilizing the Peltier Effect.  
During operation, DC current flows through the TEM to create heat 
transfer and a temperature differential across the ceramic surfaces, 
causing one side of the TEM to be cold, while the other side is hot.  
A standard single-stage TEM can achieve temperature differentials 
of up to 70°C.  However, modern growth and processing methods of 
semiconductor materials are exceeding this limitation.

TEMs have several advantages over alternate cooling technologies. 
They have no moving parts, so the solid state construction results in 
high reliability.  TEMs can cool devices down to well below ambient.  
Colder temperatures can be achieved, down to minus 100°C, by 
using a multistage thermoelectric module in a vacuum environment.  
Thermoelectrics are able to heat and cool by simply reversing the 
polarity, which changes the direction of heat transfer.  This allows 
temperature control to be very precise, where up to ±0.01°C can be 
maintained under steady-state conditions.  In heating mode TEMs 
are much more efficient than conventional resistant heaters because 
they generate heat from the input power supplied plus additional 
heat generated by the heat pumping action that occurs. 

A typical TEM measures 30 mm x 30 mm x 3.6 mm. Their geomet-
ric footprints are small as they vary from 2 x 2 mm’s to 62 x 62 
mm’s and are light in weight.  This makes thermoelectrics ideal for 
applications with tight geometric space constraints or low weight 
requirements when compared too much larger cooling technologies, 
such as conventional compressor-based systems.  TEMs can also be 
used as a power generator converting waste heat into energy as 
small DC power sources in remote locations.

When should you use thermoelectrics?
Thermoelectrics are ideal for applications that require active cooling 
to below ambient and have cooling capacity requirements of up 
to 600 Watts. A design engineer should consider them when the 
system design criteria includes such factors as precise temperature 
control, high reliability, compact geometry constraints, low weight 
and environmental requirements.  These products are ideal for many 
of the consumer, food & beverage, medical, telecom, photonics and 
industrial applications requiring thermal management.

Thermoelectric Modules available  
from Laird Technologies
CP Series offer reliable cooling capacity in the range of 10 to 100 
watts. They have a wide product breadth that is available in numer-
ous heat pumping capacities, geometric shapes, and input power 
ranges. These modules are designed for higher current and larger 
heat pumping applications with a maximum operating temperature 
of 80°C.

OptoTEC™ Series have a geometric footprint less than 13x13 mm 
and are used in applications that have lower cooling requirements 
of less than 10 watts. These modules offer several surface finishing 
options, such as metallization or pre-tinning to allow for soldering 
between TEM and mating conduction surfaces.

MS Series offer the highest temperature differential, (∆T).  
Each stage is stacked one on top of another, creating a multistage  
module. Available in numerous temperature differentials and  
geometric shapes, these modules are designed for lower heat 
pumping applications.

ThermaTEC™ Series are designed to operate in thermal cycling 
conditions that require reliable performance in both heating and 
cooling mode (reverse polarity). Thermal stresses generated in these 
applications will cause standard modules to fatigue over time. These 
modules are designed for higher current and higher heat pumping 
applications with a maximum operating temperature of 175°C

UltraTEC™ Series offer the highest heat pumping capacity within 
a surface area. Heat pumping densities of up to 14 W/cm2, or twice 
as high as standard modules, can be achieved. The cooling capacity 
can range from 100 to 300 watts. TEMs are also ideal for applica-
tions that require low temperature differentials and high coefficient 
of performance (COP).
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junction. In this way, Lenz had 
made the first thermoelectric cooler. 
The rate of heat absorbed (Q) or 
liberated from the junction was later 
found to be proportional to the 
current or, Q = pi*I, where pi is the 
Peltier coefficient and I is the 
current.  
 Physically, what is 
happening as the charge carriers 
move through the conductors is 
complex. To get a relatively simple 
view of the heat absorption or 
emission process, we need to 
consider the charge carrier energy 
levels in the materials – simplified 
as energy bands. Electrical 
engineers often use band diagrams 
to describe electrical processes in 
materials. A band diagram showing 
the changing energy levels of the 
charge as it moves through a 
material and the resulting absorption 
or emission of thermal energy due to 
this change in energy level is given 
in the figure to the right.  
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1.2.	  Thermoelectric	  Activity	  
 
Who: Group of 5 students 
What: This is a solid-state energy conversion demonstration with a thermoelectric device 
using heat to power a fan, and using power to freeze water. The purpose of this activity is 
to look at multiple energy conversion processes between heat, electricity, and shaft 
power.  
Where: Classroom 
Time: 4 hours 
 
Supplies: 
Item Quantity Check-out Check-in Notes 
Peltier Cooler (12 V, 5.5 A) 1    
Aligator clips 2    
Cardboard sheet (4 in x 6 in) 1  NA  
Heat sink fins 2    
DC motor 1    
D-cell batteries 8    
Batter pack 1    
Plastic trays 2    
Plastic cup 1    
Metal tin tray (from Al foil) 1    
Thermal interface grease 1    
1 cup of boiling water 1    
 
Learning Objectives: 
● Hands on experiment exposing students to energy conversion, thermal energy, 

electric work, and shaft power. Build knowledge in electrical wiring and energy 
conversion systems. 

● Introduce concepts of heat transfer, and conservation of energy 
● Introduce concept of power generation and refrigeration 

 
SAFETY NOTES 
● Burn hazard: Dealing with boiling water that can cause serious burns 
● Electricity: Electrical wiring and power devices 

 
Activities:	  
 
A. Use heat to power a fan 
 
Procedure 

1. Construct a fan blade from the cardboard provided and glue it to the shaft of the 
small DC motor. Allow glue to dry.  

2. Apply a thin layer of thermal interface grease to the heat sink fins and attached 
the thermoelectric device. Connect heat sink fins on both sides of the device.  
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3. Connect the alligator clips to the electrical leads of the thermoelectric device, and 
then connect the other side of the alligator clips to the small DC motor.  

4. Poor boiling water from kettle into a ceramic mug 
5. Poor the hot water into the plastic container filling to a height of approximately 

1.5 cm.  
6. Place 1 side of the heat sink fins in the hot water. Does the fan rotate? 
7. Disconnect the motor from the thermoelectric generator and connect the leads to 1 

D-cell battery. Does the fan rotate? Is there a difference in speed? Why? 
 
 
B. Use power to make a thermoelectric cooler 
 
Procedure 

1. Place a heat sink fin on one side of the thermoelectric device using a thin layer of 
thermal interface grease between the materials.  

2. Place cold water in the plastic tray, and place the heat sink fins into the cold water 
3. Make a small tray with aluminum foil that will hold a small amount of water, 

roughly 1 ml of water.  
4. Put thermal interface grease on the exposed side of the thermoelectric device and 

carefully place the aluminum tray on top.  
5. Put the D-cell batteries into the battery pack, and use the alligator clips to connect 

the battery pack to the electric leads of the thermoelectric device.  
6. What are your observations? 

 
Additional details will be provided in an additional handout.  
 
OBSERVATIONS AND NOTES 
 
 
 
 
 
 
 
 

 


