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Abstract

The global warming trend has made the world realize the importance of cooling technologies. Peltier devices
potentially save 10-times energy consumption compared to only air conditioners being used, because of their
capability of directly cooling down human body. Yet, commercial Peltier devices are still heavy, solid, and
small. To mass-produce lighter-weight larger-area thinner Peltier sheets via a roll-to-roll process, we have
developed sticky thermoelectric materials, hierarchically designed at atomic scale, nano scale, and micro scale.
However, thought thinner Peltier sheets enable to physically enhance the cooling heat flux capability further,
they require higher current at the maximum operating point, which ruin their cooling performance due to Joule
heating on electrodes. In this study, we researched the macro-scale patterning of sticky TE materials and
electrodes and discovered a stripe pattern being 14~23% better than the traditional check pattern. The simpler

pattern could benefit mass production.



Introduction

The climate change has caused deadly heatwave to 25-50% of humankind without indoor cooling system
[1]. To save human lives and reduce 68% of greenhouse gas emission from cooling sector by 2050, the United
Nations launched the Global Cooling Pledge on Dec. 5, 2023. In the pledge, over 60 countries committed to
penetrate highly efficient air conditioners into the market. Though current best available air conditioners have
energy efficiencies two-to-three times higher than ones globally purchased [2], the global energy demand for
space cooling is also expected to more than double by 2050 [3]. The simple comparison between the capability
of available technology and the future demand indicates a technological gap toward net zero emission by 2050.

As a potential filler for the technological gap, thermoelectrics (TEs) can be a great candidate. Peltier human
cooling devices can save energy consumption 10-times more than only air conditioners being used, because
direct cooling of human body, especially neck vessels towards the brain, reduces the risk of heat-related illness
and uncomfortableness to inhibit the start and power of air conditioners [4]. TE materials can generate Peltier
temperature difference ATpelier responding to the inputted electricity and the material properties: the figure of
merit Z = a*/px, where a is Seebeck coefficient, p is electrical resistivity, and x is thermal conductivity [5].
These material properties are competing each other but well optimized for commercialization. The limitation
of current Peltier devices can be their heaviness, solidity, and small area size.

To mass-produce lighter-weight larger-area thinner Peltier sheets via a roll-to-roll process without using
electrically conductive adhesives, we have been developing sticky thermoelectric materials [6-10] (Fig. 1a). To
meet complex requirements, we have adapted a hierarchical multi-component strategy turning element
composition of TE particles for high Seebeck coefficient at atomic scale [8], controlling the surface of TE
particles for small interfacial electrical resistance at nano scale [8], and minimizing thermal conductivity and
absorbing mechanical bending stress by hybridizing organic solvent with TE particles [7] and adopting ultra-
thin high performance foam at micro-scale [10]. Physically speaking, "the thinner, the better!" [9,10] because
the thinner feature allows Peltier sheets to be more flexible and can be applied to various shapes of objects
leading to better heat transfer efficiency and to also cover enlarged area size using the same amount of TE
materials for a higher coverage. Besides, the maximum heat flux capability gmax improves as thinning the

thickness of TE layer ¢, as follows [11,12]:



1
Amax = T (O-SQZTCZ/p — KATpeltier) 1)
where Tc is the temperature of cool side, T is the temperature of hot side, and AZpeitier = Tt — Tc. Assuming
the same amount usage of TE materials for a higher coverage, the rate of heat transfer Sgmax for the #-thick

Peltier sheet, where S is area size, can be enhanced by n* times for the #/s-thick Peltier sheet in total (Figure

1b) [10].
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Fig. 1 a Scheme to fabricate the hierarchically-designed thinner Peltier sheets using the sticky TE materials. b
Schematic comparison in the total Sgmax between a #-thick Peltier device and n sheets of #/n-thick Peltier sheets,
using the same amount of TE material. ¢ Characteristic of Peltier sheets under a temperature-controlled

condition of the hot side. d Design of the previous pattern. e CP of the previous Peltier sheet.



Instead of the benefits on flexibility and the total Sgmax, Peltier sheets tend to ruin the cooling performance.
The maximum temperature difference generatable inside TE materials ATmax is defined by their material
properties, as follow: ATmax = 0.5ZT¢? [5,11]. When achieving the ATmax for gmax, however, Peltier sheets

require the following current density [11]:

h=7-alfp @)

Because thinner Peltier sheets require higher i, more Joule heat generates on electrodes. Under a free-standing
condition of Peltier sheet, we have been able to observe the Peltier effect as the temperature difference
between hot and cold sides because both side of the electrodes formed the almost same Joule heat [9,10]. To
obtain the cooling effect from cold side, however, hot side is generally under a temperature-controlled
condition (Fig. 1¢). Because of the asymmetrical condition, Joule heating on the cold side critically matters to
the cooling performance (CP). In the worst-case scenario, the previous Peltier sheets using narrow bridging
electrodes optimized for TE generation [7] (Fig. 1d) demonstrate the Peltier effect under a free-standing
condition [9] but no cooling effect under a temperature-controlled condition of Ty = 25°C (Fig. 1e). The
temperature of cold side simply increases with the applied current due to Joule heating. It means that Joule
heating at the narrow bridging parts on the cold side conceals the potential CP based on the Peltier effect.

To design the macro-scale patterning of electrode and sticky TE materials, herein, we consider the heat

generation rate per unit volume of electrode:
2

SO
~Q=RP V=AL, R = L/oA, where Q is Joule heating per unit time, V' is volume, ois electrical conductivity
of electrode, / is current, 4 is a cross-sectional area of electrode, R is resistance, L is length of electrode. When
assuming the same width w for electrode and sticky TE materials’ pattern to minimize Joule heating on the
bridges, the w for [ oc dw and A = hw is canceled out each other in equation (3), where d is depth of sticky TE
materials’ pattern and / is height of electrode. It means that n-times shrinking of d, for example, reduces Q/V

by n? times (Fig. 2). Comparing to the traditional check pattern of p-type and n-type TE materials in

commercial Peltier devices, we can hypothesize that a stripe pattern with the same d benefits the CP of Peltier



sheets because of its small number of bridges required. In this study, we examine this hypothesis by comparing

the single-m, stripe, and check patterns of the p-type and n-type sticky TE materials within the same area size.
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Fig. 2 Working hypothesis for the macro-scale patterning of Peltier sheets.

Experimental details

The sticky TE materials of partial Au skin BixTes particles of 150-300 um were prepared as described in our
previous paper [8]. To mix at the volume ratio of 50 %, the weight of Bi,Te; particles was converted to the
volume to calculate pipetting volume of palm shortening (trans-fat free, Daabon, Colombia) melted once at 60
°C in a vacuum chamber for the purpose of vacuum drying. The upper and bottom electrode sheets (2 =18 pm)
were fabricated as single-side flexible printed circuits (FPCs) by Scott Design System Co., Ltd., Japan. As the
punched middle layer, the ultra-thin high performance foam (thickness: 0.3 mm, XLIM, Sekisui Chemical Co.,
Ltd., Japan) with double-coated adhesive were cut based on a programed pattern with a laser-cutting machine
(VLS2.30DT, Universal Laser Systems, USA). After the underside of middle layers were sealed with the
bottom electrode sheets, the hierarchically-designed sticky TE materials were injected into the patterned areas.
The injection amount of sticky TE materials was defined based on the capsule volume calculated from the

thickness of middle layers including two adhesive layers and the area of cut patterns. Finally, the deformable



sticky TE materials were sealed with the upper electrode sheets (Fig. 1a). Two power supply terminals (PV-4,
MAC Eight Co., Ltd., Japan) were mounted on the surface of bottom electrodes for measurements.

To characterize the Peltier sheets based on the thermoelectric generation (TEG), the R and TE power Vg
were measured with a battery tester (BT3562A, Hioki E.E. Corporation, Japan), where the bottom side was
cooled with an air-cooling Peltier plate (CHP-77HI, Sensor Controls Co., Ltd., Japan) at 20 °C and the upper
side was heated by a hot plate (PH200-100-PCC10A, MSA Factory Co., Ltd., Japan) at 40 °C through a heat
conductor. The applied temperature difference was 16 °C, measured by two thermocouples (ST-11K-008-TS1-
ASP, Anritsu Meter Co., Ltd., Japan) with a data logger (LR8432, Hioki E.E. Corporation, Japan). Note that
the battery tester provides the equivalent data of TEG for that estimated from the /-V characteristics written in
the previous paper [8].

To evaluate the CP, the Peltier sheets were placed on an air-cooling Peltier plate (CHP-77HI, Sensor
Controls Co., Ltd., Japan) at 25 °C and then the several different / was inputted with a DC Power Supply
(PSW-360L30, ADC Corporation, Japan). The temperatures on the p-type and n-type upper electrodes (Fig.
1¢) were measured with thermocouples (ST-11K-008-TS1-ASP, Anritsu Meter Co., Ltd., Japan) with a
temperature input module (NI-9211, National Instruments Corp., USA) as the averages of 100-points stabilized
data acquired at each 0.5 s under a program operation coded by Graphical Design Lab, Japan, based on

LabVIEW 2017 (National Instruments Corp., USA).

Results and discussion

Table 1 summarizes a direct comparison of single-x, stripe, and check patterns in the design, TEG and CP.
Each of the Peltier sheets presents the TEG as designed: the R increases linearly with the number of cells and
inversely with the cell size and the V't also increases with the number of cells. Unlike the previous pattern
(Fig. 1de), all the pattern in this research showed the negative CP thanks to the wide bridges. The best CP as
the observed maximum A Tpeisier for the n-type and p-type cells, AT, and ATy, appeared in the stripe pattern,

supporting the working hypothesis of the lowest Joule heating.



Herein, we can calculate the temperature increasing rate from the resistances and / at AT},. The top electrode

resistances for single-m, stripe, and check patterns can be estimated from the dimensions and o = 58.8 x 10°

S/m to be 2.08 mQ, 0.944 mQ, and 2.38 mQ, respectively. Using the volumes of top electrode, specific heat

capacity 0.39 J/g°C, and density 890 kg/m® for Cu, the temperature increasing rate was calculated to be 3041

°C/s, 2402 °C/s, and 3753 °C/s for the single-m, stripe, and check patterns, respectively. The calculation does

not match the observed trend, especially for the relation of single-n and check patterns, because of ignoring

heat dissipation from the heat-generating electrodes. The experimental results were obtained under a steady

state of heat generation and dissipation.

Table 1 Comparison between single-, stripe, and check patterns
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To account for the difference between the patterns in AT, and AT, we performed a one-dimensional steady-
state heat conduction analysis (Table 2) [13]. Since the heat-generating top electrodes are connecting to the
temperature-controlled plate of 25 °C through the sticky TE materials at both sides (Fig. 1¢), we can assume
the problem as a one-dimensional heat conduction. Under the symmetrical boundary condition, the temperature
distribution reaches the maximum 7y at the midpoint of L. The temperature raised by Joule heating is discribed

as follows:

q (L’
Traised = TO - 25 ( ) (4)

T 2k\2
where ¢ = Q/V shown as the equation (3), k& is thermal conductivity of electrode. Based on a simpler one-
dimensional model, yet the equation (4) includes the three-dimensional parameters of electrode, L and 4 = hw
to describe the difference between the patterns. In this analysis, the Trised ordered the stripe, check, and finally
single-m patterns from the smallest, which is coincident with the order observed in AT, and AT}, resisting Joule
heating of Trised. Quantitatively and physically, the difference from the stripe pattern in Traisea is identical to the
difference from the stripe pattern in AT, or AT}; abbreviated as calculated A? and observed A? in Table 2. The

analysis supports the observed A? originates from the amount of Joule heating based on the electrode pattern as

hypothesized.

Table 2 One-dimensional steady-state heat conduction analysis*!

Pattern Single-t Stripe Check

n-type p-type n-type p-type n-type p-type
I @ATnor ATy (A) 3 5 3.6 4 1.6 2
A (mm?) 0.18 0.18 0.18 0.18 0.072 0.072
L (mm) 22 22 10 10 10 10
Traised (°C) 0.72 1.99 0.21 0.26 0.26 0.41
Calculated A2 (°C) 0.51 1.73 - - 0.05 0.15
Observed A2 (°C) 0.5 0.8 - - 0.1 0.3

*1 0=58.8 MS/m, k=398 W/m-°C



Finally, we estimate the cooling potential for p-type cell: ¢ = kATp/t’, where ¢’ is the total thickness of
Peltier sheets. Because of 1’ = 0.55 mm for the stripe-pattern Peltier sheet, ¢ = 582 W/m? based on the
assumption of x = 0.2 W/m°C [7]. The value is larger than the metabolic rate 150 W/m? during walking/cycling
and 250 W/m? during playing ball games [14]. Therefore, the Peltier sheets are highly potential to cool down a

human body.

Conclusion

We have proposed stripe-patterned Peltier sheets that could benefit mass production thanks to their simpler
design with 14~23% better performance than the traditional check-patterned sheets. Still, the sticky TE
materials have room to improve the Z, especially p, by approximately two orders of magnitude [8].
Considering the Peltier sheets as a composite material hierarchically designed from atomic scale to macro scale

including electrodes, we may be able to unlock a new possibility in TEs.
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