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A thin-film thermal meta-device with a dual-function of thermal shield and generation is
proposed and fabricated in this work. The tilted layered structure composed of
thermoelectric materials with low thermal conductivity and metal materials with high
thermal conductivity is designed to realize the orientation of the incident heat flux and
the utilization of heat energy based on the Seebeck effect of the materials. The constructed
transverse thin-film thermoelectric device with a Bi2Te3/Cu-layered structure can achieve a
maximum output voltage of 20.4 mV and a maximum output power of 7.39 μW at a
temperature difference of 80 K. On this basis, the dual-functional film meta-device based
on transformation thermodynamics is capable of realizing a heat flux shielding in the central
area and generating a transverse output voltage. The experimental results also indicate
that there exists a well linear relationship between the output voltage of the meta-device
and the temperature difference, which can be extended to accurately monitor the
temperature of the central area. This work provides a certain reference for the
development of a new class of thermoelectric devices with thermal protection and
temperature detection capability.
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INTRODUCTION

The significant factors of energy wastage are the uneven dissipation of heat and the reclamation and
utilization of low-grade heat [1]. Adeptly and actively directing the heat flux has many practical
applications such as solar power generation [2], solar absorber [3], thermophotovoltaics [4], and
thermoelectric power generation [5, 6], which can effectively improve energy utilization and thermal
management. In the past few years, more and more attention has been paid to “thermal
metamaterials” to meet the demand for enhancing the efficiency of low-quality energy
utilization [7–10]. The “thermal conductivity substitution method” proposed earlier realized the
idea of using layered materials to control the direction and propagation of heat flux [11] and
successively verified the heat flux regulation functions such as thermal shielding [12–14], thermal
concentrating [15, 16], thermal inversion [17, 18], thermal printing [19], and thermal diode [20]. In
addition, thermoelectric devices can generate electricity through the temperature difference based on
the Seebeck effect, while the key to the establishment of temperature difference lies in the efficient
and directed regulation of heat flow. Introducing the tilted layered structures into thermoelectric
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devices, which can realize the heterotropic separation and
regulation of heat flow and current, has attracted considerable
attention because of their potential applications in temperature
sensors and power generation.

Artificially tilted multilayer thermoelectric devices, also called
transverse thermoelectric devices, have large design freedom to
realize the separation of heat flow and current to a certain extent
and generate a higher output voltage perpendicular to the direction
of heat flow at a limited temperature difference, which further solves
the problem of low power generation efficiency of traditionalΠ-type
thermoelectric devices. At present, some reports on the bulk
transverse thermoelectric devices have achieved structural
optimization and power generation [21–24]. For example,
Goldsmid used a single crystal Bi and sintered P-type porous
(Bi–Sb)2Te3 to prepare an artificially tilted layered structure,
achieving an increase in the transverse ZT from 0.4 to 0.6 by
increasing the porosity in (Bi–Sb)2Te3 to reduce the thermal
conductivity [25]. Furthermore, Sakai et al. designed a tubular
and snake-like transverse thermoelectric device by sparking
plasma sintering to obtain a maximum voltage of ~280mV [26,
27]. With the development demand of micro-energy collection and
self-power technology [28, 29], Xin Mu et al. also fabricated a cross-
plane transverse thin-film thermoelectric device composed of Bi/
Bi0.5Sb1.5Te3 and achieved a transverse output voltage of 300 μV/K

[24, 30]. However, the critical challenge of a cross-plane transverse
thin-film thermoelectric device is the difficulty of establishing an
effective large temperature difference across the very thin
thermoelectric legs, resulting in a lower output power of the
device. Therefore, it is quite essential to develop a new type of
thin-film thermal meta-device with in-plane heat transfer and large
temperature difference establishment.

Micro-scale thermal metamaterials to harvest and protect
thermal energy have been systematically studied in our previous
work [31]. Combining this novel structural design with the
aforementioned transverse thermoelectric effect, we thus
proposed a dual-functional thin-film thermal meta-device that
enables electricity generation and thermal regulation
simultaneously. The in-plane transverse thermoelectric device
with Bi2Te3/Cu-layered structure is constructed and fabricated
through simple mask-assisted deposition. Based on the effective
medium theoretical calculation and simulation analysis, the
influences of geometric parameters on the transverse output
voltage of thin-film thermoelectric devices are systematically
investigated and optimized. In addition, a dual-functional thin-
film thermal meta-device assembled by 6 × 6 square layered
structures with different tilted angles is designed and fabricated,
realizing the dual function of thermal shielding and power
generation.

FIGURE 1 | (A) Schematic diagram of the in-plane transverse thin-film thermoelectric device. (B) Theoretical effects of θ and α on the transverse Seebeck coefficient
Sxz. (C) Design diagram of the thin-film thermal meta-device with a dual-function of thermal shield and generation.
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METHOD AND DESIGN

The transverse thin-film thermoelectric device consisting of a single
semiconductor material and a metal material can generate a voltage
perpendicular to the temperature gradient, as shown in Figure 1A.
The output performance of the device is fundamentally determined
by the properties and geometry of thematerial. Based on the effective
medium theory, the properties of the transverse thin-film
thermoelectric device in parallel (//) and perpendicular (⊥)
directions to the layers are expressed as follows [30, 32]:

σ‖ � (1 − α)σTE + ασM, σ⊥ � σTEσM
ασTE + (1 − α)σM

, (1)

κ‖ � (1 − α)κTE + ακM, κ⊥ � κTEκM
ακTE + (1 − α)κM, (2)

S‖ � (1 − α)STEσTE + αSMσM

(1 − α)σTE + ασM
，S⊥ � (1 − α)STEκM + αSMκTE

(1 − α)κM + ακTE
,

(3)
Szx � (S‖ − S⊥) sin θ cos θ, (4)

ΔVzx � SzxΔTz, (5)
where σTE, κTE, and STE and σM, κM, and SM are the electrical
conductivities, thermal conductivities, and Seebeck coefficients of the
thermoelectric material and metal material, respectively. α and θ are
the volume ratios of metal in the transverse thin-film thermoelectric
device and the tilted angle of layers. The Szx, ΔVzx, and ΔTz are the
transverse Seebeck coefficient, the transverse output voltage, and
longitudinal temperature gradient, respectively.

From Eqs 1–5, it is known that the transverse output voltage of
tilted thin-film devices is mainly determined by the transverse
Seebeck coefficient (Szx) and longitudinal temperature difference
(ΔTz), while Szx is related to geometric parameters such as the tilted
angle of layers (θ) and the volume ratio of metal (α). Therefore, in
order to maximize the intrinsic electrical output properties of
transverse thin-film devices, θ and α have been preferentially
screened based on the effective medium theory calculation.
Figure 1B shows the theoretical influence of different θ and α on
Szx of a Bi2Te3/Cu-tilted thin-film device at room temperature (the
properties of the materials are shown in Table 1). As demonstrated

in Figure 1B, Szx increases significantly and then decreases rapidly
with increasing θ and reaches the maximum Szx of 48.2 μV/K at θ =
45°, whereas Szx has a slight variation from 47.2 to 48.2 μV/K when
increasing α and keeps the maximum Szx of 48.2 μV/K in the α
range of 0.4~0.5. Considering the small effect of α on Szx and the
convenience of modeling and fabrication, the optimal solutions of
the maximum output voltage of the device are α = 0.5 and θ = 45°.

In addition, combined with the directional control of heat flow by
the artificially tilted structure and the Seebeck effect of thermoelectric
materials, we designed a thin-film thermal meta-device with a dual-
function of thermal shield and generation. As shown in Figure1C,
the thermal meta-device is made up of 6 × 6 modules in an active
region of 28 × 28mm2, each of which consists of a thermoelectric
layer and a metal layer arranged at a certain angle. At the same time,
the effect of thermal shielding and power generation of thermal
meta-devices with or without a central region is considered and
designed. Finite element modeling (by the Workbench software in
Ansys 19.2) was used to simulate the temperature distribution and
output performance of thermal meta-devices. A three-dimensional
thermoelectric coupled model is constructed under a steady-state
condition, and each module is assigned with the corresponding
material property parameters. The material properties used in this
work are listed in Table 1. As for the preparation of thin-film
thermalmeta-devices, thermoelectric (n-type Bi2Te3) andmetal (Cu,
Ni) films were deposited by using a magnetron sputtering system
(FJL560, SKY Technology Development Co., Ltd. Chinese Academy
of Sciences). Before sputtering, the chamber of the instrument was
vacuumized to below 6.6 × 10−4 Pa, and the specific preparation
parameters of each film in the meta-device are shown in Table 2.

RESULTS AND DISCUSSION

Geometrical Structure Optimization of the
Transverse Thin-Film Thermoelectric
Device
The preconditions of the effective medium theory are an infinite
number of layers and an infinite size. For real devices, the structural

TABLE 1 | Material properties used in the simulation.

Material Seebeck
coefficient (μV K−1)

Electrical resistivity (Ω·m) Thermal conductivity (W
m−1 K−1)

n-type Bi2Te3 −95 1.25e-5 1
Nickel — 2e-4 150
Copper — 1.67e-8 400
Polyimide — — 0.16

TABLE 2 | Sputtering parameters of the main films (DC: direct current; RF: radio frequency).

Film Sputtering power (W) Pressure of Ar (Pa) Substrate temperature (°C) Sputtering time (h)

Bi2Te3/Te 35 (DC)/25 (RF) 3 350 5
Cu 30 (DC) 2 200 3.5
Ni 30 (DC) 2 200 3.5
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parameters that affect the output voltage of transverse thin-film
thermoelectric devices also include layer width w, length l, height h,
and thickness d, which need to be further optimized. Figure 2 shows

the effect of geometrical parameters on the output performance of
transverse thin-film thermoelectric devices. First, we set the initial
structure parameters of the transverse thin-film thermoelectric

FIGURE 2 | Effect of geometrical parameters on the output performance of transverse thin-film devices. (A) Output voltage curves with respect to h and w; (B)
output voltage curves with respect to l and h; (C) output voltage curves with respect to d and h; (D) Voltage and Voltage/Λwith respect toΛ; (E) Temperature distribution
and voltage distribution when Λ is 2, 1, and 0.5.
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device as l = 10mm, h = 5mm, d = 1 μm,w = 0.2 mm, α = 0.5, and θ
= 45° and the boundary conditions as Thot = 303 K and Tcold = 288 K.
Figures 2A–C respectively display the output voltage variation of the
device when any two parameters are changed. It can be seen from
Figure 2A that the output voltage of the device increases rapidly with
the decrease of h, and the smaller w leads to a higher output voltage,
which is most obvious when h = 1mm. Figure 2B shows that the
output voltage of the device increases linearly with the increase of l.
Figure 2C reveals that d has no obvious effect on the output voltage
of the device. Figures 2B,C illustrate that smaller h leads to higher
output voltage, again verifying the results of Figure 2A. The key
reason for these results is that the tilted layer structure directly affects
the heat flux deflection and the temperature distribution of the
device, resulting in different effective temperature differences at both
ends of the thermoelectricmaterial layers, which really contributes to
the voltage output. Therefore, for the transverse thermoelectric
devices with larger l, smaller h, and smaller w, there are more
thermoelectric layers with a larger effective temperature difference,
thus resulting in a larger output voltage. Furthermore, in order to
more intuitively explain the effect of the geometry structure on
output voltage, we simulated the temperature and voltage
distributions of devices with different ratios of length to height Λ
= l/h and evaluated the output capacity of devices from Voltage and
Voltage/Λ, as shown in Figures 2D,E. The voltage value first rapidly
increases whileΛ is less than 1 and then keeps increasing linearly and

slowly, which can be explained by the principle of transverse Seebeck
voltage. From Figure 2E, the tilted layered structure causes the
temperature gradient to be deflected along the orientation of the
layers. The thermoelectric layers in the central region of the device
have a larger temperature difference as Λ increases, resulting in a
larger output voltage. Furthermore, Voltage/Λ is calculated to reflect
the output capability of the transverse thin-film thermoelectric
devices in unit length. As can be seen from Figure 2D, when Λ
approaches 1, the device can reach the maximum output voltage per
unit length. Therefore, themaximum output voltage can be achieved
by connecting multiple devices with aspect ratios Λ = 1 in series.

Performance of Transverse Thin-Film
Thermoelectric Devices
Under the guidance of the theoretical analysis in the previous
section, we fabricated a transverse thin-film device with a Bi2Te3/
Cu-layered structure and tested its output performance, as shown
in Figure 3. The preparation process of the transverse thin-film
thermoelectric device is shown in Figure 3A. Firstly, a layer of
Bi2Te3 thermoelectric material is deposited on a clean PI substrate
using a rectangular pattern mask, and then, the spaced and tilted
Ni/Cu strips are deposited on the rectangular thermoelectric
material by utilizing a patterned mask. This design method
completely solves the problem of excessive internal resistance

FIGURE 3 | (A) Preparation process of the transverse thin-film thermoelectric device by mask-assisted deposition. (B) Photograph of the Bi2Te3/Cu tilted thin-film
thermoelectric device. (C) Output performances of the Bi2Te3/Cu tilted thin-film thermoelectric device at different temperature differences ΔTz (ΔTz = Thot–Tcold and Tcold
= 293 K).
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of the device caused by poor interface between the two materials
and considerably improves the time cost and efficiency of device
preparation. From Figure 3B, the active region of transverse thin-
film thermoelectric devices is 20 × 3 mm2, and the width of each
layer is 0.3 mm. The thickness of the Bi2Te3 film is about 7 μm,
and the Seebeck coefficient of the Bi2Te3 material is −114 μV/K.
The internal resistance of the transverse thin-film thermoelectric
device is only 10.4Ω at room temperature and at ΔT (Thot−Tcold)
= 0 K condition. The output voltage and output power with
respect to the current of the transverse thin-film device at ΔT
from 20 to 80 K have been illustrated in Figure 3C, which shows
the interdependencies of voltage, current, and power, revealing

the linear dependence of the voltage on current and the parabolic
dependence of power on current. As ΔT increases, the short-
circuit current (X-intercept) and open-circuit voltage
(Y-intercept) rise at the same time. When the maximum ΔT is
80 K, the maximum output voltage is about 20.4 mV, and the
maximum output power is about 7.39 μW.

Design and Optimization of the
Dual-Functional Thermal Meta-Device
Based on the theory of transverse thermoelectric effect and
transformational heat, a dual-functional thin-film thermal

FIGURE 4 | Simulated results of dual-functional thin-film thermal meta-devices. (A1–C1) and (A2–C2) Surface views of temperature distribution and voltage
distribution of the dual-functional thin-film thermal meta-devices, respectively, when (A) the center region exists and the thickness of the thin-film is 10 μm, (B) the center
region hollows out and the thickness of the thin-film is 10 μm, and (C) the center region hollows out and the thickness of the thin-film is 50 μm. (A3–C3) represents the
temperature and voltage curves along the center lines in (A1,2–C1,2), respectively.
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meta-device with thermal shielding and power generation is
proposed by controlling the material properties and the tilted
angle of layers, which can realize the cooperative control of
electricity and heat. We evaluated the effect of a hollow design
in the center area and the thickness of the PI substrate on thermal
shielding and transverse voltage output through finite element
simulation, as shown in Figure 4. Figures 4A, B, 1, and 2
compare the effects of dual-functional thin-film meta-devices
with and without a hollow structure on the temperature profiles
and voltage output, the temperature and voltage curves of which
on the central lines are extracted in Figures 4A, B, 3. The
simulated results demonstrate that the hollow design has little
effect on the output voltage of the meta-devices. However, the
existence of the hollow structure in the center area affects the
regulation and propagational direction of heat flow, resulting in
an obvious temperature gradient in the center area, as shown in
Figure 4B3. At the same time, it can be observed that the voltage
on the center line decreases with the decrease in temperature,
which also verifies that the output voltage is only determined by
the temperature difference applied by the device and the Seebeck
coefficient of the materials. Subsequently, the results of Figures
4C1–3 reveal that as the thickness of the thermoelectric film is
increased to 50 μm, the temperature gradient is primarily
concentrated on the PI substrate without deposited
thermoelectric materials at the boundary, resulting in a small
temperature difference and a small voltage of 0.24 mV in the
active region with the transverse thermoelectric effect.

To summarize, we can draw the conclusion that this kind of
thermal meta-device with a thermoelectric/metal-layered
structure tilted at different angles has great potential to realize
the dual-function of thermal shielding and transverse power
generation at the same time. Considering that the critical
factors affecting the transverse output voltage of meta-devices
are the inherent Seebeck coefficient of the thermoelectric material
and the effective temperature difference on the thermoelectric
material, the temperature difference can be directly applied to the
boundary of the active area in the subsequent improvement to
avoid heat dissipation on the substrate.

Performance of the Dual-Functional
Thermal Meta-Device
In order to verify the aforementioned designed device, we
prepared this dual-functional thermal meta-device and
characterized its properties simultaneously, the test diagram
and experimental results of which are shown in Figure 5.
From Figure 5A, the temperatures of the cold side and the
hot side of the dual-function thermal device are precisely
controlled as 293 and 303 K, respectively. The output property
of the meta-device is recorded by using a Keithley 2,400 source
meter, andmeanwhile, the surface temperature distribution of the
meta-devices in the steady state is captured through an infrared
camera with a spatial resolution of 3.39 m Rad and a temperature
resolution of 0.1 K. As shown in the test setup in Figure 5B, we

FIGURE 5 | (A) Picture and test drawing of the dual-functional thin-film thermal meta-device. (B) Relationship between the output voltage of the device and the
temperature difference set (ΔTz = 10~80 K). (C) Surface views of temperature distribution of the meta-devices while the hot sides are set to 303, 323, 343, and 363 K.
The temperature of the cold side is set to 293 K.
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increased the temperature of the hot side ranged between 303 and
363 K in steps of 20 K while maintaining the temperature of the
cold side to 293 K, to measure the output voltage of the meta-
device and capture the temperature distribution of the surface
simultaneously. Herein, a good linear fitting relationship between
the transverse output voltage of the meta-device and the
longitudinal temperature difference is observed, indicating that
the temperature change of the meta-device can be well reflected
by the output voltage. The results also demonstrate that this kind
of dual-functional thermal meta-device has great developmental
potential in reflecting and monitoring the temperature of the
central region in real time according to the measured output
voltage.

The surface temperature profiles of themeta-devices measured
in Figure 5C show that the temperature value measured at the
center region increases slightly with the increase in the
temperature of the hot side and is closer to the temperature of
the cold side. The reason for this result may be that there exists a
large contact thermal resistance between the heat source and the
PI substrate and the heat loss caused by the air [33] so that the
effective temperature difference applied to the meta-device is less
than the set temperature difference. In terms of the thermal effect,
the temperatures in the center region of the meta-devices are
practically constant under different temperature differences,
which is comparable to the properties exhibited by a thermal
shield. Furthermore, as the temperature difference increases, the
temperature of the center becomes larger, and the isothermal
region at the center is still retained. Notably, the temperature
change caused by Joule heat is almost negligible and does not
affect the surface temperature distribution of the meta-device. To
sum up, we have achieved a dual-functional meta-device with the
novel property of thermal shielding and an output voltage of
4.3 mV at a temperature difference of 80 K simultaneously.

CONCLUSION

In summary, based on the transverse thermoelectric effect
produced by tilted layered structures, we designed and
fabricated an in-plane transverse thin-film thermoelectric
device with the dual-function of thermal shield and
generation. The geometrical parameters of the transverse thin-
film thermoelectric device are optimized, and the maximum

output voltage can be obtained while θ = 45° and α = 0.5.
Consequently, the fabricated transverse thin-film
thermoelectric device shows an open circuit voltage of about
20.4 mV and an output power of 7.39 μW at a temperature
difference of 80 K. Moreover, combining with the transform
heat theory and transverse thermoelectric effect, a dual-
functional thin-film thermal meta-device is proposed and
designed by 6 × 6 square layered structures with different
tilted angles, which can realize thermal shielding and
generation simultaneously. Furthermore, the output voltage of
the prepared meta-device shows a good linear relationship with
the set temperature difference with potential to monitor the
temperature of the central area. This work provides a valid
strategy for the fabrication and design of multifunctional thin-
film meta-devices, promoting a widespread application of thin-
film thermoelectric metamaterials.
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