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Abstract

To respond to the growing extreme heatwaves, we have adapted a multi-component strategy on thermoelectrics (TES) to enlarge the cooling area
and slim the weight of Peltier devices. We design the sticky TE complexes to be deformable and encapsulated within electrodes and foam sheets,
facilitating a roll-to-roll production process. However, due to their deformability, we are unable to obtain their TE parameters based on the analytic
tradition in TES. To address this limitation, we adapted a methodology from coordination chemistry dealing with complexities to extract TE parameters
from a series of thinner Peltier sheets, paving the way for future improvements.

Introduction

Record-breaking extreme heat events threaten people’s sur-
vival, health, and Wellbeing.“] Since the 25-50% of human-
kind faces deadly heatwave without indoor cooling,”! the
United Nations launched the Global Cooling Pledge to deriver
highly efficient air conditioners worldwide.l’! Still, there is a
technological gap between the current cooling capability and
the future demand toward net zero emission by 2050.™ Pel-
tier human cooling devices can be nominated as a potential
filler, because the direct cooling of human body suppresses the
start and power of air conditioners, saving energy consumption
10-times more than air conditioners only. 131 Yet, their heaviness,
solidness, and limited cooling area disadvantage the global dis-
tribution of Peltier human cooling devices.

To respond to the growing extreme heatwaves threatening
human lives, we have adapted a multi-component strategy on
thermoelectrics (TEs) to enlarge the cooling area and slim the
weight of Peltier devices.** ' To achieve this, we design the
sticky TE complexes as a deformable substance to be encapsu-
lated within electrodes and foam sheets in a three-step process
[Fig. 1(a)] with a prospect to mass-produce thinner Peltier sheets
via a roll-to-roll process without using electrically conductive
adhesives.[®! The hierarchical design turns element composi-
tion of TE particles for high Seebeck coefficient, &, at atomic
scale,® controls the surface of TE particles for small electrical
resistivity, p, at nano scalel®! minimizes thermal conductivity,
K, and absorbs mechanical bending stress by hybridizing organic
solvent with the TE particles!”) and adopts ultra-thin high per-
formance foam sheets at micro scale,l'”) and patterns the sticky
TE complexes and electrodes to reduce Joule heating loss at
macro-scale! [Fig. 1(b)]. Since Peltier sheets enhance the heat
flux capability as thinner [Fig. 1(c)],’'” the cooling potential
overcomes the metabolic rate of human body.™

Due to the deformability of the sticky TE complexes,
however, conventional analytic methods are not suitable for
measuring their TE parameters. From a solid-state physics
perspective, the analytic tradition is designed well to evalu-
ate solid TE materials based on the definition of materials
properties. In a four-probe measurement condition applying
a current, /, or a temperature gradient, AT, on TE materials
from the outer probes, the inter probes can detect a voltage
drop, IR, caused by I to calculate the p and a thermovoltage,
V, caused by the temperature gradient between the probes,
AT’, to obtain the o [Fig. 2(a)]. Under a condition monitor-
ing the surface temperature of TE materials 7, a laser flash
from the other side generates heat for thermal diffusion to
determine the k [Fig. 2(b)]. Note that reliable TE parameter
analyses require the certain volume of sample to define the
accurate dimensions; for example, as standardized by JIS R
1650-1, -2, and -3.

Since we need to specify the dimensions of sticky TE
complexes, in our previous study, we have tentatively calcu-
lated the p from the resistance R and the dimensions and the
a from the V and the AT measured from the outside, using
a single cell structure capsulating the deformable sticky TE
complexes.!®! These tentative calculations overestimate the p
because the R includes the interfacial resistance with the elec-
trodes and underestimate the o due to the temperature drop on
the electrode sheets, AT — AT’. Furthermore, the effective K is
composed of those of TE particles, organic solvent, and foam
sheets.[!% Overall, while the physical properties of solid TE
materials have been accurately evaluated and then assembled
into the devices, it remains an open question how to evaluate
whether the individual TE parameters of components behave
as expected under a working condition after the device fabrica-
tion processes.
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Figure 1. Progress summary of thinner Peltier sheets using the sticky TE complexes.*®1% (a) Schematic cross-section for the three-step
fabrication of the hierarchically designed thinner Peltier sheets using the sticky TE complexes. (b) Hierarchical design of thinner Peltier
sheets at atomic-, nano-, micro-, and macro-scale, where Q is Joule heating per unit time, V is volume, o is electrical conductivity of
electrode, | is current, A, is cross-sectional area of electrode, h is height of electrode, w is width of electrode and sticky TE complexes’
pattern, and d is depth of sticky TE complexes’ pattern. (c) Schematic comparison in the total Sq,,,, between a L-thick Peltier device
and n sheets of L/n-thick Peltier sheets, using the same amount of TE material, where S is surface area, L is thickness, and g, is the

maximum heat flux capability.

When confronted with a complexity of multi-component
complexes, we can adapt the conceptual framework and meth-
odology from coordination chemistry for metal complexes
known by Nobel prize in Chemistry 1913.1''] Coordination
chemistry deals with “metal complexes” where metal ions
coordinate with ligands through multiple interactions in solu-
tion. To determine the binding constants between metal ions
and ligands, complexometric titration is a common method
gradually changing only the concentration of titrants during
monitoring the changes of analytes.!'>!3] During the titration
for a single coordination process, isosbestic points appear in the
spectral change when the spectra for the initial and final states
have cross points.!!'! Consequently, the shift of isosbestic points
distinguishes multistep processes in multiple interactions.['!
The concept has been generalized to explain iso-points!!!!
observed in Raman spectra,l'* photoluminescence,'! cyclic
voltammetry,!'"!%) specific heat curves of correlated systems,”}
optical absorption in atomic-layer superlattices,!'® magnetics
of perovskite oxides,!'”) and current—voltage curves in photo-
voltaics.!'"?% In essence, gradually and continuously altering
one parameter is a straightforward and powerful method to
comprehend one aspect of complexity step-by-step.

Although one of the TE parameters itself is not defined
by the dimensions: a=V/AT’, we set a working hypothesis
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to extract the TE parameters from a series of thinner Peltier
sheets only changing the L under a constant AT condition
[Fig. 2(c, d)], inspired by the insight generalized from coor-
dination chemistry. To change the L, we can stack the middle
layers [Fig. 2(e)]. Under the temperature gradient of AT, a bat-
tery tester” can measure the ¥ and the R at each L, using an
alternating-current (AC) signal [Fig. 2(c)]. Note that a tester
using a direct current (DC) cannot correctly evaluate the R
assuming Ohm’s law because the V' caused by AT affects the
IR. Following the definition: R=pL/A4, we can extract the p in
the plot of L/A4 versus R, where A4 is the total contact area. To
extract the a, we assume a linear temperature gradient on the
Peltier sheets so that we can describe the temperature differ-
ence on the sticky TE complexes AT’=AT-(L —2f)/L [Fig. 2(e)],
where ¢ is thickness of electrode sheet. Under this assumption,
V=aAT’=aAT-(1 —2t/L). Thus, we can obtain the « from the
intercept @A T in the plot of 1/L versus V. As a result, we can
calculate AT’ from V on each L, as follows: AT’=V/a. There-
fore, we can also extract the effective kK based on the defini-
tion: ¢/AT’=k/(L — 2t) where a heat flux sensor quantifies the
heat flux ¢ on each L [Fig. 2(d)]. In summary, the working
hypothesis is examined using the coefficient of determination,
R?, for the simple linear regressions [Fig. 2(c, d)]. However,
a commercially available heat flux sensor only covers half of
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Figure 2. Analytic tradition to evaluate TE materials: (a) Four-probe measurement for p and o under a temperature gradient condition, (b)
Laser flash method for k. Schematic cross-section for TE parameter extraction from a series of Peltier sheets changing L under a constant
AT condition: (c) p and a extraction, (d) k extraction, (e) Peltier sheets changing L based on the number of stacking middle layers. (f) Top
view of each layer for the current Peltier sheet with a stripe pattern in series, where the cell area dw is 4 mm x 10 mm and the line space is
2 mm. (g) Top view of each layer for half Peltier sheets with the stripe pattern in parallel to extract the TE parameters.

the current Peltier sheet patterning, which consists of n-type/p-
type/n-type/p-type stripes in series [Fig. 2(f)].1*) In this study,
therefore, we prepare half Peltier sheets of A =2dw patterning
n-type/n-type and p-type/p-type stripes in parallel to examine
the working hypothesis and extract the TE parameters of n-type
and p-type sticky TE complexes, respectively [Fig. 2(g)]. Since
we obtain reasonable TE parameters of sticky TE complexes
with R2>0.9, we further discuss the potential improvements in
the thinner Peltier sheets based on the obtained results.

Experimental details

The half Peltier sheets were assembled by the previous
method!*®'% with the following modifications: The sticky
TE complexes of partial Au skin Bi,Te; particles were pre-
pared as previously described.’®! The upper and bottom elec-
trode sheets were fabricated as single-side flexible printed cir-
cuits (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 was laminated to alter the L and
subsequently cut according to a programed pattern using a
laser-cutting machine (VLS2.30DT, Universal Laser Systems,
USA). After the underside of middle layers was sealed with the
bottom electrode sheets, the hierarchically designed sticky TE
complexes were injected into the patterned areas. The injection
amount of sticky TE complexes was determined based on the
capsule volume, calculated from the thickness of middle layers
and two adhesive layers and the area of cut patterns. Finally, the
deformable sticky TE complexes were sealed with the upper
electrode sheets [Fig. 1(a)]. The L and ¢ were measured with
a digital micrometer (MDC-25MX, Mitutoyo Corporation,
Japan). To measure R and V at each L with a battery tester
(BT3562A, Hioki E.E. Corporation, Japan), the bottom side of
half Peltier sheets was cooled with an air-cooling Peltier plate
(CHP-77HI, Sensor Controls Co., Ltd., Japan) set at 20°C, and
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the upper side was heated by a hot plate (PH200-100-PCC10A,
MSA Factory Co., Ltd., Japan) set at 40°C. The interfaces were
filled with a thermal grease (SMZ-01R, Shinwa Sangyo LTD.,
Japan). The applied AT and g were measured with a thermo-
couple (ST-11 K-008-TS1-ASP, Anritsu Meter Co., Ltd., Japan)
and a heat flux sensor equipped with a thermocouple (Z2012-
01, DENSO Corporation, Japan). These measurements were
monitored with a data logger (LR8432, Hioki E.E. Corporation,
Japan). Note that the battery tester provides the equivalent data
of R and V for those estimated from the /-V characteristics writ-
ten in the previous paper.[®]

Results and discussion

Figure 3 displays the graphs to extract the TE parameters of
sticky TE complexes from a series of thinner Peltier sheets
only changing the thickness L based on the number of stacking
middle layers, 1 to 4. As defined, the L increased the R due to
the lengthened conduction pathway. The slope in graphs of /4
versus R corresponds to the p to be 179 nQm and 180 pQm
for the p-type and n-type sticky TE complexes, respectively
[Fig. 3(a),(b)]. The V also increased with the L because the AT
— AT’ ultimately becomes ignorable at the infinite L. Because of
this, the intercept in graphs of 1/L versus V represents the dA T,

which allow to extract the o to be 138 pV/K and —87.4 pV/K
for the p-type and n-type sticky TE complexes, respectively
[Fig. 3(c,d)]. Based on the extracted a with the measured 7 on
each L, we can access the AT’. Thus, we can plot the graphs of
q/AT’ versus 1/(L —2¢) to extract the k: 0.10 W/mK and 0.12 W/
mK for the p-type and n-type sticky TE complexes, respectively
[Fig. 3(e, f)]. Since all the plots are linearly fitted with R2>0.9,
these results fairly support the working hypothesis to extract
the TE parameters.

These extracted values appear reasonable in comparison
with those of the tentative analysis and the original TE parti-
cles (Table I). Since the interfacial electrical resistances with
the electrodes were successfully subtracted, the extracted p
became approximately 10-times smaller than that of the tenta-
tive analyzed ones. Nevertheless, the extracted p is approxi-
mately 20-times higher than that of the original TE materials
before crushing because the interfacial electrical resistances
persist between the TE particles even after the surface of TE
particles is partially covered with low-resistance Au.[®! Simi-
larly, the extracted a became comparable to that of the origi-
nal TE materials because the AT — AT’ approaches zero at the
extrapolated intercepts. The extracted K lessened 10 times than
that of the original TE materials, which is consistent with the
previous observations.['!l As visualized with a thermal imager,
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Figure 3. Graphs of L/A versus R to extract the p of (a) p-type and (b) n-type sticky TE complexes, 1/L versus V to extract the o of (c)
p-type and (d) n-type sticky TE complexes, and 1/(L — 2t) versus g/AT’ to extract the k of (e) p-type and (f) n-type sticky TE complexes.

Table I. Summary and comparison of the extracted TE parameters.

p-type n-type

£ (pQm) a (LV/K) K (W/mK) zT p (LQm) o (LV/K) K (W/mK) zT
This work 179 138 0.10 0.32 180 -87.4 0.12 0.11
Tentative!®! 1.7-10° 95.3 - - 1.2:10° —75.9 - -
Original 10.9 183 1.0 0.96 7.4 —149 1.0 0.94
Best reports?%2] 15.4 242 0.65 1.86 12.1 234 0.80 2.27
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the k surrounded with the polymer middle layer drastically has
decreased close to that of organics,~0.2 W/mK, explained by
the Kanari equation.[’! Replacing the middle layer with the foam
sheet, the performance of Peltier sheets has almost doubled.['"!
This implies that the surrounding foam sheet has halved the k,
which is in agreement with the extracted k. In total, the current
zT=0o/pk-T can be calculated to be 0.32 and 0.11 for the p-type
and n-type sticky TE complexes, respectively.

Extracting the TE parameters from the thinner Peltier sheets
indicates opportunities for enhancing their performance. Firstly,
this research demonstrated that the R is attributed to the inter-
facial electrical resistances between the sticky TE complexes
and the electrodes. As previously discussed, Joule heating on
electrodes diminishes the cooling capacity based on the Peltier
effect.”) Similarly, the confirmed interfacial electrical resistances
for Joule heating prejudice the cooling capacity. Conversely,
reducing the interfacial electrical resistances could enhance
the practical performances of thinner Peltier sheets. To reduce
the interfacial electrical resistances, we can possibly deposit
low temperature solders®! like Sn—Bi, Sn—In, or Sn—Bi-In on
electrodes, considering the heat-resistant temperature of foam.
Secondly, the original TE materials exhibit higher o and lower
p than the thinner Peltier sheets because of the difference in syn-
thetic process. Generally, inorganic TE materials are synthesized
by sintering at high pressure and high temperature to improve the
crystallinity and electrical conduction path.?>?3] This suggests
that the thinner Peltier sheets may improve their performances
by additives linking the TE particles and post treatments. Lastly,
the current TE particles still have a margin to improve o in com-
parison with the best reports in Bi-Te-based TE materials.l*>23
Overall, this research leads to reject the statement “without
using electrically conductive adhesives”® in the initial working
hypothesis of sticky TE complexes and reconstruct the multi-
component design and fabrication process of the thinner Peltier
sheets toward the next phase.

Conclusion

By adapting a methodology from coordination chemistry to
address the complex system of thinner Peltier sheets, we have
successfully extracted the TE parameters with R>>0.9 from a
series of half Peltier sheets only changing the L under a con-
stant AT condition. This approach is potentially applicable to
other TE devices by comparing the extracted TE parameters
with those of original TE materials. Having established the ana-
lytic method, we can sophisticate the multi-component strategy
of thinner Peltier sheets through the cycle of design and analy-
sis toward the higher order complex system. At the end of this
research cycle, the new class of materials may safeguard people
from frequent and intense extreme heat events.
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