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H I G H L I G H T S
� A novel thin-film thermoelectric cooler with better reliability was demonstrated.
� The cooling performance of the new thin-film thermoelectric cooler is quantified.
� The new thin-film thermoelectric cooler is less sensitive to the local cracks.
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A B S T R A C T

The thermoelements of the traditional thin-film thermoelectric cooler (TEC) are connected electrically in series,
thus the performance of traditional thin-film TEC reduces sharply when there is something wrong with any
thermoelement. On account of this deficiency, we proposed a novel thin-film TEC with a couple of thermoele-
ments electrically connected in parallel and then electrically connected in series to the next couple of thermo-
elements. The performance and reliability of the novel thin-film TEC is compared with the traditional thin-film
TEC. The maximum cooling capacity, the maximum cooling temperature, and the coefficient of performance of
the novel and the traditional thin-film TEC are systematically studied and compared when 0, 2, and 4 thermo-
elements are disabled, respectively. The results show that the performance and reliability of the novel thin-film
TEC are superior to that of the traditional thin-film TEC, while the optimal electric current of the novel thin-film
TEC current is 2.14 times of that for the traditional thin-film TEC. This work is of great significance to improving
the performance and reliability of thin-film thermoelectric devices consisting of dozens of small thermoelements.
1. Introduction

Thermoelectric cooler (TEC) is a solid-state heat pump which has
attracted many researchers' attention since 1950s due to its unique fea-
tures of no compressors and refrigerants, no vibration and noise, as well
as easy to be controlled and integrated [1]. The TEC consists of pairs of
p-type and n-type thermoelements that are connected electrically in se-
ries and thermally in parallel between two ceramic plates [2, 3]. When a
direct electrical current flows across the TEC, the Peltier heat is generated
at the interface between the connectors and thermoelements. As a result,
a temperature difference is built between the two ends of the TEC.
).
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The cooling performance of the TEC is evaluated by the three key
indicators, the maximum cooling capacity (Qc,max), the maximum cooling
temperature (ΔTmax), and the coefficient of performance (COP) [4, 5, 6,
7]. A single-stage TEC can achieve a ΔTmax up to 70 �C, or can transfer Qc,

max at an utmost rate of 125W under the extreme conditions [8]. Harman,
et al. [9] found that the TEC made by the PbSeTe-based quantum dot
superlattice could create a cold-end temperature of -18.5 �C, 43.7 �C
below the room temperature. Min and Rowe [10] improved theoretical
model of a TEC, the result indicated that the COP decreased with a
reduction in the thermoelement length, while the cooling capacity
increased until reaching a maximum value. And they also found the COP
2022
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Figure 1. (a) Integral structure of the thin-film TEC; (b) the coupled-thermoelements of the thin-film TEC; (c) the local structure of the traditional thin-film TEC. ((a–c)
are not drawn to scale.).
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was 0.5–0.7 for a typical temperature difference of about 25–30 K. Lee
and Kim [11] carried out numerical analysis to figure out the perfor-
mance of the thermoelectric micro-cooler with the three-dimensional
model, they found that the COP had the maximum value at a certain
electrical current, and the COP increased with the decrease of tempera-
ture difference or the increase of the thermoelements thickness.

The performance of the TEC essentially depends on the figure of merit
(ZT) of the thermoelectric materials. A higher ZT will lead to a better
performance of the TEC [12]. Since the 1940s, tremendous efforts were
devoted to increase the ZT of different materials [13]. If the ZT of the
thermoelectric materials could be raised to 2 or 3, the TEC would be
competitive with vapor compression cooling systems [8]. Unfortunately,
bismuth telluride (Bi2Te3), being the best low-temperature thermoelec-
tric (TE) material which was most widely employed in TEC, possesses a
2

ZT value of about 1.0 [14]. The nano-structured thermoelectric mate-
rials, though owning a ZT higher than 2.0, were accused of being
expensive and less stable than the bulk materials. So many researchers
payed close attention to designing more efficient structure of the TEC
using those existing TE materials to improve the cooling performance.
Shen et al. [4] proposed the segmented TEC to enhance the cooling
performance without increasing the overall figure of merit of the TE
material. They investigated the segmented TEC by comparing it with the
traditional thermoelectric coolers. The results showed that the Qc,max and
ΔTmax of segmented thermoelectric element were larger than that of the
traditional one. Gong et al. [15] performed three-dimensional numerical
simulations to optimize design of a compact TEC using finite element
method. The optimized TEC achieved the maximum cooling performance
and high operation reliability. Nie et al. [16] designed a multi-stage



Table 1. Basic parameters of the thin-film TEC.

The parameters Dimensions

Thermoelement length (μm) 20

Copper slices thickness (μm) 5

Ceramic plate thickness (μm) 2

Thermoelement gap distance (μm) 200

Cross-sectional area of the thermoelement (μm2) 200 � 200

Table 2. Material properties used for the modeling [33, 34, 35].

Material Material properties Material properties

p-
Bi2Te3

Thermal conductivity
(W=ðm ⋅ K）)

13:04� 0:14T þ 5:81� 10�4T2 � 1:03�
10�6T3 þ 6:62� 10�5T4

Electrical resistivity
(Ω ⋅m)

3:94� 10�5 � 3:12� 10�7T þ 9:52� 10�10T2 �
8:07� 10�13T3

Seebeck coefficient
ðV=K)

2:71� 10�3 � 2:58� 10�5T þ 9:59� 10�8T2 �
1:51� 10�10T3 þ 8:53� 10�14T4

n-Bi2Te3 Thermal conductivity
(W=ðm ⋅ KÞ)

� 1:27þ 0:02T � 3:41� 10�5T2 þ 2:18�
10�8T3 � 1:55� 10�15T4

Electrical resistivity
(Ω ⋅m)

5:40� 10�5 � 3:40� 10�7T þ 8:29� 10�10T2 �
6:06� 10�13T3

Seebeck coefficient
ðV=K)

4:29� 10�5 � 9:75� 10�7T þ 9:56� 10�10T2 þ
1:39� 10�13T3

Cu Thermal conductivity
(W=ðm ⋅ KÞ)

398

Electrical resistivity
(Ω ⋅m)

1:8� 10�7

Al2O3 Thermal conductivity
(W=ðm ⋅ KÞ)

37.2
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planar TEC, and performed a comprehensive numerical analysis focusing
on the cooling performance of the multi-stage planar TEC. The results
showed that the optimized multi-stage planar TEC could realize a ΔTmax
of 8.2 K. Gross et al. [17] reported the design, fabrication, and testing of
both one- and six-stage thin-film TECs, which achieved ΔTmax ¼ 22.3 K
and ΔTmax ¼ 17.9 K, respectively.

With the rapid development of highly integrated and miniaturized
micro-electronic devices, the generated power density increased sharply
that it brought great challenges in the thermal management [18]. Thus, it
is vital to provide high cooling flux to deal with this problem. Compared
with the bulk TEC, the thin-film TEC with short thermoelement could
significant enhance the cooling flux [8]. For example, the cooling flux of
a bulk TEC is generally about 10W/(cm2) [19], while thin-film TEC has a
cooling flux of more than 100 W/(cm2) [20,21]. Thus, an increasing
interest was focused on the thin-film TEC for its ultra-small size and
excellent compatibility to cool ultra-high heat flux. Bulman et al. [22]
demonstrated a external cooling of 55 K and an estimated heat pumping
capacity of 128 W/cm2 using the thin-film superlattice TEC. It was re-
ported that electrical and thermal contact resistances increased signifi-
cantly by the thermoelement shortening [23]. So, interfacial issues
become increasingly prominent and non-negligible for the thin-film TEC
[24]. In recent years, some researchers mademany efforts in reducing the
interfacial contact resistance. Chen [25] claimed that the thermal contact
resistance was on the magnitude of 10�9-10�8 K⋅m2⋅W�1 for a perfect
interface based on the interfacial phonon transmission theory analysis.
Yu et al. [26] acquired low contact resistivity of 10�7 Ω⋅cm2 between Cu
electrodes and Bi2Te3-based TE materials with ordered microstructures.
There were still much room left for further reducing the thermal and
electrical contact resistance.

The thin-film TEC was widely employed in thermal management of
the highly integrated and miniaturized micro-electronic devices [27].
The thin-film TECs were required to have an operating life matching the
life-cycle of the electronic devices, which usually ranged from several
months to tens of years [28]. However, the electrical devices generated a
high heat flux which created a harsh environment for the thin-film TECs.
The large temperature gradients and thermal stresses [16] could results
in the failure of the thin-film TEC and this issue should be carefully solved
[15, 29, 30]. Some researchers demonstrated ring-shaped thermoelectric
modules [31, 32], which showed significant superiority in the perfor-
mance and reliability. However, considering dozens of thermoelements
were electrically connected in series in the traditional TEC, any local
crack could result in device level damage. To address this issue, we
demonstrated a novel thin-film TEC with a couple of thermoelements
electrically connected in parallel and then electrically connected in series
to the next couple of thermoelements. It was noteworthy that the coupled
thermoelements must be made of one kind of n-type or p-type semi-
conductor material consistently.

In this paper, we built a three-dimensional numerical model to inves-
tigate the cooling performance of the thin-film TEC, which considered the
temperature dependent material properties. The maximum cooling ca-
pacity (Qc,max), maximum cooling temperature (ΔTmax), and the coeffi-
cient of performance (COP) of the novel thin-film TEC were compared
with the traditional design. The results provided a useful guide for the
design of the thin-film TEC with high cooling performance and better
reliability.

2. The mathematical model

2.1. The physical model

The schematic diagrams of the novel and traditional thin-film TEC are
presented in Figure 1. The traditional thin-film TEC consists of 8 pairs of n-
type and p-type thermoelements assembled electrically in series and
thermally in parallel, while the novel thin-film TEC consists of 4 pairs of
coupled-thermoelements assembled electrically in series and thermally in
parallel, every coupled-thermoelements consists of two thermoelements
3

made by the same n-type and p-type thermoelectric material. The overall
size of the thin-film TEC is 1400� 1400� 34 μm3. The Bi2Te3-based thin-
film thermoelectric material is used for the thermoelement. The thickness
of the thermoelements is 20 μm and the thermoelements are located be-
tween the top andbottomcopper sliceswith a thickness of 2 μm.The cross-
sectional area of the thermoelements is 200� 200 μm2. Aluminum oxide
(Al2O3) with a thickness of 2 μm is used as the ceramic plates. The critical
parameters of the novel and traditional thin-film TEC are summarized and
listed in Table 1. The temperature independent properties of copper and
aluminum oxide are adopted from the material library of the ANSYS
software, and the temperature dependent thermo-mechanical properties
of Bi2Te3 are incorporated into the analysis, as listed in Table 2.

2.2. The layout forms of the disabled thermoelements

The reliability of thermoelectric module is a vital factor for the ther-
moelectric application, particularly for the thin-film TEC whose thermo-
elements are very small and fragile. We proposed a novel thin-film TEC
with a couple of thermoelements electrically connected in parallel and
then electrically connected in series to other coupled-thermoelements. To
exhibit the superiority of the novel thin-film TEC in reliability, we
compare the cooling performance of the novel thin-film TEC with the
traditional onewhose thermoelements are connected electrically in series.
Under normal circumstances, there are 16 thermoelements in both the
novel and the traditional thin-filmTEC.However, several thermoelements
may malfunction so that the thin-film TEC will work inefficiently. In this
paper, 2 and 4 thermoelements, respectively, are set to be disabled to
figureout the reliabilityof thenovel and the traditional thin-filmTECs. For
the novel thin-film TEC, the 2 and 4 disabled thermoelements can be ar-
ranged in two forms. As shown in Figure 2, the color of the disabled
thermoelements were set to be purple. For Form #1, the broken thermo-
elements are connected electrically in series among different coupled-
thermoelements. While for Form #2, the 2 disabled thermoelements are



Figure 2. The layout of the disabled thermoelements: (a) Form #1; (b) Form #2.
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connected electrically in parallel within one coupled-thermoelements.
Usually, Form #1 is more possible to happen than Form #2. For the
traditional thin-film TEC, all the disabled thermoelements are electrically
connected in series.We studied the reliability by comparing themaximum
cooling capacity (Qc,max), themaximum cooling temperature (ΔTmax), and
the coefficient of performance (COP) for both novel and traditional thin-
film TECs.
2.3. Governing equations

The three-dimensional governing equations that couple the temper-

ature T and electrical current density j
!

are given by [5, 36].

r ⋅ ðkrTÞþ γ j
!2 �T

∂α
αT

j
!

⋅rT ¼ 0 (1)

j
!¼ 1

ρ

�
E
!�αrT

�
(2)

where k, γ, and α represent the thermal conductivity, electrical resistivity,
and Seebeck coefficient, respectively, and they are all functions of tem-

perature. E
!

is the electric field intensity vector. And rT indicates the
temperature gradient.

The first term of Eq. (1) represents the Fourier heat conduction, the
second term refers to the Joule heat that exists in all current carrying
materials, and the third term represents the Thomson heat when the
Seebeck coefficient depends on temperature.

When delivering the current I to the thin-film TEC, the heat absorbed
Qc at the cold-end and heat released Qh at the hot-end can be calculated
by [37] Eqs. (3) and (4).

Qc ¼αpnITc � I2R
2

� K ðTh �TcÞ (3)

Qh ¼ αpnITh þ I2R
2

� KðTh �TcÞ (4)

where Th, and Tc are hot-end and cold-end temperature of the TEC,
respectively. R indicates the total electrical resistance, including the
electrical contact resistance and the material electrical resistance. And
the αpn is the sum of the Seebeck coefficients of p-type and n-type ther-
moelements. The first, the second, and the third term in Eqs. (3) and (4)
are the Peltier heat, Joule heat, and Fourier heat, respectively. While
4

Peltier effect is reversible, Joule heating and Fourier heat conduction are
irreversible.

The three key indicators, maximum cooling capacity (Qc,max),
maximum cooling temperature (ΔTmax), and the coefficient of perfor-
mance (COP), are often used to evaluate the cooling performance of the
thin-film TEC, which are calculated by Eqs. (5), (6), (7), (8), and (9). The
cooling capacity can reach the maximum value when Th ¼ Tc, in this
condition, Eq. (3) is reduced to

Qc;max ¼ αpnITc � I2R
2

(5)

The temperature difference (ΔT) built in the TEC is

ΔT ¼Th � Tc (6)

Let dQc
dI ¼ 0, the current (Imax) for the maximum cooling capacity [38]

is given by

Imax ¼ αpnTc

R
(7)

The thin-film TEC achieves the maximum cooling temperature
(ΔTmax) when the heat load at cold side equals zero (Qc ¼ 0), the ΔTmax
can be calculated by [39].

ΔTmax ¼ðTh � TcÞmax ¼
1
2
ZT2

c (8)

The COP acquired by Qh and Qc is given by:

COP¼ Qc

Qh � Qc
¼ αpnITc � I2R

2 � K ðTh � TcÞ
αpnIðTh � TcÞ þ I2R

(9)

2.4. The boundary conditions

The following assumptions were introduced to simplify the modeling.
These assumptions were thought had negligible influence on the final
results.

(a) The thermophysical properties of the ceramic plates and copper
slices were assumed to be independent of temperature.

(b) Electrical and thermal contact resistances were considered at the
interface between the thermoelement and the copper slices. The
electrical contact resistance increased substantially when a ther-
moelement didn't function well.



Figure 3. Comparison of the cooling capacity profiles with three different
grid systems.

Figure 4. Qc,max variations of the novel and the traditional thin-film TEC with
different electrical current.
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(c) All the surfaces except the cold and the hot-ends of the thin-film
TEC were assumed to be thermally insulated.

To calculate the Qc,max and COP, the initial temperatures of the cold-
end and the hot-end were both maintained at 25 �C. To calculate the
ΔTmax, the initial temperature of the hot-end was maintained at 25 �C,
while the cold-end was considered to be thermal isolated. The ambient
temperature was set as 25 �C. In this work, we defined the thermal
contact resistance of mental-semiconductor interface as 8 � 10�8
Table 3. The detail data of Qc,max for the novel and the traditional thin-film TECs.

Case Novel thin-film TEC

Form #1

1 2 3

Number of thermo-element working normally 16 14 12

Iopt (A) 2.25 2.05 1.85

Qc,max (W) 0.57 0.51 0.46

Decline rate of Qc,max 11.8% 32.6%

5

K⋅m2⋅W�1, a theoretical limit predicted by Chen [25]. The electrical
contact resistivity between the copper slice and Bi2Te3-based thermo-
electric materials was set as 10�7 Ω⋅cm2 [40,41]. And the electrical
contact resistivity was assumed increased to 10�3 Ω⋅cm2 when the cor-
responding thermoelement was broken [40, 42].

2.5. Model validation

The temperature and electrical governing equations (Eqs. (1) and (2))
were solved by ANSYS Workbench 19.0 based on the finite element
method. In order to verify the grid independence of the simulations, three
different grid systems with total elements of 27709, 50070, and 97080
were examined at same boundary condition, as shown in Figure 3. The
simulations were carried out based on the novel thin-film TEC with 16
thermoelements. Different currents were applied to the novel thin-film
TEC to compare the Qc,max for the three grid systems. As shown in
Figure 2, the Qc,max of three different grid systems were almost identical
when the current was less than 0.5 A, and the distinction for the three
cases was minimum when the current was larger than 0.5 A. It can be
concluded that the numerical results were grid-independent. To save the
computational cost, a grid number of 27709 was chosen to perform the
analysis.

3. Results and discussion

3.1. The comparisons of Qc,max

As shown in Figure 4, with the increasing of electrical current, the
Qc,max increases to the peak value firstly and then decreases to zero for
both the novel and the traditional thin-film TECs. This is because that the
Peltier effect which contributes to increasing the cooling capacity plays a
primary role when the electrical current is small, while the Joule heat
which offsets the cooling effect makes a difference when the electrical
current is larger than the optimal electrical current (Iopt). In addition, the
Qc,max and the optimal electrical currents decrease as the number of
thermoelement that works normally decreases. This attributes to the
increasing electrical resistance caused by the disabled thermoelements.

When all the 16 thermoelements work normally, the Qc,max of the
novel thin-film TEC is 0.57 W with Iopt ¼ 2.25A, and Qc,max of the
traditional thin-film TEC is 0.54Wwith Iopt¼ 1.05 A. The formerQc,max is
almost equal to the latter one, due to the same geometry of the ther-
moelement. However, the Iopt of the novel thin-film TEC is 2.14 times that
of the traditional thin-film TEC, which is mainly resulted by two factors:
first, only half of the electrical current passes through every thermoele-
ment in the novel thin-film TEC; second, the total electrical resistance of
the novel thin-film TEC model is smaller than that of the traditional thin-
film model due to the larger cross-sectional area of the copper slice.

For the novel thin-film TEC, the disabled thermoelements are ar-
ranged in Forms #1, the Iopt for case 2 and case 3 are 2.05 A and 1.85 A,
respectively. And the Qc,max for case 2 and case 3 are 0.51W and 0.46W,
respectively. The decline rates of the Qc,max among case 1, case 2, and
case 3 are 11.8% and 32.6%, respectively. For the novel thin-film TEC
that disabled thermoelements are arranged in Forms #2, the Iopt for case
4 and case 5 are 1.10 A and 0.70 A, respectively. And the Qc,max for case 4
and case 5 are 0.27 W and 0.18 W, respectively. The decline rates of the
Traditional thin-film TEC

Form #2

1 4 5 6 7 8

16 14 12 16 14 12

2.25 1.10 0.70 1.05 0.50 0.30

0.57 0.27 0.18 0.54 0.26 0.17

111.1% 50.0% 107.7% 52.96%
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Qc,max among case 1, case 4, and case 5 are 111.1% and 50.0%. For the
traditional thin-film TEC, the Iopt for case 7 and case 8 are 0.50 A and 0.30
A, respectively. And the Qc,max are 0.26 W and 0.17 W, respectively. The
decline rates of Qc,max among case 6, case 7 and case 8 are 107.7% and
52.96%. The detail performance date of the novel and the traditional
thin-film TECs is also listed in Table 3.

For Form #1, with more disabled thermoelements, the Qc,max for the
novel thin-film TEC is much larger than that of the traditional design. For
example, the Qc,max for the novel thin-film TEC is 1.96 times as that for
the traditional thin-film TEC when 14 thermoelements work normally.
However, decline rate of the Qc,max for the traditional thin-film TEC is
1.62–9.12 times as that for the novel thin-film TEC. It shows that, when
disabled thermoelements are arranged in Form #1, the traditional TEC is
more sensitive to the broken thermoelements. However, for Form #2, the
Qc,max for both the novel and the traditional thin-film TECs are influenced
significantly by the broken thermoelements.

3.2. The comparison of COP

Figure 5 shows the COP variations of the novel and the traditional
thin-film TEC with different current. The COP is calculated from the
Qc,max in Section 3.1. It was found that the COP of the novel and the
traditional thin-film TECs reduces monotonously with the electric cur-
rent increasing. In addition, the more disabled thermoelements, the
smaller COP. It is clear that the COP of the novel thin-film TEC is much
higher than that of the traditional design. For example, when 16 ther-
moelements that work efficiently, the COP is 4.01 and 1.62 at the current
of 0.5A for the novel thin-film TEC and the traditional thin-film TEC,
respectively. The COP of the former is 2.48 times as that of the latter,
which indicates that the novel thin-film TEC has a better cooling effi-
ciency. For 14 thermoelements that work normally, the COP of case 2,
case 4, and case 7 are 3.55, 1.64, and 0.54 at the current of 0.5A,
respectively. Compared with 16 thermoelements that work normally, it
can be seen that the COP decreases as the number of thermoelement that
works normally decreases. The decline rate of the COP among case 1 and
case 2, case 1 and case 4, case 6 and case 7 are 12.9%, 301% and 200%,
respectively. The decline rate of the novel thin-film TEC for Form #1 is
the smallest, which indicates that the novel thin-film TEC for Form #1
has the superior reliability.

3.3. The comparison of ΔTmax

In this part, to get the maximum temperature difference (ΔTmax), the
interface of the cold-end is set to be adiabatic, and the temperature of the
Figure 5. COP variations of the novel and the traditional thin-film TEC with
different electrical current.
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hot-end is assumed to be 25 �C. Thus, the ΔTmax can be calculated by (25-
Tc). Figure 6 depicts the ΔTmax variations of the novel thin-film TEC and
the traditional thin-film TEC with different electrical current. The ΔTmax
increases with the electrical current firstly but then decreases after it met
its maximum value at the Iopt. The Iopt of ΔTmax are identical to Iopt of the
Qc,max in Section 3.1, which indicates that the Qc,max and the ΔTmax occur
at the same condition.

When all the 16 thermoelements work normally, it is observed that
the ΔTmax of the novel and the traditional thin-film TEC are 10.45 �C and
8.67 �C, respectively. Similar as the COP of the novel and the traditional
thin-film TEC in Section 3.2, the ΔTmax of the novel thin-film TEC is
higher than that of the traditional thin-film TEC. Therefore it can be
concluded that the novel thin-film TEC has a better cooling capability
than the traditional thin-film TEC. As the number of thermoelements that
work efficiently decreases, ΔTmax decreases as well. For example, the
ΔTmax of the case 2, case 4, and case 7 are 9.36 �C, 5.36 �C, and 4.95 �C for
14 thermoelements that work efficiently, respectively.

For the novel thin-filmTEC, the disabled thermoelements are arranged
in Form #1, the ΔTmax for case 2 and case 3 are 9.36 �C and 8.48 �C,
respectively. The decline rate of theΔTmax among case 1, case 2, and case 3
are 11.2% and 10.34%. For the novel thin-film TEC that disabled ther-
moelements are arranged in Form #2, the ΔTmax for case 4 and case 5 are
5.36 �Cand3.42 �C, respectively. Thedecline rate of theΔTmax amongcase
1, case 4, and case 5 are 94.2% and 56.7%. For the traditional thin-film
TEC, the ΔTmax are 4.95 �C and 3.39 �C, respectively. The decline rate of
Qc,max among case 6, case 7 and case 8 are 75.2% and 46.0%. The detail
date of Qc,max for the novel and the traditional thin-film TECs is listed in
Table 4.

For Form #1, with more disabled thermoelements, the ΔTmax for the
novel thin-film TEC is much larger than that of the traditional design. For
example, the ΔTmax for the novel thin-film TEC is 1.89 times as that for
the traditional thin-film TEC when 14 thermoelements work normally.
However, decline rate of the ΔTmax for the traditional thin-film TEC is
4.45–8.41 times as that for the novel thin-film TEC. It shows that, when
disabled thermoelements are arranged in Form #1, the traditional TEC is
more sensitive to the broken thermoelements. However, for Form #2, the
ΔTmax for both the novel and the traditional thin-film TEC are influenced
significantly by the broken thermoelements. It is obvious that the novel
thin-film TEC for Form #1 is superior to others in ΔTmax and reliability.

3.4. The comparison of Qc under different ΔT

In this part, the Qc of the novel and the traditional thin-film TECs is
compared, as shown in Figure 7. The temperature of the cold-end is fixed
Figure 6. ΔTmax variations of the novel and the traditional thin-film TEC with
different electrical current.



Table 4. The detail date of Qc,max for the novel and the traditional thin-film TECs.

Case Novel thin-film TEC Traditional thin-film TEC

Form #1 Form #2

1 2 3 1 4 5 6 7 8

ΔTmax
�C 10.41 9.36 8.48 10.41 5.36 3.42 8.67 4.95 3.39

Decline rate of ΔTmax 11.2% 10.34% 94.2% 56.7% 75.2% 46.0%

Figure 7. . Qc variations of the thin-film TEC under different ΔT: (a) the novel thin-film TEC that disabled thermoelements are arranged in Form #1 and (b) Form #2;
(c) the traditional thin-film TEC.
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to Tc ¼ 25 �C, and the difference between the hot-end and the cold-end is
assumed to be ΔT ¼ 0 �C and ΔT ¼ 2 �C, respectively. Figure 7 (a) shows
the Qc of the novel thin-film TEC that disabled thermoelements are ar-
ranged in Form #1. It can be found that Qc increases with the increase of
the at first and reaches a maximum value, then the Qc decreases with the
increase of electrical current. This trend is same as the Qc,max in Section
3.1. And the Qc decrease as the number of thermoelements that operate
normally decreases. Moreover, the Qc is reduced as ΔT is increased from
0 �C to 2 �C. For example, when 14 thermoelements that work normally,
the Qc of the novel thin-film TEC are 0.51 W and 0.41 W at the ΔT of 0 �C
and 2 �C, respectively. This happens because that the Fourier's heat that
7

conducts from the hot-end to the cold-end of the thin-film TEC eliminates
the cooling capacity of the Peltier effect. Figure 7 (b) shows the Qc of the
novel thin-film TEC that disabled thermoelements are arranged in Form
#2. When 14 thermoelements that work efficiently, the maximum Qc of
the novel thin-film TEC are 0.27 W and 0.17W at the ΔT of 0 �C and 2 �C,
respectively. The reduction of the Qc of 0.1W is same as the reduction in
Figure 6 (a). The difference from Figure 7 (a) is that the Qc decreases
greatly as the number of thermoelements that operate efficiently de-
creases. Figure 7 (c) shows the Qc of the traditional thin-film TEC. The
curves in Figure 7 (c) are very similar to those in Figure 7 (b), which
indicates that the performance of the novel thin-film TEC that disabled



Figure 8. COP variations with current of the thin-film TEC for ΔT ¼ 0 �C or ΔT ¼ 2 �C: the novel thin-film TEC in which disabled thermoelements are arranged in (a)
Form #1 and (b) Form #2; (c) the traditional thin-film TEC.
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thermoelements are arranged in Form #2 is uniform with the traditional
thin-film TEC.

3.5. The comparison of COP under different ΔT

Figure 8 shows the COP variations of the novel and the traditional
thin-film TECs under different ΔT. Figure 8 (a) shows the COP variations
of the novel thin-film TEC in which the disabled thermoelements are
arranged in Form #1 under different ΔT. When ΔT ¼ 0 �C, the COP de-
creases monotonously with the electric current increasing. When ΔT ¼ 2
�C, the COP increases to the peak value of 2.25 at an electrical current of
0.4 A, and then decreases to 0 gradually. The COP for ΔT¼ 2 �C is always
smaller than the COP for ΔT ¼ 0 �C. The larger ΔT resulted in the lower
COP. When ΔT ¼ 2 �C, The maximum COPs of the novel thin-film TECs
with 16, 14, and 12 normal thermoelements are 2.24, 1.96, and 1.65,
respectively. The decline rates of COP are 12.3% and 18.8% between
every two cases. Figure 8 (b) shows the COP variations of the novel thin-
film TEC in which the disabled thermoelements are arranged in Form #2
under different ΔT. The COP decreases more significantly for both ΔT ¼
0 �C and ΔT ¼ 2 �C. For example, when ΔT ¼ 2 �C, the maximum COP of
the novel thin-film TEC with 16, 14, and 12 normal thermoelements are
8

2.24, 0.80, and 0.35, respectively. The decline rates of COP are 180% and
56.3% between every two cases. Furthermore, the maximum COP ap-
pears at the same electrical current of 0.4 A as Figure 8 (a). Figure 8 (c)
shows the COP variations of the traditional thin-film TEC under different
ΔT. The trend of the variations is same as that in Figure 8 (b). While the
maximumCOP appears at the electrical current of 0.2 A, which is a half of
the optimal electrical current in Figure 8 (a) and (b). This is caused by the
parallel coupled-thermoelements where only half of the electrical current
passes through every thermoelement in the novel thin-film TEC.

4. Conclusion

In summary, we proposed a novel thin-film TEC with a couple of
thermoelements electrically connected in parallel and then electrically
connected in series to the next couple of thermoelements. The cooling
performance of novel thin-film TEC was compared with the traditional
design. The maximum cooling capacity, the maximum cooling temper-
ature, and the coefficient of performance of the novel and the traditional
thin-film TEC were systematically studied in case several thermoele-
ments in the TEC were broken. The conclusions could be drawn from the
results as follows:



T. Ming et al. Heliyon 8 (2022) e10025
(1) The optimal electrical current of the novel thin-film TEC was 2.14
times of that for the traditional thin-film TEC due to the parallel
connection of the thermoelements.

(2) When all the thermoelements work normally, the maximum
cooling capacity, the maximum cooling temperature and the co-
efficient of performance of the novel thin-film TEC were larger
than the traditional thin-film TEC.

(3) When several thermoelements cracked, the maximum cooling
capacity, the maximum cooling temperature, and the coefficient
of performance of the traditional thin-film TEC decreased sharply.
Meanwhile, the novel thin-film TEC was insensitive to the local
cracks.

(4) The reliability of the novel thin-film TEC where the broken ther-
moelements arranged in Form #1 is significantly better than Form
#2 and the traditional thin-film TEC. Form #2 was unlike to
happen in real device.

The design of the novel thin-film TEC made a reference for the
enhancement of cooling performance and reliability of the thin-film TEC.
Experimental validation was undertaking in the lab to validate the
modeling results.
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