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Abstract
Thermoelectric devices are interesting candidates for a series 
of applications due to their capability of direct conversion 
of heat into electric energy. For a rigorous study, general 
device structures have to be considered, which demands the 
application of a general-purpose device simulator. For the 
following investigations, the device simulator MINIMOS-NT 
has been applied. As a part of this work, the transport model 
has been studied and mechanisms for the visualization of 
thermoelectrically relevant quantities have been implemented. 
For the simulation of lead telluride based devices, the model 
database has been extended by an according material class 
and model parameters. Furthermore, a set of models has been 
implemented in MINIMOS-NT in order to accurately account for 
the physical properties, such as the band gap and the doping 
dependent electric contribution to the thermal conductivity. On 
the basis of a lead telluride device, an optimization strategy 
for stacked devices is discussed.

Keywords
Seebeck effect, thermoelectric devices, Thermoelectric 
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I. Introduction
Thermoelectric Generators are devices for direct conversion 
of heat into electricity. Their outstanding reliability due to 
the lack of moving parts makes them attractive candidates 
for a series of applications. However, today’s thermoelectric 
devices are limited by their low efficiency and high costs. 
Thus, their operation is restricted to highly specialized niches. 
Optimization of thermoelectric devices [1, 2, 9] to given thermal 
and geometrical constraints depends on a physics-based 
simulation framework. This work focuses on the extension 
and application of semiconductor device simulation, which 
is a well established tool in mainstream microelectronics 
to thermoelectrics. In the theoretical part, proper transport 
description for thermoelectric devices is developed. Model of 
Ideal classical thermoelectric generator has been explained 
based on different approximations of the scattering operator 
[10] systematically described by the method of moments 
and compared to a phenomenological approach based 
on the principles of irreversible thermodynamics. Models 
for the Seebeck coefficient [5, 6], which play a major role 
in thermoelectric devices are discussed and compared to 
measurement data. A material related part highlights important 
properties of thermoelectric materials as well as mechanisms 
for possible optimization. After an overview of the most 
important thermoelectric materials and their attributes, the 
focus is put on lead telluride, which serves as a thermoelectric 
material in the intermediate temperature range. A detailed 
discussion on the physical modeling of several simulation-
relevant material properties is carried out. The practical part 
incorporates case studies of both conventional thermoelectric 
devices as well as a novel structure containing a large scale 
pn-junction. Simulation results for both silicon and lead telluride 

structures [3, 4] are compared to measurement data, whereby 
excellent agreement is achieved. In a detailed simulation study, 
the influences of several design parameters like geometry, 
material composition, and doping profiles [7, 8] on the device 
performance of thermoelectric generators are assessed. 
Furthermore, the device behavior is discussed within non-ideal 
thermal environments. The novel structure incorporating a large 
scale pn-junction turns out to be highly adaptable to given 
environmental conditions.

II. Ideal Classical Thermoelectric Generators
The first type of thermoelectric generators, which is also the one 
usually used in commercial energy conversion applications, has 
inherited its principle assembly from early thermocouples and 
temperature sensors. It consists of two semiconducting legs, 
where one is made of p-type and the other of n-type material. 
In practical devices, the p-type leg is designed with a larger 
cross section than the n-type one due to the lower hole mobility. 
While the two legs are thermally parallel, they are electrically 
connected in series by a contact at the heated end of the 
devices. Due to the different signs of Seebeck coefficients in 
differently doped materials, the total voltage of the device is 
the sum of the single contributions of each leg.

Fig.1 : Principle configuration of a classical thermoelectric 
device

In practical applications, thermoelectric modules are 
constructed of several single thermoelements, as sketched 
in fig. 1. There, a possibility to adapt to thermal and electrical 
specifications is the different connection of single elements to 
modules in both an electrical as well as a thermal sense. While 
electrically parallel connection of single elements increases 
the total current, a serial configuration is applied to enhance 
the output voltage. The same principle works for the thermal 
configuration. Multiple single elements on the same level 
increase the heat flux throughout the entire module in order to 
exploit relatively “strong” temperature reservoirs at temperature 
differences matching one single stage. Environments with 
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higher temperature differences are often treated with modules 
consisting of multiple stages. There, the temperature difference 
is subdivided to a thermally serial configuration within stacked 
modules.

III. Simulation Result 
In the sequel, the basic behavior of single thermoelements 
is discussed on the basis of simulation results. In order to 
analyze the internal behavior of a single thermoelectric device, 
the focus is put on the thermoelectrically active device itself 
first. In this idealized perspective of thermoelectric generators 
[6], thermal contact resistances [8] as well as characteristics 
of heat sources and sinks are neglected. This means that the 
thermoelectrically active legs capitalize from the entire thermal 
potential, which is provided by ideally stiff temperature sources. 
Furthermore, electric contact resistances are neglected as well. 
Such a treatment is beneficial in order to identify the maximum 
conversion potential of a thermoelectric device, which will be 
reduced by parasitic external effects in practical situations. 
Furthermore, it enables an analysis of the internal mechanisms, 
which governs valuable insights for device optimization and 
further development.
In fig. 2, the current and voltage behavior of a single 
thermocouple with respect to a load resistance is illustrated 
for different temperature differences. The device assumed has 
a leg length of 20 mm and a cross section of 25 1mm×   . Both legs 
are made of silicon and have according doping concentrations 
of 19 31 10 cm−×   . The electric contacts are considered as ideal 
conductors, which is a safe assumption for conventional 
device geometries. For example copper features an electrical 
conductivity of 659.6 10 /S m× , which is about three orders 
of magnitude above the conductivity of accordingly doped 
silicon.

Fig.2 : Voltage and current with respect to the load 
resistance.

With a constant temperature difference maintained along the 
device, a simulated ohmic load resistance [4] is swept over four 
decades. For low resistances, the behavior converges against 
short circuit conditions. While the voltage drops to zero, an 
accordingly high current is driven by the temperature gradient. 
For accordingly high resistances, the driven current goes to 
zero, while the voltage approaches its open circuit value. Within 
considerable ranges, both current and voltage increase with 
increasing temperature differences. This behavior is limited by 
strongly decreasing Seebeck coefficients at high temperatures. 
The electrical power output is obtained as the product of contact 
voltage Uc and driven current I, where the contact voltage can 
be obtained as the directed integral along both legs as
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Due to the different signs of the Seebeck coefficients Pa
an na  , the contributions of the legs add constructively to the 
total voltage. Furthermore, the according current is specified by 
the driving voltage as well as the sum of internal and external 
resistances.

Fig. 3: Electric power output as well as conversion efficiency 
vs. load resistance for different leg thicknesses.

The thermoelectric conversion efficiency is defined by the 
energy balance within the device as the ratio of generated 
electrical power and incoming heat-flux throughout the heated 
thermal contact
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Fig. 3 illustrates the corresponding electric powers and 
thermoelectric conversion efficiencies at a temperature 
difference of 500K above room temperature. The optimum 
power and efficiency are achieved at matched load conditions 
[10], where the external load resistance is equal to the internal 
resistance R1=Ri. A modification of the device geometry results 
in changed internal resistances. For lower leg thicknesses, 
the internal resistance increases, thus the total power output 
decreases and the optimum operating point is shifted to 
higher load resistances as well. However, due to the lower 
cross section of the legs, the thermal resistance is increased 
as well and thus the heat flux throughout the device is reduced 
resulting in a constant efficiency. For higher leg thicknesses, 
the quantities change accordingly to the other direction. The 
resulting power density of the device is constant as well. Within 
the idealized treatment of thermoelectric devices, the same 
considerations are valid for changes of the leg length, as long 
as the temperature at the thermal contacts can be assumed 
to be constant. However, in real world devices, especially in 
miniaturized elements, this is not the case due to the influence 
of parasitic external thermal resistances, as demonstrated later 
on. Since geometrical modifications affect both the thermal as 
well as the electrical circuit, the conversion efficiency and power 
density are not affected over a wide range. Mathematically 
speaking, a principle approach to performance improvement 
is to change the parameters of only one of the electrical and 
thermal subsystems as well as their coupling mechanisms. 
For the thermal part, it is beneficial to reduce the heat flux as 
much as possible while not affecting the electric conductivity. 
For the electric part, for example modification of the doping 
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concentrations results in a change of the electrical conductivity. 
However, the Seebeck coefficient is affected reversely and thus, 
an optimum doping concentration can be identified.

Fig. 4 : Electric current as well as power output vs. load 
resistance for differently doped devices

Fig. 4 and fig. 5 point out the influence of different doping 
concentrations on the device performance. The contact voltage 
decreases with increasing doping due to the detrimental effect 
of large carrier concentrations on the Seebeck coefficient. While 
the driving voltage is reduced at higher doping concentrations, 
the conductivity is noticeably increased. This results in an 
increased current as well, as presented in fig. 4. For the power 
output, a trade-off between the doping’s influences on current 
and voltage occurs. Thus, an optimum carrier concentration 
exists, which is about 1020 cm-3 in the presented example.

Fig. 5 : Voltage as well as conversion efficiency vs. load 
resistance for differently doped devices

Fig.6: Electric power output vs. temperature for differently 
doped devices

Since the carrier contribution to the thermal conductivity is 
only of subsidiary significance, the heat flux throughout the 
device is only increased at very high carrier concentrations. 
This results in an optimum efficiency at a doping concentration 
close to the one for the optimum power output. Fig. 6 illustrates 
the temperature dependence of the electric power output. The 
strongly increasing power output saturates at high temperatures 
depending on the doping concentration.

IV. Conclusion
The performance of thermoelectric materials and devices 
strongly depends on the thermal environment as well as 
given geometric constraints. In order to exhaust the available 
thermal energy at the best, thermoelectric generators have to 
be optimized for each given situation. Thereby, the design of 
custom devices for given environments depends on a physically 
based simulation framework. A transport model suitable for 
thermoelectric devices has been systematically derived by the 
method of moments, which is compatible to an approach based 
on phenomenological irreversible thermodynamics. Thereby, 
special attention has been paid to the Seebeck coefficient 
by a comparison of measurement data with the theoretical 
formulation. The behavior of classical thermoelectric devices 
has been investigated with MINIMOS-NT. Thereby the influence 
of geometry, material composition, and forced carrier generation 
on the device performance has been assessed. Non-ideal 
thermal environments have been discussed and considered 
using mixed-mode simulations. While the number of possible 
device variations of conventional thermoelectric devices is 
relatively small, the numerous design parameters of the novel 
a structure allows good adaption to given environments.
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