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Abstract

To optimize the performance of a thermoelectric device for a specific applica-
tion, the device should be uniquely designed for the application. Achieving an
optimum design requires accurate measurements and credible analysis to
evaluate the performance of the device and its relationship with the device
parameters. To do that, we designed, fabricated, and tested four devices based
on Bi,Te, and Sb,Te;. To evaluate the accuracy of our analysis, experimental
measurements were compared with the numerical simulation performed us-
ing COMSOL™. The two sets of results were found to be in full agreement.
This is a proof of the accuracy of our experimental measurements and the
credibility of our simulation. The study shows that testing or simulating the
devices without heat sink will lead to skewed results. This is because the junc-
tion will not hold its temperatures value, but will, instead, automatically
change its value to the direction of thermal equilibrium. The study shows also
that there is no reciprocity between the input and the output characteristics of
the devices. Therefore, a device optimized for cooling and heating may not be
automatically optimized for energy harvesting. For heating and cooling, tem-
perature sensitivity should be optimized; while for energy harvesting, voltage
sensitivity should be optimized. Using heat sink, our devices achieved a vol-
tage sensitivity of 187.77 uV/K and a temperature sensitivity of 6.12 K/mV.

Keywords

Thermoelectric Devices, Multi-Leg Devices, Bi,Te,, Sb,Te;, COMSOL, Finite
Element Simulation, Voltage Sensitivity, Temperature Sensitivity

1. Introduction

The theory of thermoelectric effects has been studied extensively by many

groups. With the advancement in material engineering and device fabrication,

DOI: 10.4236/jectc.2017.74010 Dec. 28, 2017 123

Journal of Electronics Cooling and Thermal Control


http://www.scirp.org/journal/jectc
https://doi.org/10.4236/jectc.2017.74010
http://www.scirp.org
https://doi.org/10.4236/jectc.2017.74010
http://creativecommons.org/licenses/by/4.0/

I. M. Abdel-Motaleb, S. M. Qadri

these devices have become more efficient and are being used in many applica-
tions. These devices are mainly divided into two major groups: The first group is
based on Peltier effect [1] [2] [3] [4] and is used in cooling and refrigeration ap-
plications [5] [6]. These devices can be used in cooling or heating integrated
circuits, biological and medical elements, medical sensors and devices, and other
applications; The second group is based on Seebeck effect [2] [3] and is mainly
used in energy harvesting [1] [7]-[12]. The energy harvesting devices can harvest
wasted energy from factories, car exhausts, solar cells, power stations, and many
other sources.

There are many types of materials that can be used to build thermoelectric de-
vices and modules. These materials possess different ranges of Seebeck and Pel-
tier effects [2]. Thermoelectric materials can be members of different groups.
They can be from the Chalcogenides [13] [14] [15], the Skutterudites [4], the
Half Heusler [16], the Clathrates [17] [18], and the TAGS [19] [20]. The most
promising materials are the compounds based on Bismuth Telluride (Bi,Te;)
and Antimony Telluride (Sb,Te,) [21] [22]. Bi,Te; and Sb,Te; can be grown us-
ing many growth techniques such as: electrochemical [23], electroplating [24],
flash evaporation [25], thermal evaporation [26] and Pulsed Laser Deposition
(PLD) [1] [21] [22] [27]. Each technique has its advantages and disadvantages as
discussed in [2].

Thermoelectric devices have been modeled and simulated using several tech-
niques. Spice program was used to simulate lumped and distributed parameter
models [28] [29]. Bipolar and diode thermoelectric devices have been modeled
analytically for cooling and heat generation applications [30] [31]. Thermoelec-
tric devices have been modeled and simulated not only as individual devices but
as a module for different applications [32] [33]. These devices have been also
simulated using numerical techniques [33]-[38]. Modeling and simulation are
used to design devices, simulate their operation, and evaluate their performance
before the costly fabrication process.

In this paper, we report on the analysis and simulation of multi-leg thermoe-
lectric devices using Bi, Te, and Sb,Te;. The study was conducted using the finite
element (FE) multi-physics program, COMSOL™ [39]. The multi-leg devices
under consideration were developed, fabricated, and tested by the authors [1]. In
that study, electrical conductivity, Seebeck effect, and voltage sensitivity (Sy)
were measured [1]. The main goal of this study is to verify the accuracy of the
experimental measurements and understand the device behavior with and
without employing heat sinks. COMSOL provided the accuracy of a numerical

analysis and the flexibility of modeling to emulate a real case scenario.

2. Numerical Model

The differential equations used in our analysis are part of COMSOL Program
[38]. In this work, we used the thermoelectric module, where both heat and

Poisson’s equations are used simultaneously to solve for the field variables tem-
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perature, 7, and voltage, V, [37] [39]. The partial differential equations used to
obtain the device parameters are

~V((0a®T +K))VT =V (0aVV ) = o((V)* +aVTVV (1)

and
V(caVT)+V(oVV)=0 )

where o is the electrical conductivity, a is Seebeck coefficient, and k is the ther-
mal conductivity of the material. The simulation model, built in COMSOL, is
explained in extensive details in references [37] [38].

The structure of each device was constructed in COMSOL. The fabricated de-
vice structure and the properties of every material were used to build the model.
Si (100) substrates, with a diameter of 3-inch and a thickness of 380 um, were
used. A3000 A layer of SiO,was placed as insulator on top of the substrates. The
thermoelectric materials, Bi,Te; andSb,Te,, and the copper electrodes were add-
ed according to the device design. The thicknesses of these layers is taken to
be400nm, which is their actual thickness in the fabricated devices [1]. Figure
1(a) shows a photograph of the fabricated devices. Figure 1(b) shows the device
geometry constructed using COMSOL. Figure 2(a) shows the masks used in the
fabrication, which indicate the areas of the Bi,Te,, Sb,Te;, and cupper layers. The
top green-red-green and the bottom green-blue-green structures are for the
characterization of Bi,Te, and Sb,Te,, respectively. The cross structures are the
registration marks for mask alignment. It should be noted that the test devices

and the registration marks have not been added to the COMSOL geometry.

3. Simulation and Analysis of the Devices Tested without
Heat Sink

Four devices, Device-1, Device-2, Device-3, and Device-4, whose thermoelectric
materials were deposited at 100°C, 200°C, 300°C and 400°C, respectively, are
simulated. The geometries were constructed with the actual device dimensions.

The values of o and % used in the simulation analysis, are the measured values

(a) (b)

Figure 1. (a) A photograph of the device after fabrication [1]; and (b) The device geome-
try constructed using COMSOL.
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Figure 2. The 8-leg thermoelectric device: (a) The masks for the three layers: the red is
for the Bi,Te;, the blue is for Sb,Te;, and the green is for the copper metal; (b) Tempera-
ture distribution obtained from applying a 0.3 mV across terminals 1 and 2.

shown in Table 1. The values of Seebeck coefficient were assumed to be —200
%107 V/K for Bi,Te,, 200 x 107 V/K for Sb,Te,, and 6.5 x 107 V/K for copper
[37]. For copper electrodes, an electric conductivity of 5.9 x 10°* and a thermal
conductivity of 350 were used [36] [37]. The thermal and electric conductivities
for Bi,Te; and Sb,Te,are obtained from measurements and published literatures,
and they are listed in Table 1. All other physical materials were obtained from
COMSOL library.

The simulation shows that when a voltage was applied across terminals I and
2, a temperature difference was generated between terminals 3 and 4, as shown
in Figure 2(a). For device-1, when a voltage of 0.1 mV was applied, a tempera-
ture difference (A7) of 0.85 K was generated. And when the voltage increased to
0.2 mV and then to 0.3 mV, the temperature difference increased to 1.8 K and
then to 2.67 K, respectively. Figure 2(b) shows one case of temperature simula-
tion across the junctions, where an input voltage of 0.3 mV was applied. This
voltage resulted in a temperature difference of 2.67 K. The figure shows also that
the temperature difference is the same for each junction, while the electric po-
tential decreases along the path from terminal 1 to terminal 2. This means that
the junctions are thermally connected in parallel, but they are electrically con-
nected in series. Simulations for other devices have produced similar results, but
with different values. The values for the applied voltage and the corresponding
temperature differences, for all devices, are shown in Table 2.

It has been observed from simulation that any increase in the applied voltage
beyond certain values yielded no increase in the temperature difference. This
appears to be a result of uncontrolled heat dissipation from the junctions, due to
the absence of heat sink. The uncontrolled heat dissipation, made the device less
sensitive to the applied voltage at higher values. This low sensitivity at higher
voltages induced large errors, if S, or S; are obtained by curve fitting the entire

V-T curve. Since the data at low voltages are more accurate, obtaining the
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Table 1. Material properties used in the simulation [Ref. 24, 26, and 27 cited in [1]].

. Thermal Resistivity of ~ Resistivity of Sb,Te;
. Thermal conductivity o .
Devices £Bi,Te, (Wm™"K"') conductivity of Bi,Te; (uQ-m) (uQ-m)
o .
SR Sb,Te; (Wm™.K™) (This work) (This work)

Device-1 1.75 1.63 40 24
Device-2 1.5 1.63 44 17.68
Device-3 0.9 1.63 68 16
Device-4 0.8 1.63 84 15

Table 2. Temperature difference between junctions 3 and 4, when voltages were applied
at terminals 1 and 2 of the devices obtained from COMSOL simulation.

Voltage applied AT (K) AT (K) AT (K) AT (K)
(mV) Device-1 Device-2 Device-3 Device-4
0 0 0 0 0
0.1 0.85 0.78 0.85 0.85
0.2 1.8 1.8 1.48 1.8
0.3 2.67 2.67 1.68 2.58
0.4 - 3.15 291 3.44
0.5 - - 4.16 4.16
0.6 - - 5.28 5.28

sensitivities values by obtaining the slope of the curve at lower temperatures
would yield more accurate values.

Similar to Device-1, for Device-2, applying any voltage above 0.4 mV did not
result in a significant change in the temperature. For Device-3 and Device-4, 0.6
mV was the voltage at which no significant difference in temperature was ob-
served. The exact behavior of the four devices was observed experimentally too.
The agreement between experimental measurements and simulation data for all
devices proves the validity of this study, and it is a strong evidence of the accu-
racy of our findings and conclusions.

To characterize the device performance, we simulated the voltage sensitivity
(Sy) and compared it to the corresponding experimental values. The sensitivity
values for the simulation and experimental results are shown in Table 3. As
shown in the table, the two sets of values are close to each other with about —7%
to 20% difference. This deviation can be attributed to the use of constant values
for Seebeck coefficient for all simulated devices; while in reality, Seebeck coeffi-
cient changes with the material growth conditions. The change of the Seebeck
coefficient with growth temperature was automatically factored in the experi-
mental measurements.

Temperature sensitivities (S; = 1/Sy) for the devices were also calculated and
their values are shown in Table 3, along with experimental results. As expected,
the simulation values are in agreement with the experimental values, with devia-

tion of —7% to 20%. Again this deviation can be attributed to the use of a
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Table 3. Voltage Sensitivity (Sy = AV/AT) and Temperature Sensitivity (S; = AT/AV) for
experimental measurements [1] and COMSOL simulation (this work).

Simulation

Experimental values Experimental values ~ Simulation values

Device for Sy (uV/K) val;l:;/f;; Sv for S; K/mV for S¢
Device-1 93 112 10.75 8.93
Device-2 100 113 10 8.85
Device-3 146 135 6.85 7.41
Device-4 132 135 7.58 7.41

constant Seebeck coefficient for the thermoelectric materials, regardless of the
growth temperature of the material. The decision to maximize S, versus max-
imizing S; depends on the application the device will be used for. For example,
for power harvesting applications, S, should be maximized. On the other hand,
for cooling/heating applications, S; should be optimized. In these cases, the de-
vice parameters, the geometries, and the fabrication process should be optimized

for the intended goal.

4. Analysis of the Devices with Heat Sink

To obtain a better understanding of the performance, the devices were simulated
again, but using a heat sink. In this case, the inner junctions, indicated as (I) in
Figure 3, were kept at 293 K, while the temperature of the outer junctions, indi-
cated as (O), varied from 293 K to 323 K. The electromotive force (emf), or the
potential, created across terminals 1 and 2 was obtained. In addition, the heat
flux across the junctions in both the x and y directions were simulated. The heat
flux was simulated in order to understand the direction of heat flow, and to
know whether heat is confined to the junctions or dissipate to the surroundings.
As can be seen from Table 4, the temperature of the outer junctions increased
from T =293 Kto T = 323 K in a 6-degree increment. This resulted in tempera-
ture difference from 0 to 30 K. The temperature difference, in turn, generated a
voltage difference across terminals 1 and 2, as shown in Figure 2. Table 4 shows
the voltage across the two terminals, the temperature of the hot junctions, and
the temperature difference between the hot and the cold junctions. To obtain the
voltage sensitivities, the voltage generated across terminals 1 and 2 are plotted
against the temperature, as shown in Figure 4.

As can be seen from Figure 4, the relationship between the applied voltage
and the temperature is slightly nonlinear, bending to the right. However, the re-
lationship can still be approximated as a straight line. The slopes of these lines
represent the voltage sensitivities (Sy) for the devices. Table 5 shows the device
voltage sensitivities for Device-1, Device-2, Device-3, and Device-4 to be 175.56,
163.33, 177.77, and 187.77 uV/K, respectively. The Table shows also that the
temperature sensitivities are 5.7, 6.12, 5.62, and 5.33 K/mV, respectively. Since S;
is the reciprocal of Sy, it is expected that devices with high voltage sensitivities

will have low temperature sensitivities. The value of the sensitivity that matters
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Figure 3. Thermoelectric device structure indicating the posi-
tion of the inner and the outer parts of junctions.
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Figure 4. Voltage generated across terminals 1 and 2 when temperature difference is
maintained across the device junctions: (a) Device-1; (b) Device-2; (c) Device-3; and (d)
Devices-4, with the temperature of the inner junctions is fixed at 293 K.

Table 4. Voltage generated across terminals 1 and 2 as a result of temperatures difference
across the junctions. The temperature of the inner junctions is kept at 293 K.

Temperature of ~ Temperature Voltage (mV) Voltage (mV) Voltage (mV) Voltage (mV)
outer junction (K) difference (K) Device @100°C Device @200°C Device @300°C Device @400°C

293 0 0 0 0 0

299 6 1.50 1.36 1.53 1.70
305 12 2.71 2.48 2.75 3.04
311 18 3.75 3.44 3.80 4.17
317 24 4.66 4.30 4.73 5.18
323 30 5.49 5.08 5.57 6.08

DOI: 10.4236/jectc.2017.74010

129 Journal of Electronics Cooling and Thermal Control


https://doi.org/10.4236/jectc.2017.74010

I. M. Abdel-Motaleb, S. M. Qadri

depends on the application the device is intended for. For devices designed for

cooling applications, the values of S; should be maximized. But for devices in-

tended for energy harvesting, the value of S, should be the one to be maximized.

COMSOL simulation of Device-3 with outer junction temperature of 317 K is

shown in Figure 5, as an example of the simulations results for this case. Similar

results were obtained for all four devices, as explained before. Figure 5(a) shows
the Temperature distribution, Figure 5(b) shows the Voltage distribution, Fig-
ure 5(c) shows the Heat Flux in the x-direction, and Figure 5(d) shows the Heat

Table 5. COMSOL simulation of Voltage Sensitivity (S, = AV/AT) and Temperature
Sensitivity (S; = AT/AV) for devices with heat sink.

Device Sy (LV/K) with heat sink St (K/mV) with heat sink
Device-1 175.56 5.7
Device-2 163.33 6.12
Device-3 177.77 5.62
Device-4 187.77 5.33
Temperature (K) e Surface Electric Potential (V)
. . . 4473510

315

310

305

300

295
x10%

v293.15

0.0045

0.004

0.0035

\ 0.003

[} 0.0025
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10°
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45546.7 26017.1
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/ﬁ\\\ o | T
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Figure 5. COMSOL simulation of Device-3 with outer junction temperature of 317 K. (a)
Temperature distribution; (b) Voltage distribution (c); Heat Flux in the x-direction, and
(d) Heat Flux in the y-direction.
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Flux in the y-direction. The figure shows that the cold junction temperature is
set at 293 K and the hot junction temperature is set at 317 K. From Figure 5(a),
it can be seen that there is a temperature gradient across the junctions. This
means that there is heat flowing from the hot to the cold junctions, generating
electrical potential. The value of the generated potential is shown in Figure 5(b).

As can be seen from Figure 5(b), the voltage potential is the highest at ter-
minal 1 and decreases until it reaches the lowest value at terminal 2. This de-
crease indicates that the junctions are electrically connected in series. By ex-
amining the potential values, we notice that the potential along the copper in-
terconnects is constant. This means that there is little or no voltage drop across
the metal. This means also that the emf, generated across terminals 1 and 2, is
the summation of the voltage generated by all junctions, with no voltage drop
across the series resistance.

To investigate heat dissipation or heat conductivity, the heat flux in the
x-direction and the p-direction was simulated. From Figure 5(c), it is clear that
there is heat flux across the junctions that are aliened in the x-direction only.
Similarly, for the y-component, the flux is only in the junctions that are aliened
along the y~direction; Figure 5(d). The Figure shows also that the heat flux in
the substrate, between the individual legs, is zero. This indicates that heat ex-

change takes-place across the junction, and heat sinking is maintained.

5. Analysis

All four devices that are analyzed here have been fabricated in our laboratory,
but were tested without a heat sink. It was noticed that after certain voltage, vol-
tage increase did not yield the expected temperature increase. It is believed that
the lack of a heat sink allowed both junctions to change their temperature in the
direction of thermal equilibrium. The exact phenomenon was also observed in
the simulation results. Since the experimental and simulation results are in
agreement, it can be claimed that both studies are accurate.

The voltage sensitivity, Sy, and temperature sensitivity are used to characterize
the device performance. For experimental results, Sy increased from 93 pV/K to
132 pV/K for substrate temperature of 100°C to 400°C. On the other hand, for
simulation, Sy increased from 112 uV/K to 135 pV/K for substrate temperature
of 100°C to 400°C. Although the values of S, for both cases are close, the in-
crease of Sy with growth temperature is sharper in case of experimental mea-
surements than simulation. This mismatch can be attributed to the fact that si-
mulation was performed assuming that Bi,T, and Sb,T; have constant Seebeck
coefficients, regardless of the growth temperature of the materials. In reality,
Seebeck coefficient changes with substrate temperature, which is reflected in the
experimental measurements, but is not in the simulation analysis.

The simulation results show that sensitivity still increased with substrate tem-
perature, even with using constant Seebeck coefficient. The increase could be

due to the increase in the electrical conductivity and the decrease in the thermal
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conductivity of Bi,Te, with growth temperature [1] [40]. For Sb,Te,, the thermal
conductivity is assumed constant and the electrical conductivity was found ex-
perimentally to decrease with the growth temperature, but with slower rate [1].
Even with these opposing effects, a moderate increase in the voltage sensitivity
with growth temperature was observed.

When a heat sink is utilized, Sy increases with growth temperature, as shown
by simulation. Sy increased from 175.56 to 187.77 pV/K. The increase of S, for
devices with heat sink can be attributed to the absence of a load across terminals
1 and 2. Connecting a load results in drawing current, which, in turn, results in a
voltage drop across the device series resistance. This, in turn, reduces the in-
duced voltage across terminals 1 and 2, and consequently, reduces S, to values
closer to those obtained from the experimental measurements. But since, in our
simulation, no load was connected at the output, the induced voltage increased,
resulting in a higher Sy, as our results indicate.

By studying the sensitivities, one may realize that a device with low voltage
sensitivity has high temperature sensitivity and assumes that such a device is
most suitable for cooling and heating applications. This may not be true in real-
ity, since device performance, for any application, depends on many factors, in-
cluding, but not limited to, sensitivity. Hence, device structure, geometry, ma-
terial properties, and processing should be designed to yield the best results for
the intended application.

6. Conclusions

In conclusion, this study shows that reliable testing of thermoelectric devices
requires the use of heat sink, to avoid uncontrolled change in the junction tem-
peratures. The study shows also that the output load characteristics affect the
device performance. Therefore, for a more accurate analysis of the devices, si-
mulation and experimental measurement should be done with a load connected
to the output terminals. The study has also shown that the device should be op-
timized for the application intended for. For energy harvesting, S, should be op-
timized. However, for cooling or heating, S, should be the parameter to be opti-
mized. These parameters can be optimized by choosing the appropriate material
and the optimum design structure that reduces stray elements.

Based on this study, two future works can be proposed: The first is to investi-
gate the influence of device parameters on performance and the stability of the
device operation. This will lead to developing design methodology that can be
used to achieve the maximum intended performance; The second future work is
to investigate the transient response and operation in the time domain. This
would be essential for device design, if the device is used as a fast response heat
sensor. Small signal analysis requires the development of a small signal equiva-

lent circuit.
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