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Abstract

Thermoelectric conversion is a direct conversion of thermal energy to electricity, triggered by the Seebeck effect. Typi-
cally, the configuration of a thermoelectric device and the absorptivity of both electrodes exhibit symmetrical optical
characteristics between the hot and cold ends, and these factors usually are not expected to affect the direction of the
thermal gradient. Here, we first demonstrate the ability to reverse the direction of thermal flow across a thermoelectric
element by adjusting the absorptivity of electrodes at both ends in an environment with uniform thermal radiation. For
example, when the metamaterial or fullerene electrodes were attached to one end a p-type thermoelectric element,
they generated output voltages of 19.0 and -4.0 V, respectively, in an environment with uniform thermal radiation at
364 K. Using this insight, we demonstrated power generation on a z-shaped thermoelectric device consisting only of
p-type thermoelectric legs by designing the absorptivity of the electrode at each end. Our findings will provide valuable
insights as a device guideline for conventional thermoelectric devices.

1 Introduction

Thermoelectric conversion is a promising technology for converting thermal energy into electricity based on the See-
beck effect [1-8]. For example, S. Fan et al. achieved nighttime electric power generation by combining photovoltaic
and thermoelectric generators [9]. Similarly, Ishii et al. have demonstrated a thermoelectric device that simultaneously
harvests both radiative cooling and solar heating, highlighting the high potential of thermoelectric devices as power
generation elements [10]. Conventional thermoelectric devices are typically used at an interface between the hot and
cold environments where thermoelectric legs can hold a thermal gradient across them, such as between air and a human
body or a nuclear battery and the outer space [11]. Consequently, conventional thermoelectric devices cannot generate
electricity in environments with uniform thermal radiation, meaning that they cannot gather and recycle waste heat
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diffused in our society since the environment where waste heats exist maintains thermal distributions uniform. To address
this issue, we proposed a metamaterial thermoelectric conversion that creates electricity even in an environment with
uniform thermal radiation by gathering thermal energy in surroundings using infrared (IR) metamaterial absorber (MA)
[12]. Furthermore, we demonstrated this concept for the first time [13, 14].

The metamaterial thermoelectric device consists of a thermoelectric element loaded with the MA-fabricated Cu elec-
trode with high absorptivity, and a control Cu electrode with negligible absorptivity in IR region. When the metamate-
rial thermoelectric device is put in an environment with uniform thermal radiation, the MA absorbs thermal radiation
emitted from the surrounding environment and creates plasmonic local heat as absorption loss [15-18]. This plasmonic
local heat is not negligible. For example, plasmonic local heat enables long-range optofluidic control [19] and has also
been utilized to realize plasmonic heat transducers [20]. This plasmonic local heat conductively propagates to the ther-
moelectric element via a Cu electrode, creating a thermal gradient across the element, leading to thermoelectric power
generation. Additionally, the metamaterial thermoelectric conversion continues to operate, meaning the metamaterial
thermoelectric device will not reach thermal equilibrium. This occurs because the metamaterial thermoelectric conver-
sion facilitates thermal exchange between the inside and outside of the furnace chamber, ensuring that the plasmonic
local heat created by the MA is consistently dissipated through thermoelectric conversion [21]. These results indicate
that metamaterial thermoelectric conversion enables the gathering and recycling of waste heat that could not be reused
with conventional thermoelectric conversion devices. This technology has the potential to revolutionize the paradigm
of energy generation by creating electricity from places that were not previously considered as energy sources.

In the driving mechanism of the metamaterial thermoelectric conversion, we concluded that the significant differ-
ence in absorptivity between the MA electrode and the control electrode at the opposite end determines the direction
of thermal gradient across the thermoelectric element. Furthermore, we expect that such thermal flow occurs only
when the significant difference in absorptivity between both ends is created. Here, we questioned how differences in
the absorptivity of electrodes at both ends would affect the thermal flow direction. To address this issue, we explore
how variations in the absorptivity of electrodes at both ends of a thermoelectric element can influence the direction of
thermal flow. To our knowledge, such an investigation has not been conducted before. However, this insight also relates
to the design strategy of conventional thermoelectric devices, and clarifying this is extremely important.

In this study, we examined effect of the absorptivity difference between electrodes at the ends of a thermoelectric
device on the thermal flow direction across the thermoelectric element. This is because previous investigations only
focused on the thermoelectric properties when the absorptivity of the electrodes at both ends of the thermoelectric
element was dramatically changed. Consequently, we first demonstrate the ability to reverse the direction of thermal
flow across a thermoelectric element by adjusting the absorptivity of electrodes at both ends in an environment with
uniform thermal radiation. We prepared several electrodes with different absorptivity, the MA, control, and fullerene
electrodes, and examined the thermoelectric performance of devices with those electrodes. Consequently, we found
that even a slight difference in absorptivity between the electrodes at both ends greatly affect the direction of thermal
flow across a thermoelectric element. Applying this technique to a z-shaped thermoelectric device consisting only of
p-type thermoelectric legs, we demonstrated power generation on the device despite it consisting solely of p-type ther-
moelectric legs. This highlights the effectiveness of artificial thermal flow control across the thermoelectric elements.
This artificial designing of the electrodes of a thermoelectric device has never been considered since most conventional
thermoelectric devices are supposed to have an isotropic configuration in terms of geometry and optical absorptivity.
However, the abovementioned results indicate that the absorptivity difference between both ends of a thermoelectric
device cannot be ignored, influencing the direction of thermal flow across a thermoelectric element. If this trend becomes
more evident through experiments, the insights gained could potentially serve as device guidelines for the design of
thermoelectric conversion devices.

2 Experimental section

The MA consisting of Ag disk, Ag and calcium fluoride (CaF,) layers was formed on a Cu electrode with a size of
4mm x6 mm.The film thicknesses of Ag disk, Ag film and CaF, layer are 100, 150, and 60 nm, respectively. The periodicity
and diameter of the Ag disk were 3 um and 1.75 um, respectively. This configuration is known as a metamaterial perfect
absorber [22-24]. The fabricated area of the MA is 2.1 mm x 2.1 mm located at the center of a Cu electrode. The MA was
fabricated by electron beam lithography (JEOL Ltd., JBX-6300FS) and thermal deposition (Sanyu Electron Corporation,
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SVC-7TS 80) (Fig. 1a, right-side electrode) (Refer to Supplementary text S1 for details). Figure 1b presents the top-view
scanning electron microscope (SEM) images of the MA array (Hitachi High-Technologies Corporation, SU8010).

The fullerene electrode was prepared by thermal deposition of fullerene powder (Aldrich, purity > 97.5%) on a pol-
ished and cleaned Cu electrode. The fullerene coating covered the entire Cu electrode, which has a larger area than that
of the MA. Film thicknesses of the fullerene were varied between 100 and 400 nm (Fig. 1a, right electrode), and were
measured using SEM.

The control electrode consists of Ag and CaF, layers of 150 and 60 nm, respectively, and does not have an Ag disk on
the top of the layer, leading to significantly lower absorption characteristics as shown in the black line in Fig. 1e (left-side
electrode in Fig. 1a, ¢, d, and right-side electrode in Fig. 1d).

These electrodes were attached on a thermoelectric element by soldering paste. A p-type bismuth antimony telluride
(Big 3Sb, ;Te;) thermoelectric element whose cross-sectional area and length are 2.0 mm x 1.0 mm and 7.7 mm, respec-
tively, was used in this study, which were provided by Toshima Manufacturing Co., Ltd. A control electrode was attached
on the left side of the thermoelectric element. We call the device loaded with the MA, fullerene, and control electrodes
as the MA device, fullerene device, and control device, respectively as shown in Fig. 1a, ¢, d. The material properties of
the Bij ;Sb, ;Te; are listed in Supplementary table S1.

Figure 1e presents comparison of a relative absorption spectra of the MA, fullerene (thickness: 300 nm), control elec-
trodes, and a blackbody radiation spectrum calculated at 364 K. (Refer to Supplementary text S2.) IR measurements were
conducted using a microscopic FITR (JASCO Corporation, FT/IR-6300, VIRT-3000). In the measurements, the reference
spectra for all samples were recorded on a bare Cu electrode, which has a slight absorption in IR region owing to its
intrinsic absorption. The relative absorption spectrum indicates the difference in absorption spectra between the sample
and the reference. The MA has a strong absorption at 5.3 um, which is attributed to the magnetic resonance mode (Fig.
S1) [22, 24, 25]. In contrast, the fullerene and control electrodes showed extremely low absorption. Figure 1(f) represents
an enlarged relative absorption spectra of the fullerene and control electrodes. The control electrode showed a positive
relative absorption, indicating that the control electrode has a higher absorption than the bare Cu electrode, originating
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Fig. 1 Schematics of the a MA, c fullerene, and d control thermoelectric devices. b SEM images of the MA. The inset is an enlarged image.
The scale bars are 3-30 um, respectively. e Comparison of relative absorption spectra of the MA, fullerene, and control electrodes, and a
blackbody radiation spectrum calculated at 364 K. The film thickness of the fullerene layer is 300 nm. f Enlarged absorption spectra of the
fullerene and control electrodes
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from an absorption of CaF, layer with a thickness of 60 nm on a Ag layer of 150 nm in a wavelength range from 4 to
15 pm. Interestingly, the relative absorption of the fullerene layer was lower than zero, meaning that the fullerene layer
suppressed absorption of a bare Cu because a bulk Cu has a slight IR absorption as indicated in numerical calculation
(Fig. S3a brown line) [26, 27]. Furthermore, numerical calculations of the relative absorption of the control and fullerene
electrodes exhibited behavior similar to the experimental data specifically within the wavelength range of 2 - 18 um.
This consistency suggests that the measured relative absorption of the control and fullerene electrodes is reliable, as
shown in Fig. S3b. Due to the different absorptivity of each electrode, different thermoelectric properties are expected
to arise in thermoelectric devices loaded with each electrode.

Figures 2 and S4 show the schematics and photographs of the experimental setup for measuring thermoelectric per-
formance in an environment with uniform thermal radiation. To create an environment with uniform thermal radiation,
we used an electric furnace (FUL210FA, Advantec) (Fig. 2a). For measuring thermoelectric performance, each device was
fixed on a printed circuit substrate using a double Kapton tape as a spacer. Thermal conductivities of a printed circuit
substrate and a Kapton tape are extremely low, indicating that these materials serve as a thermal and electrical insula-
tor to isolate the thermoelectric device from a furnace chamber floor and other materials. Au wires with a diameter of
0.1 mm were connected to each electrode by Ag paste, and the Au wires are connected to Cu wires with a diameter of
0.1 mm to make an electrical contact between the thermoelectric device and a multimeter put outside of the furnace. A
load resistor of 220 mQ was included in the circuit to maximize the thermoelectric output power.

To prevent convection current created by air movement in the furnace chamber, the whole thermoelectric device was
capped with a carbon pod whose diameter and height are 2.75 cm and 1.40 cm, respectively. Well-calibrated two thermis-
tors were put 2 mm away from each electrode surface to monitor the temperature in the vicinity of each electrode. We
defined the temperatures monitored by these thermistors as an environmental temperature. The printed circuit substrate
holding the thermoelectric device and carbon pod was placed in the center of the furnace chamber and the device was
heated after closing the chamber door. Details for experiments were described in Supplementary Information S3.

3 Results and Discussions

Figure 3a shows the dependence of output voltages generated by the MA, fullerene, and control devices on the measured
environmental temperature. The plots in the output voltage and environmental temperature in Fig. 3a were obtained
from the time dependence of the measured output voltage and temperatures on the environmental temperature as
shown in Fig. S2. The output voltage of each device was taken as the value measured when the temperature and output
voltage became stable. The MA device showed an output voltage of 19.0 +0.0 uV at an environmental temperature of
364 K, while the control device showed an output voltage of 0.9 +1.4 uV, which is around 20 times smaller than that
generated by the MA device. Furthermore, the MA showed a positive output voltage at all environmental temperatures
ranging from 323 to 434 K. The wiring connecting the MA device was configured to register a positive output voltage
when the temperature of the MA electrode became higher, indicating that the temperature of the MA electrode is higher
than that of the control electrode owing to thermal radiation absorption of the MA. The reason for the linear correlation
between the measured output voltage and environmental temperature is the thermal radiation absorption of the MA
increases with the environmental temperature within this range, leading to an increase in output voltage. Of course,
this wiring setup was consistently employed in all experiments. We paid close attention to the device arrangement and
length of the wiring in our experiment to ensure that no other factors influenced the thermoelectric properties (Sup-
plementary Information S3).
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Fig. 3 a Dependence of output voltages generated by the MA (red plots), fullerene (blue plots), and control (black plots) devices on the
environmental temperature. Each device consists of a single p-type thermoelectric leg. b Dependence of the output voltages on the fuller-
ene thicknesses varied from 100 to 400 nm measured at an environmental temperature of 364 K. The output voltage of the MA device is
shown as a comparison

This output generation can be explained by the unbalanced absorptivity between the MA and control electrodes.
Because the MA absorbs thermal radiation emitted from the surrounding medium and creates plasmonic local heat
as plasmon loss, a thermal gradient is created across a thermoelectric element. This occurs through the conductive
propagation of plasmonic local heat through the Cu electrode, resulting in thermoelectric output voltage generation.
In other words, the plasmonic local heat generated by the MA is transferred to the opposite end and then to the load
resistor located outside of the furnace chamber, where the thermal energy is released into the surrounding environment
[12-14]. This indicates that the metamaterial thermoelectric conversion facilitates thermal exchange between the inside
and outside of the furnace chamber, ensuring the device never reaches thermal equilibrium (Supplementary text S4).
On the other hand, the control device did not show significant output voltages at every environmental temperature as
the control electrodes at both ends have almost no IR absorptivity, leading to no thermal gradient across the thermo-
electric element.

In contrast, the fullerene device showed a negative output voltage of—4.0 + 0.6 pV at an environmental tempera-
ture of 364 K, indicating the temperature of the fullerene electrode is lower than that of the control electrode, which
is attributed to the slight difference in absorptivity between the fullerene and control electrodes as shown in Fig. 1c.
Additionally, this tendency was observed in every environmental temperature. Generally, all materials exhibit thermal
radiation absorption depending on their material properties. Thermal radiation absorption generally induces molecular
vibrational energy, causing the material to generate heat. Therefore, the slight difference in absorptivity between the
two electrodes leads to different amount of thermal radiation absorbed by the fullerene and control electrodes, which
arises due to the inherent infrared absorption characteristics of these electrodes.

To investigate the possibility of observing negative output voltage, we varied the thickness of the fullerene layers
from 100 to 400 nm. Figure S5 presents the measured relative absorption spectra of fullerene electrodes with various film
thicknesses. Figure 3b represents the dependence of output voltages on the fullerene thicknesses with a comparison
of the MA thickness (310 nm) at an environmental temperature of 364 K. The output voltage was linearly decreased as
the film thicknesses were varied from 100 to 400 nm, meaning that the fullerene device consistently showed negative
output voltages regardless of its film thickness. These results indicate an important insight that even a slight difference
in absorptivity between electrodes at both ends would change the direction of thermal flow across a thermoelectric
element in an environment with uniform thermal radiation.

As proof of this concept, we conducted a thermoelectric simulation of single-leg thermoelectric devices loaded with
the MA or fullerene electrodes in an environment with uniform thermal radiation. Prior to thermoelectric simulation, we
numerically evaluated the heat power density of the MA, fullerene, Bi,Te;, and bare Cu electrodes, respectively, using
finite element method, COMSOL Multiphysics with Radio Frequency module. In the simulation, Bi,Te; was used as the
thermoelectric material in place of Bi, 5Sb, ;Te;. The material properties of the Bi,Te; used for thermoelectric simulations
are listed in Table S1. The heat power density can be calculated using Eq. (1),
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where ¢ is the vacuum permittivity, e(w) is the relative permittivity of the material, and |E(r)|? is the intensity of the
electric field, respectively. [28] Figures S3 and S5 present calculated absorption spectra of the MA, fullerene (thickness of
300 nm), control, and a bare Cu electrodes, respectively. A blackbody radiation spectrum calculated at 364 K was shown
as a comparison in Fig. 2a, b. As mentioned above, the bare Cu electrode has slight absorption in wavelength range from
2 to 15 um, where the blackbody radiation spectrum at 364 K peaks (Fig. S3a). The control electrode consisting of Ag and
CaF, thin layers has slightly larger absorption than that of the Cu electrode, which coincides with the measured results.
This absorption is anticipated to arise from the CaF, layer. In contrast, the fullerene layer serves to suppress absorption
of the Cu electrode, leading to lower relative absorption in the wavelength range from 5 to 18 um as shown in Fig. 1f.

The calculated absorbed power densities of the MA, fullerene, control, a bare Cu, and Bi,Te; were 4.1 X108, 0.02, 4.1
x10° 4.2 x10% 1.8 x10°Wm™3 respectively. In thermoelectric simulation, the calculated absorbed power density is applied
to each material unit every second to simulate the thermal distribution across the thermoelectric element by consider-
ing local heat generation at each material. These settings are required because all materials consisting of the device
generate local heat depending on its absorption properties. The details are described in Supplementary Information S5.

Table 1 presents the measured and simulated output voltages of the MA, fullerene, and control devices with a single
p-type Biy 3Sb, ;Te; thermoelectric legs. The simulated output voltage of each device showed good consistency with the
measured values, indicating that calculated absorbed power density of each material is reasonable. Moreover, we verified
that the simulated negative output voltage generation in the fullerene device was consistent with the measured results.

These results indicate that sophisticated control of the absorptivity at both ends of a thermoelectric device enables us
to control the thermal flow direction, leading to thermoelectric generation in a z-shaped thermoelectric device consist-
ing only of p-type thermoelectric elements in an environment with uniform thermal radiation. To verify this inference,
we examined the performance of a z-shaped thermoelectric device comprising p-type legs.

Figure 4a presents a schematic of the z-shaped MA-fullerene device consisting only of p-type Bij ;Sb, ;Te; thermo-
electric elements. The MA and fullerene electrodes were attached on the right side of the p-type thermoelectric legs,
and control electrodes, on the left side. It should be noted that the z-shaped MA-fullerene device consists only of p-type
thermoelectric legs. In addition, a conventional z-shaped thermoelectric device with only p- or n-type thermoelectric
legs would be incapable of generating electricity, as the carrier migration directions within two legs are identical, leading
to carrier dissipation. Based on the absorptivity difference among the MA, fullerene, and control electrodes, we expect
thermal gradients from the MA to control electrodes and from the control to the fullerene electrodes will be created as
indicated by red arrows in Fig. 4a, by putting the device in an environment with uniform thermal radiation. Figure 4b
represents a schematic of the z-shaped control thermoelectric device consisting only of p-type Bi, 5Sb, ;Te; elements.
The three control electrodes were attached on each side. In this device, no thermal flow is expected as the absorptivity
of the control electrodes is ideally the same.

Figure 4c shows the dependence of the output voltage generated by the z-shaped MA-fullerene device on the envi-
ronmental temperatures. The MA-fullerene device showed an output voltage of 46.5 + 0.5 pV (n=4) at an environmental
temperature of 364 K. In contrast, the z-shaped control thermoelectric device exhibited output voltages of 7.1 + 4.9 uv
(n=4) at the same environmental temperature. We considered that the slight output voltage generation observed for
the m-shaped control thermoelectric device is due to the asymmetrical structure of the device. As the m-shaped device
structure is asymmetrical on both sides, and all materials absorb thermal radiation, it is natural for the n-shaped device
to generate a slight output voltage.

Furthermore, when the environmental temperature was varied, the output voltage of the nm-shaped MA-fullerene
thermoelectric device increased proportionally with the environmental temperature, whereas the m-shaped control

Table 1 Comparison of

d and simulated Device Left electrode Right electrode Measured output Simulated
measured and simulate voltage (uV) output voltage
output voltages of the MA, (W)
fullerene, and the control
thve;']moelectric.de;/;)ces MA Control electrode MA electrode 19+0.0 14.4
with a p—typeABloj 17783 Fullerene Control electrode Fullerene electrode -40+06 -14
thermoelectric leg

Control Control electrode Control electrode 09+14 -
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Fig.4 Schematics of a the m-shaped MA-fullerene thermoelectric device and b the m-shaped control device. The red arrows on the m-shaped
MA-fullerene device represent the directions of thermal flow across thermoelectric elements. ¢ Comparison of thermoelectric output volt-
ages of the m-shaped MA-fullerene device (red plots) and the m-typed control device (black plots) as a function of environmental tempera-
ture

thermoelectric device showed an output voltage of approximately 10 yV, regardless of the environmental temperature.
These facts imply that, on the m-shaped MA-fullerene thermoelectric device, a thermal flow from the MA to fullerene
electrodes via the control electrode occurred as we expected. Of course, it should be noted that the output voltage
generated by these devices includes components derived from the geometry of the n-shaped device. In fact, the output
voltage for the m-shaped MA-fullerene thermoelectric device was larger than the combined output voltages of the MA
and fullerene devices at an environment of 364 K, 24 uV. However, the output voltage observed for the m-shaped MA-
fullerene thermoelectric device was significantly higher comparing to that for the m-shaped control thermoelectric device.
We concluded that, by tuning the absorptivity at both ends of a thermoelectric device, we could control thermal flow
directions arbitrarily, leading to thermoelectric power generation even on the z-shaped MA-fullerene device comprising
mono-legs in an environment with uniform thermal radiation.

It should be noted that the z-shaped MA-fullerene device only with p-type legs is valid only in an environment with
uniform thermal radiation as a thermal gradient created by the surrounding environment would induce an identical
direction of thermal flows on single-legs, leading to carrier dissipation. However, the ability to achieve power genera-
tion in an environment with uniform thermal radiation using a device with only a single type of thermoelectric element
represents a paradigm shift in both the fabrication process of thermoelectric devices and the environments in which
they can generate power.

4 Conclusion

We prepared the MA, fullerene, and control electrodes whose absorptivity is different in the IR region and examined the
thermoelectric performance of the device loaded with these electrodes in an environment with uniform thermal radia-
tion. We observed that the direction of thermal flows across the thermoelectric element depends on the absorptivity
difference between the electrodes at two ends of a thermoelectric leg. The MA thermoelectric device induced a positive
output voltage of 19.0 0.0 uV, at an environment with uniform thermal radiation at 364 K, owing to strong absorption
characterized by the MA, whereas the fullerene device exhibited a negative output voltage of—4.0 + 0.6 pV at 364 K,
which is attributed to the slight difference in absorptivity between the fullerene and control electrodes. This result indi-
cates that even a slight difference in absorptivity between the electrodes of a thermoelectric device can influence the
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direction of thermal flow across thermoelectric elements in an environment with uniform thermal radiation. Given that
this issue has not been thoroughly discussed, this insight is expected to contribute to the development of guidelines for
conventional thermoelectric devices. This fact suggests that we need to be careful of certain aspects when using thermo-
electric conversion devices in sensors [29]. For example, using a thermoelectric device to monitor a slight temperature
difference in a micro space, a slight absorptivity difference between electrodes affects thermoelectric performance due
to unexpected voltage. Furthermore, asymmetrical electrode geometry at both ends also generates absorptivity differ-
ence between the ends, leading to unexpected thermoelectric performance.

Building upon this scheme for controlling the direction of thermal flows, we observed an output voltage generation
even on the z-shaped MA-fullerene device, which consists only of p-type thermoelectric legs in an environment with
uniform thermal radiation. Their thermoelectric performance will be further improved through geometric optimization
of metamaterial absorber [30]. In practical application, the use of the z-shaped MA-fullerene thermoelectric device is
constrained, as it efficiently generates power only in an environment with uniform thermal radiation. Nevertheless, these
discoveries offer valuable insights as a device guideline for conventional thermoelectric devices, given the lack of prior
discussions on controlling the thermal absorption of device electrodes, materials, and configurations. Our investigation
has clarified that even a slight difference in absorptivity between the electrodes of thermoelectric devices affect the
direction of thermal flow, resulting in output voltage generation.
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