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A geometrical shape factor was investigated for optimum thermoelectric per-
formance of a thermoelectric module using finite element analysis. The cooling
power, electrical energy consumption, and coefficient of performance were
analyzed using simulation with different current values passing through the
thermoelectric elements for varying temperature differences between the two
sides. A dramatic increase in cooling power density was obtained, since it was
inversely proportional to the length of the thermoelectric legs. An artificial
neural network model for each thermoelectric property was also developed
using input—output relations. The models including the shape factor showed
good predictive capability and agreement with simulation results. The corre-
lation of the models was found to be 99%, and the overall prediction error was
in the range of 1.5% and 1.0%, which is within acceptable limits. A thermo-
electric module was produced based on the numerical results and was shown
to be a promising device for use in cooling systems.
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INTRODUCTION

Recently, thermoelectric cooler (TEC) modules

The coefficient of performance (COP) for thermo-
electric technology is lower than that for conven-

have been applied for electronic cooling. TEC mod-
ules are widely used in military, aerospace, instru-
ment, and industrial products for different cooling
purposes, offering the advantages of small size,
quiet operation, and reliability.’

Thermoelectric refrigeration is achieved when a
direct current is passed through one or more pairs of
n- and p-type semiconductor materials. In the cool-
ing mode, direct current passes from the n- to p-type
semiconductor material. The refrigeration capabil-
ity of a semiconductor material is dependent on the
combined effect of the material’s Seebeck voltage,
electrical resistivity, and thermal conductivity over
the operating temperature range between the cold
and hot ends.”™
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tional cooling systems. Therefore, much research
has focused on improvement of the COP of ther-
moelectric cooling systems by means of developing
new materials for use in TEC modules, optimiza-
tion of the module systems design, fabrication
methods, and improvement of the heat exchange
efficiency.’ !> However, little research has investi-
gated the performance of cooling modules, including
the geometrical dimensions of the p- and n-type
semiconductor thermoelectric elements of TEC
modules.®

This research focused on optimization of the
thermal properties of a TEC module including geo-
metrical factors of the p- and n-type semiconductor
pellets. Therefore, the thermoelectric cooling power,
electrical energy consumption, and COP were
obtained by numerical methods, namely simulation
by a finite element method (FEM) and prediction by
artificial neural network (ANN), to determine the
optimum dimensions of the TEC module.
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THEORY OF THERMOELECTRIC COOLING

A typical TEC module consists of p- and n-type
pellets connected electrically in series and sand-
wiched between two ceramic substrates (Fig. 1).
When a direct current passes through such a circuit
of heterogeneous thermoelectric conductors, it cau-
ses a temperature difference between the two sides
of the TEC module. As a result, one TEC face (called
the cold side) will be cooled while its opposite face
(called the hot side) will be simultaneously heated.
This phenomenon is known as the Peltier effect.!®1*
The thermoelectric heat (@) pumped by the Peltier
effect at the cold end of a thermoelectric couple as
shown in Fig. 2 is given by

Q =olT., (D

where o, I, and T, are the Seebeck coefficient, the
direct current passing through the thermoelectric
material, and the cold-side temperature in Kelvin,
respectively. Current flow generates Joule heat (@)
in the thermoelectric material, which goes equally
to the cold and hot ends:

Qs =I’R, 2)
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Fig. 2. Thermoelectric heat pumping by the Peltier effect in a ther-
moelectric couple.'

where R is the resistance of the thermoelectric
material, defined as

0

R=— 3

G (3)

where p is the resistivity and G is the geometrical
shape factor of the thermoelectric pellet:

A
G= I (4)
where A is the cross-sectional area and L is the
length of the thermoelectric element. During oper-
ation, heat is conducted by electrons from the hot to
the cold end through the thermoelectric material.
The rate of heat conduction (@) is given by

Que =k(Th — T.) = kAT, 5)

where & and AT are the thermal conductance and
temperature difference between the hot and cold
sides of the thermoelectric couple, and %k can be
defined as

k=G, (6)

where / is the thermal conductivity of the thermo-
electric material. Combining Egs. 1, 2, and 5 and
substituting Eqs. 4 and 6 into an energy balance at
the end of the thermoelectric couple gives
Q. = odT, IZ—p — AGAT (7)
c — c 2G .
The electrical energy consumption (@p) of the couple
is given by
I2
Qp =L 4 AT (8
G
The electrical power consumption of a thermoelec-
tric couple is used to generate Joule heat and
overcome the Seebeck effect, which generates power
due to the temperature difference between the two
junctions of the couple. The COP of a thermoelectric
couple for cooling is given by

oIT, — L2 — JGAT
COP = % — CIZp 2G A . (9)

The COP of a thermoelectric material is a combined
effect of its Seebeck coefficient, electrical resistivity,
geometrical dimensions, and thermal conductivity
over the operating temperature range between the
cold and hot ends. The performance of a thermo-
electric material is called the figure of merit (Z) and
is expressed as

o2 o2

0 IRG'

(10)

Each of the n- and p-type thermoelectric material
properties varies as a function of temperature, so the
figure of merit for each material is also temperature
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dependent. Maximizing the figure of merit is an
important objective during the selection and optimi-
zation of thermoelectric materials as it limits the
temperature difference, whereas the G factors for the
n- and p-type materials define the heat pumping
capacity. The most widely used thermoelectric
material for cooling in the temperature range of 0°C
to 200°C is bismuth telluride (BisTes), due to its
advantageous thermal properties compared with
other thermoelectric materials such as PbTe and
SiGe (Fig. 3).'°

SIMULATION AND PREDICTIONS
Simulation by FEM

A TEC module must have optimum thermal
properties and geometrical dimensions to achieve
the best performance. Therefore, to improve the
COP for cooling, one must take into account vari-
ables including the optimum current, temperature
difference, thermoelectric material, electrical resis-
tivity, and thermal conductivity. The o tlmum cur-
rent is calculated theoret1cally from 2 1 = 0. The
temperature difference [AT =1(T —|—T? )] depends
on the hot- and cold-end temperatures The best
thermoelectric material for cooling in the range of
0°C to 200°C is BiyTes due to its Seebeck coefficient.
The electrical resistivity and thermal conductivity
of BigTes show better characteristics compared with
other thermoelectrlc materials in this temperature
range.'® However, the geometrical shape factor G
must be investigated for different dimensions.'®

Thin-film thermoelectric coolers have potential
advantages. The main benefit of using a thin-film
cooler is the dramatic increase in the cooling power
density, since it is inversely proportlonal to the
length of the thermoelectric legs.'” As shown in
Fig. 4, achlevement of a cooling power density above
100 W/cm is possible for cooler leg lengths on the
order of 20 yum to 50 um.

Four different TEC modules with 15 identical
pairs of p- and n-type square semiconductor pellets

-100 0 200 400 600 800
Temperature Performance in C

Fig. 3. Variation of figure of merit with temperature for different
thermoelectric materials.'®
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were modeled (Fig. 5a).'® The semiconductor p-and
n-type pellets were made of BiyTe; material with
varied leg length (L) and width (w), being connected
electrically in series and thermally in parallel to
each other using silver metal plates; the square
sandwich material with area S was chosen as Al;O3
ceramic. The geometrical dimensions of the pellets
for the TEC modules are presented in Table I.

Thermoelectric cooling simulations were carried
out using ANSYS® Workbench modeling software.
The thermal and electrical scalar potential vectors
were calculated using the FEM.'® The element
types used for FEM analysis were hexagonal and
tetragonal, after carrying out many iterations to
obtain the optimum mesh for solving the problem
(Fig. 5b). A homogeneous mesh was preferred, since
there were no critical areas that would affect the
results. The hexagonal mesh was used for the n- and
p-type semiconductor pellets, while a free tetrago-
nal mesh was used for the silver conductors and
ceramic plates. The hot-side temperature was kept
constant at 330 K, while the cold-side temperature
was varied in the range from 260 K to 325 K. The
cooling power (Qc), electrical energy consumption
(®p), and COP were simulated for different current
values passing through the thermoelectric elements
for various temperature differences between the two
sides.

Figure 6 shows thermal analysis of the TEC
modules obtained from models 1, 2, 3, and 4. In
model 1 (Fig. 6a), the cooling power increases with
the current passing through the pellets up to about
80 A, then slightly decreases at higher current
values above 80 A. The maximum Q¢ value is
achieved when the cold-side temperature is 325 K.
In models 2 and 3, Q¢ shows the same trend with
increasing current as in model 1. However, the
current reduces when the shape factor G is
decreased. The results for model 4 are very signifi-
cant. The current passing thorough the thermo-
electric pellets is reduced 10*-fold, while the cooling
power is increased 10*fold (Flg 6d). Also, the
length of the thermoelectric legs is reduced from

—_ 1000 Thin Film Microcooler (20 micrometer legs)
~
E
2
&
P Bulk Microcooler
-é 100 - (200 micrometer legs)
g
2 /
5
2
é 10 Current Cooler (2 mm legs)
%0 BizTe3-based TE material
2 ZTmax=0.9
8 1 Thot = 330 K, diamond subslratc

250 270 290 310 330
Cold Side Temperature (K)

Fig. 4. Variation of cooling power density with cold-side temperature
for different G factors.'®
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(a)

Fig. 5. (a) Modeling and (b) meshing of a TEC module.

Table I. Geometrical dimensions of the modeled
TEC modules

Module No. L w S

1 1cm 1cm 100 cm?
2 1 mm 1 mm 100 mm?
3 100 ym 100 ym 1 mm?

4 1 ym 1 ym 100 pm?

1cm to 1 um, ie., a 10*fold reduction. Therefore,
these results are in good agreement with the theory
stating that thin-film coolers will exhibit a dramatic
increase in cooling power density, since it is
inversely proportional to the length of the thermo-
electric legs (Fig. 7). The thermoelectric cooling was
directly related to the effective area for cooling. The
cooling performance in model 4 at 325 K reached
about 1.4 kW, whereas it was only 1.4 W in model 1
for the same temperature gradient.

ANN Predictions

Use of artificial neural networks has become
popular during the last decade.?>?' The reason for
this is that neural networks represent a novel and
modern approach that can provide solutions to
problems for which conventional mathematics,
algorithms, and methodologies are unable to find a
satisfactory and acceptable solution. ANNs are
inspired by the functionality and structure of the
human brain, which can be imagined as a network
comprisi121§ densely interconnected elements called
neurons.
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Fig. 6. Variation of cooling power with current passing through the
pellets for TEC models (a) 1, (b) 2, (c) 3, and (d) 4 for the temper-
ature range of 260 K to 325 K.

The most popular neural network is the multi-
layer perceptron, which is a feed-forward network;
i.e., all signals flow in a single direction from the
input to the output of the network. It consists of
neurons organized in a number of layers that can be
categorized into three parts: the first part is the
input layer, which allows the network to communi-
cate with the environment; the second part is
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Fig. 7. Variation of cooling power density with cold-side temperature
for unit area.

commonly known as the hidden part, in which one
or more layers of neurons exist depending on the
problem’s demands and requirements for general-
ization; and the third part is the output layer.?®

The artificial neurons are arranged in layers,
wherein the input layer receives inputs from the
real world and each successive layer receives
weighted outputs from the preceding one as its
input, thereby resulting in a feed-forward ANN
where each input is fed forward to the subsequent
layer for treatment. The outputs of the last layer
constitute the outputs to the real world.

Training data from FEM analysis of a sample of
four TEC modules were obtained for dimensions
with length and width ranging from 1 cm to 1 ym
and ceramic plate area from 100 cm? to 100 um?. In
the proposed neural network models, the input
parameters were the cold-side temperature (T',), the
length (L), width (w), and area (S) of the thermo-
electric leg, the current passing through them (I),
and the voltage across the terminals of the TEC
module (V), while the output parameters were the
cooling power (Qc), electrical energy consumption
(®p), and COP.

Qnet 2000®,2* a commercial neural network
package, was used for the first time in the prediction
of the performance of a TEC module, offering the
advantage of rapid network development through
flexible choices of algorithms, output functions, and
other training parameters, thereby enhancing
accuracy. A total of 357 input vectors obtained from
the four TEC modules modeled by FEM analysis for
Qc, @p, and the COP were available in the training
set for a back-propagation neural network. The
number of hidden layers and neurons in each layer
were determined by trial and error to be optimal,
including different transfer functions such as
hyperbolic tangent, sigmoid, and hybrid. After the
network had been trained, better results were ob-
tained from the network formed by the hyperbolic
tangent transfer function in the hidden layers and
the sigmoid transfer function in all output layers for
prediction of Q¢, @p, and the COP. These transfer
functions are

Derebasi, Eltez, Guldiken, Sever, Kallis, Kilic, and Ozmutlu

Fig. 8. ANN developed for the COP.

Table II. Contribution of input nodes to estimated
thermoelectric properties of TEC modules in ANN
models

Contribution (%)

Input
Node QC Qp CcoP
T, 6.28 1.19 22.70
L 5.40 3.60 1.22
w 2.80 3.50 1.16
S 8.86 1.01 0.70
1 65.79 85.07 3.10
\% 10.87 5.64 71.13
eX — e X
tanhx = ——, (14)
e’ +e™
sigmoid = . 15
& 1+e™ (15)

The networks included 6 input neurons, 1 output
neuron, and four hidden layers with 65 neurons for
Qp and the COP and 75 neurons for @, with full
connectivity between nodes (Fig. 8). Back-propaga-
tion ANNSs require that all training input data must
be normalized to improve the training characteris-
tics. Therefore, all data for the nodes in the input
layer and training targets for the output layer were
normalized between the limits of 0.15 and 0.85.
The performance of the ANN model was mea-
sured statistically based on the root-mean-square
error and average correlation. A set of test data for
Qc, Qp, and the COP, different from the training
data, was used to investigate the network perfor-
mance. The average correlation and maximum
prediction error were found to be 99% and 1.5%,
respectively, for the TEC modules tested. Table II
also presents the percentage contribution of the
input nodes. All tested modules in the range of
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(a)

(b)

Fig. 9. Different views of samples prepared by the lithography technique:

(a) edge of module and (b) magnified image.

the training data showed very high correlation
coefficients. The ANN model was assessed using a
TEC module with dimensions of L = w = 1 mm and
S =100 mm? at 7. = 290 K, which lies outside the
range of the training data.

From Table II, it is clear that the width of the
thermoelectric leg w makes a minimum contribu-
tion, while the current passing through the pellets
makes the major contribution to the prediction of
Qc. The cross-sectional area S also makes a mini-
mum contribution to either @p or the COP, while
the current passing through the pellets makes a
maximum contribution to @p and the voltage across
the terminals of the TEC module makes a major
contribution to the prediction of the COP. The
developed ANN models have acceptable prediction
capability for the thermoelectric properties of the
TEC modules within the defined training dataset
and good correlation with acceptable accuracy
between the simulated and predicted results.

Experimental Procedures

Fabrication of the prototype started with a dou-
ble-side-polished 670-um-thick Aly,Os; wafer. Then,
p- and n-type semiconductor thermoelectric ele-
ments were obtained using BisTe; doped with 1%
selenium and 1% antimony, respectively. TiN com-
posite was used as an adhesion layer while the
material titanium Ti as a bottom layer connector
was developed in spite of Ag/Au and the top con-
nector layer was formed from the aluminum mate-
rial. Between Al;O3 and Bi;Tes there is always a
TiN adhesive layer of 95 nm height, which is never
directly connected to the bottom connector (Ti).

The Plasma 80 sputtering technique was used
for the samples, which were annealed for 30 min
at 1350°C for prebaking. A hexamethyldisilane
(HMDS) gas flow was also used. The spinner speed
was 3500 rpm for 30 s, followed by annealing for 60 s
at 1000°C for baking. The MA4 lithography tech-
nique (EUV) was used for 18 s. The prototypes were
also annealed for 30 min at 1350°C for hard-baking.
The developer used was an AZ device using 2:1

diluted water. The reactive ion etching method was
utilized to etch the sample with a resist etching time
of 10 min at 1350°C with drying after the cleaning
process. Ellipsometry and scanning electron micros-
copy (SEM) techniques were used to observe the
samples. Figure 9 shows the samples obtained using
this procedure.

CONCLUSIONS

The geometrical shape factor G was investigated
for optimum thermoelectric properties of a TEC
module. The cooling power Q¢, electrical energy
consumption @p, and COP were analyzed using
simulations with different current values passing
through the thermoelectric elements for various
temperature differences between the two sides. The
variation of the cooling power @, the low electrical
energy consumption @p, and the high COP value
indicate that a significant contribution can be made
to cooling challenges and technology. One of the
significant contributions of the simulation results
could be a solution to cooling challenges in the field
of semiconductor applications and technology. The
COP is inversely proportional to the length of the
thermoelectric legs and can be increased every
4 years. The ANN models developed including the G
shape factor showed good predictive capability with
acceptable accuracy compared with simulation
results. The results of all the developed ANN models
were in good agreement with simulation results.
The average correlation of the models was found to
be 99%, and the overall prediction error was in the
range of 1.5% and 1.0%, which is within the
acceptable limits for thermoelectric properties.
These models could be useful tools for designers to
assess thermoelectric module performance before
production of a TEC module, saving time and
material use.
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