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SUMMARY

A thermoelectric device is a heat engine that directly converts heat into elec-
tricity. Many materials with a high figure of merit ZT have been discovered in
the anticipation of a high thermoelectric efficiency. However, there has been a
lack of investigations on efficiency-based material evaluation, and little is known
about the achievable limit of thermoelectric efficiency. Here, we report the high-
est thermoelectric efficiency using 12,645 published materials. The 97,841,810
thermoelectric efficiencies are calculated using 808,610 device configurations un-
der various heat-source temperatures (T,) when the cold-side temperature is
300 K, solving one-dimensional thermoelectric integral equations with tempera-
ture-dependent thermoelectric properties. For infinite-cascade devices, a ther-
moelectric efficiency larger than 33% (='/;) is achievable when T, exceeds
1400 K. For single-stage devices, the best efficiency of 17.1% (= 1/6) is possible
when T}, is 860 K. Leg segmentation can overcome this limit, delivering a very high
efficiency of 24% (=1/4) when T}, is 1100 K.

INTRODUCTION

A thermoelectric device composed of P- and N-type thermoelectric material legs placed between hot- and
cold-side substrates can directly convert thermal energy into electrical energy via thermoelectric effects.’?
As thermoelectric devices can generate electricity regardless of the amount of the temperature difference
and heat sources, the thermoelectric technology has been considered a promising solution for power sour-
ces in space and waste heat recovery systems in the industry and transportation sectors.'™

One of the most successful applications of thermoelectric technology has been in space exploration, where
it has been used in Radioisotope Thermoelectric Generators (RTGs) to generate over a 100 W scale powerA2
Currently, the technology is being investigated for use in industrial and transportation sectors. Commer-
cially available devices are based on Bi,Tes alloys, and each device produces nearly 10 W with a conversion
efficiency of approximately 5-7% under a temperature difference of 200-250 K.* Using these devices, KELK
reported a kW-scale power generation from waste heat in steel works.® Additionally, flexible and organic
thermoelectrics have been proposed for room temperature energy harvesting and power generation from
human body heat, with the potential of producing energy in the order of uW to mW from a temperature
difference of approximately 10 K.

To put thermoelectric technology into wide and practical use, it is essential to increase the efficiency (n) of
the devices. Because a thermoelectric device is a heat engine, the thermoelectric efficiency increases with
temperature difference and is bounded by the Carnot efficiency. Moreover, as discovered by loffe in 1957,2
in some cases, the efficiency is determined by a single material parameter, called the dimensionless ther-
moelectric material figure of merit ZT = «?T/pk, which is defined as the ratio between absolute temper-
ature T and three thermoelectric transport properties (TEPs), namely, the Seebeck coefficient «, electrical
resistivity p, and thermal conductivity . Precisely, for an ideal one-dimensional thermoelectric leg having
temperature-independent TEPs, the maximum efficiency of thermoelectric conversion (5,,,,) under a given
operating temperature range from the cold-side temperature T, to the heat-source temperature T}, is
exactly determined by ZT:

Th — T V1+Z21, =1
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where T, is (Ty + Tc)/2. From the observation that the higher the Z, the higher the efficiency, many high ZT
materials have been discovered and developed, from the traditional Bi,Tes-, PbTe-, GeTe-, and Sii_Ge,-
based alloys” '? to the recently developed SnSe- and MgsSb,-based alloys.'* '

However, little is known about the current status of device efficiency. The efficiency estimation using ZT is
not very accurate for wide-temperature-range applications because TEPs are temperature-dependent.'>'®
Additionally, the estimation ignores several factors introduced in device fabrication processes such as
parasitic resistances. Although the measurement of device efficiency is demanded, the number of such
experimental studies is less than a few dozen,'" likely because of more complex processes in device fabri-
cation than in materials synthesis. Therefore, the efficiency-based evaluation of materials and devices is
crucial for understanding the current status. Furthermore, determining the achievable limit will guide future
directions and accelerate research regarding the design of high-performance devices.

RESULTS
Thermoelectric efficiency exploration

Here, we report the theoretical best thermoelectric efficiency of devices resulting from the ever-explored
thermoelectric material data collected in the Starrydata2.org thermoelectric database (DB). Starrydata2 is
the world's largest thermoelectric property DB, which contains 43,601 material samples for thermoelectric
properties from 7,994 publications as of 2021-November-24." After data filtering, we obtain high-quality
thermoelectric big data composed of 13,338 samples from 3,120 publications. Then, the material samples
in the big data DB are theoretically evaluated by the computed maximum thermoelectric conversion effi-
ciency under various temperature differences of AT = T, — T. when T, = 300K (12,645 samples from 2,919
publications are available for T> 300 K): see STAR Methods (data preparation, filtering, and cleansing, ther-
moelectric device model, and thermoelectric performance calculation). The thermoelectric efficiency is
computed by solving one-dimensional thermoelectric integral equations for the temperature distribution
T(x) and heat currents at the hot and cold sides'>': see STAR Methods (temperature distribution inside a
leg). Using the searched high-performance P- and N-leg samples, of which the efficiency is larger than or
equal to 85% of best P- and N-material efficiencies for a given heat source temperature, single-stage P-N
leg-pair devices with various leg geometries and interfacial resistances are constructed: see STAR Methods
(thermoelectric device model and computation of the best efficiency). The interfacial resistances allow us to
include efficiency loss from device fabrication. Finally, the best thermoelectric efficiency for various electri-
cal and thermal operating conditions is theoretically explored over 7,650,225 material efficiency data and
97,841,810 device efficiency data points; overall, 105,492,035 efficiency data spaces are explored; see STAR
Methods (computation of the best efficiency).

Best thermoelectric efficiency

Figure 1 shows the achievable best thermoelectric device efficiency (n(dev) among 97,841,810 device effi-
ciency data from 808,610 P-N leg-pair thermoelectric device configurations made of 12,645 ever-explored
materials, for a given heat-source temperature T, and fixed T, = 300 K. The infinite-cascade device, where
the electric current at each temperature pointis optimised, attains the theoretical maximum efficiency for a
given ZT curve. We obtain the maximally achievable ZT curve (ZT,es(T)) from the DB (see key resources
table (data500). Hence, the best efficiency of the infinite-cascade device (nmgcamde)) is simply calcu-

lated'® by

Th

S5 ZToea(T) — 1
nfﬂz;Cascade) -1 exp| — /ﬂ + b t( ) ,
T 1+ ZTpea(T) +1

which increased strictly with Tj,. The theoretical maximum efficiency is 25% (= 1/4) at T;, = 880 K (AT = 580 K).
This high efficiency corresponds to a device ZT value of 2. Furthermore, an even higher theoretical
maximum efficiency of 33% (= /) is possible at T, = 1400 K (AT = 1100 K). For single-stage P-N leg devices,
the best efficiency increases with T}, and has the highest value of 17.1% (=1/6) at T;, = 860 K (AT = 560 K).
However, the best efficiency no longer increases but significantly drops when Tj, > 940 K. This efficiency
drop at very high temperatures is due to the absence of a stable material at high temperatures and material
self-compatibility issues'® arising from the strong temperature dependence of thermoelectric properties
and low average ZT. If the radiation and convection losses are considered, the decrease in efficiency at
high temperatures will be more significant."’

(Equation 2)

Te
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Figure 1. Best thermoelectric efficiency

Thermoelectric efficiencies are explored using the thermoelectric property big data from Starrydata2 thermoelectric
database. After data filtering, 12,645 materials that can be used for power generation above 300 K, are obtained from
2,919 publications. Using high-performance P- and N-leg materials, 808,610 single-stage P-N leg-pair devices were
constructed. Then, 97,841,810 device efficiencies were computed over various heat source temperature, electrical
currents, geometries, and interfacial resistances, when T. = 300 K. Finally, best thermoelectric device efficiency is
theoretically explored at every heat source temperature. For the clarity, we have only showed the achievable theoretical
boundaries for device efficiencies. Solid, dotted-dashed, and dashed lines are the best efficiency curves for single-stage
devices with a perfect interface (no thermal and electrical resistances), a normal interface (™) — 10-8 @ m? and
ko™ _ 104 W m=2 K= 1), and an inferior interface (p(cmfer"m) =10"7 @ m? and «lnfeton
The dotted line is the best efficiency curve for an infinite-cascade device. Filled squares are efficiencies for calculated
(Calc.) multistage segmented P-N leg-pair devices working at T, = 850 K and T, = 1100 K. Additional data points
represent the experimental (Expt.) efficiencies of fabricated devices: single-stage devices (unfilled black circle),>?0-%8

), 1:22:29.37-43 3nd a cascaded device (Cascd., unfilled black triangle)A20 The

segmented devices (Seg., unfilled black square),
ZT values of the grey-guide lines are inversely calculated using the maximum efficiency Equation 1 for a given Tj, when

103 W m=2 K~ "), respectively.

2
T.=300K: ZT = (%E—H) — 1.7 See also key resources table (data500) for the best efficiency curves and
experimental reports, key resources table (data300) for the considered P-N leg-pair configurations, and key resources

table (data400) for the 100 million P-N leg-pair device efficiencies data.

A multistage structure in devices such as segmented legs may overcome the self-compatibility issue, as
theoretically reported by Ouyang and Li in 2016 ( = 21.0% at AT = 700 K).'? Higher theoretical efficiencies
have been reported in P-type single-leg device: Ryu et al. in 2021 ( = 21.9-24.5% at AT = 600-800 K)'° and
Wabi et al. in 2022 (n = 22.0% at AT = 600 K)."® In addition, in this study, we find a multiple-stage P-N leg pair
device with very high efficiency: n = 20.0-23.9% at AT = 550-800 K; see key resources table (data700) for the
device configuration generated.

However, it should be noted that there is a large difference between the theoretical and measured best ef-
ficiencies; see Figure 1 and Table 1. For the single-stage devices in Table 1, the measured best efficiencies
range from approximately 7-10%: the single-stage Bi;Tes-based device by KELK (7.2% at Tj, = 553 K)® and
the GeTe(P)-Mg3Sb,(N)-based device by Tongji University (10.0% at T, = 600 K).*® Forthe multistage devices
in Table 1, the measured best efficiencies are approximately 12-13%: the GeTe/BiTe(P)-PbSe/Bi,Tes(N)
segmented device by SUSTECH (13.3% at T, = 873 K),"" the half-Heusler (HH)/Bi,Tes; segmented device
by PSU (12.0% at T}, = 873 K),>” the skutterudite (SKD)/BiTe segmented device by SICCAS (12.0% at T}, =
849 K),"° and the PbTe/Bi,Tes cascaded device by AIST (12.0% at T, = 873 K).”° However, their efficiency
values are much lower than the theoretically best device efficiency of 17.1% found in this work. Such a
loss in efficiency may be due to a suboptimal choice of materials and significant interfacial resistances. Ther-
mal radiation and convection might also cause a nonnegligible loss in efficiency when T, is high."”
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Table 1. Selected values of the best thermoelectric efficiency (n)

Device Th K] T K] AT [K] n NCarnot N1E Reference
Calc. Infinite cascade 1400 300 1100 33.0% 78.6% 42.0% This work
=1/3
Segmented (P-N) 1100 300 800 23.9% 72.7% 32.8% This work
=1/4
Single-stage (P-N) 860 300 560 17.1% 65.1% 26.2% This work
=1/6
Expt. Segmented (P-N) 800 294 506 13.3% 63.3% 21.0% Ref."
=1/8
Single-stage (P-N) 600 280 320 10.0% 53.3% 18.8% Ref.*®
=1/10
553 303 250 7.2% 45.2% 15.9% Ref®
=1/14

The efficiencies of multistage and single-stage thermoelectric devices are described with working temperatures, Carnot ef-
ficiency Mcamot = AT/Th), and reduced thermoelectric efficiency (17 = Ncamet/M)- See also Figure 1 and key resources table
(data500).

Distribution of thermoelectric properties

Figure 2 shows the distribution of thermoelectric property values in the filtered thermoelectric big data of
13,338 published material samples. Figure 2A shows the available temperature ranges that are defined as
the range from the minimum measured temperature to the maximum measured temperature for a given
material’s thermoelectric property. There are two distinct measurement patterns: (1) cryogenic-type ther-
moelectric property measurements below room temperature (<300 K) and (2) power generation-type mea-
surements above room temperature (>300 K). For the latter, 80% of the samples are measured from 300 K
up to 800 K, which are suitable for mid-temperature thermoelectric power generation applications. The
highest measured temperature is 1500 K. Figure 2B shows the distribution of 215,526 Seebeck coefficient
values (a(T)). The distribution is somewhat symmetric between the P- and N-type materials. When «(T) is
small, it increases with T, showing metallic behavior. When «(T) is large, it increases with T, while T < 300 K,
showing bipolar transport behavior of the narrow-gap semiconductors. Figure 2C shows the distribution of
223,404 electric resistivity values. The resistivity varies exponentially with temperature. For temperatures
below 300 K, most of the explored samples have very small resistivity, similar to semimetallic or heavily
doped semiconductors. Some have very high resistivity, which might be related to charge carrier quench-
ing in doped semiconductors. For temperatures larger than 300 K, the distribution is symmetrical about the
axis of the critical value p;y = 1074 Q m. Furthermore, the resistivity value seems to converge to p.;; as the
temperature increases. Figure 2D shows the distribution of the 187,244 thermal conductivity values. When
the temperature is below 100 K, there are unusually small and large lattice thermal conductivities. The small
value is due to the small number of phonon activation modes, while the large value is due to less phonon
scattering and ballistic phonon transport. With increasing temperature, the number of large thermal con-
ductivity samples decreases, which may be due to the activation of the Umklapp three-phonon process. On
the whole, the samples can have small thermal conductivities below 10 W m=1 K=" above 300 K.

History of thermoelectric performances: ZT and efficiency

For decades, the thermoelectric performance of materials has been developed to search for high ZT
values. Figure 3A shows how the best ZT value has been improved over time. In 2000, the ZT exceeded
1 for the first time due to nanostructuring and low thermal conductivity.”’**® Then, the ZT finally reached
2 due to the synergetic effect of electron and phonon transport'%*%; the largest improvement was achieved
in the mid-temperature range of approximately 600-950 K. Recent studies report very high peak ZT values

exceeding 2.5 in GeTe'" and SnSe."”
Figure 3B shows how the best thermoelectric material efficiency (n(™M29) of single-leg P- or N-type materials

has been improved over time for various T's and T, = 300 K. Between 2000 and 2009, the material effi-
ciency was highly enhanced for all temperature ranges, similar to the improvement of ZT values. The
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Figure 2. Distribution of thermoelectric properties

(A-D) (A) Hexa-bin plot of the maximum and minimum available temperatures from the samples’ thermoelectric
properties. Hexa-bin plots of the (B) Seebeck coefficient distribution, (C) electrical resistivity distribution, and (D) thermal
conductivity distribution over measured temperatures. In each panel, color represents the number of data points. Note
that Starrydata2 contains 43,601 material samples for thermoelectric properties from 7,994 publications as of
2021-November-24. After data filtering, high-quality thermoelectric big data composed of 13,338 samples from 3,120
publications is obtained and displaced. See also key resources table (data010) and STAR Methods (data preparation,
filtering, and cleansing).

improvement was the largest at T, =900 K, similar to the improvement of the peak ZT. However, after 2010,
the increase in the best efficiency for low- and high-temperature applications has been rather small. This is
mainly because, even if the peak ZT is high, the average ZT can be low. Additionally, for wide-temperature
applications, the self-compatibility problem'® of materials may also responsible for the limited efficiency
increase. Our observation of the large discrepancy between ZT and the material efficiency implies the
importance of studying device efficiency.

Performance by material composition

Figure 4 shows the ideal thermoelectric material efficiency over 17 material groups based on material
composition; see the key resources table (data150 and data261). In Figure 4A, the theoretical material per-
formances are represented for well-known telluride alloys (Te-alloys): Bi,Tes-, AgSbTe,-, GeTe-, and
(Pb,Sn)Te-based alloys. For Te alloys, P-type materials perform better than N-type materials. Bi,Tes alloys
are the best materials for low-temperature heat sources (T, < 600 K); their best efficiency can reach 10-12%.
For mid-temperature heat sources (600 K < T, < 950 K), P-type AgSbTe;-, GeTe-, and (Pb,Sn)Te-based al-
loys show superior thermoelectric conversion performance compared to other alloys.

iScience 26, 106494, April 21, 2023 5
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Figure 3. History of thermoelectric performances: ZT and efficiency
mat

(A and B) (A) The best material figure of merit ZT and (B) best thermoelectric material efficiency 7

) for the given year ranges were drawn over ever-

explored materials. The achievable best ZT and (™) were explored over 13,338 samples from 3,120 publications (see also key resources table (data070))

and 12,645 samples from 2,919 publications (see also key resources table (data261)), respectively. Note that the number of samples for the latter is smaller

than the former owing to the temperature range restriction: T > 300 K for efficiency calculations.

In Figure 4B, the thermoelectric material performances of oxide-, sulfide-, and selenide-related alloys (X-O,
X-S, X-Se) are provided. Compared to tellurides, these alloys can operate at high temperatures. In the case
of LayS3, although AT is very large (1100 K), its best material efficiency is smaller than that of Bi;Te; for AT =
300 K. In Figure 4C, the performances of Mg and Si alloys are shown. Note that the P-type MgAgSbh-
based and N-type MgsShy-based materials have comparable efficiency to BiyTes-based devices for
low-temperature heat sources, which explains the experimental device efficiency.”’ For N-type materials,
Mg,Si-based alloys exhibit good thermoelectric performance at mid-temperatures. Alternatively, Si1_Ge,
alloys demonstrate good performance at high temperatures (T, > 950 K), as reported.'? Figure 4D shows
high-temperature thermoelectric materials such as clathrate (Clath.), HH, and SKD thermoelectric materials
and other antimonide compounds (X-Sb). Although their performance is relatively poor at low and mid-
temperatures, they show the best efficiency with regard to high-temperature heat sources.

Representative P-N leg-pair devices

Figure 5 and Table 2 show the theoretical device efficiency curves of nine representative single-stage P-N
leg-pair devices; see key resources table (data400 and data600). Within available temperature ranges, the
device efficiencies increase with temperature, indicating that thermoelectric efficiencies are limited by the
available temperature ranges, which might be determined by the material thermal stability. For low-tem-
perature heat sources, the fully Bi;Tes-based P-N leg-pair device shows the best device efficiency, which is
higher than 10%. For 600 K < T,, < 950 K, the devices based on P-type chalcogenides and N-type Mg3Sbo,
Mg2(Si,Sn), HH, or SKD show the highest efficiency. A limit efficiency of 17% is found in the single-stage
PbTe-SKD and SnSe-SKD devices. For T, > 950 K, however, the device efficiency is smaller than that of
mid-temperature devices. Notably, there is a distinct pattern in the curves; that is, the curves for low-tem-
perature devices are concave, but the other curves are convex at low temperatures and become linear at
high temperatures. The convexity of the curves is related to the poor ZT value at low temperatures in addi-
tion to the temperature-dependent nature of thermoelectric transport properties. This suggests that the
temperature gradient in thermoelectric properties should be controlled using segmented or cascaded de-
vice structures. On the other hand, the linearity of the curves at high temperatures implies that linear
extrapolation of the curves can be used to estimate the efficiency at higher temperatures.

6 iScience 26, 106494, April 21, 2023
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Figure 4. Performance by material composition
(A-D) Achievable thermoelectric material efficiencies for 17 material groups are drawn for (A) Te alloys, (B) O/S/Se-related alloys, (C) Mg- or Si-based alloys,
and (D) other alloys. See also key resources table (data150 and data261) and STAR Methods (material group classification of compositions) for sample

material group classification.

Efficiency loss due to interfacial resistances

Figure 6 shows the degradation of efficiency of P-N leg-pair devices under electrical and thermal contact resis-
tances compared to the best efficiency of perfect devices; see key resources table (data500). While the P and
N legs generate electrical power, some of the power is lost via internal resistances.'” The P- and N-type thermo-
electric semiconductors are metallized and connected to the electrodes on the substrates, and the device sub-
strates are in contact with the external heat source and sink. Such a complex layered structure causes parasitic
electrical and thermal interfacial resistances (p. and k'), resulting in net power reduction. The net temperature
difference decreases with interfacial thermal resistance, and additional Joule heating occurs at the ends of the
legs via additional interfacial electrical resistance. When contact resistances are extremely small (p. =

107" Qm2andk. = 10° W m=2 K™ "), the relative efficiency loss is only 1.5% less than the best device efficiency
with perfect contact. For p. = 1077 @mZ and k. = 10* Wm~2K~", the drop in the best efficiency is approxi-
mately 12% on average. For the normal interface condition with p. = 1078 Qm? and k. = 10*Wm 2K™',
the enhanced interfacial Joule heating causes a significant drop in relative efficiency by 22% on average. For
an inferior interface condition (p. = 1077 Q@ m? and k. = 103 W m~2 K=", a large efficiency loss occurs (67%
loss on average), and the best efficiency is highly reduced to 6.5% (=1/15).

iScience 26, 106494, April 21, 2023 7
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Figure 5. Representative P-N leg-pair devices
Thermoelectric device efficiency curves are drawn for 9 representative devices with respect to various heat-source
temperatures when T, is 300 K. Low-T (T}, < 600 K), mid-T (600 K < Tj, < 950 K), and high-T (T}, > 950 K) range applications
are separated with vertical gray lines. The dotted line indicates the achievable best device efficiencies using single-stage
P-N leg devices. The dot on each curve means that the device has realized the achievable best efficiency. The best
efficiency is computed with leg-area ratio optimization. See also Table 2 and the key resources table (data400 and
data600) for detailed information on the designed P-N leg-pair devices.

For a given device, the maximum generated power Py« can be approximately determined from the gener-
ated voltage Ve, and total internal resistance Ryey,'” as follows:
% @ AT,
dev _ eff (E .

= uation 3)
4’Rciev 4(Rmat + Rc) ’ q
where @ is the average Seebeck coefficient over the effective working temperature difference ATg, Rmat is
the electrical resistance of thermoelectric material, and R is the parasitic interfacial/contact resistance.
Thermal interfacial resistance causes a temperature drop at the interface (AT > 0)."° In addition, the Peltier
heat flow causes higher ATir and lower ATgs = AT — AT <ATigeal = Tp — T, compared to the open-cir-
cuit condition.'®“® As a result, the device power and efficiency can be significantly decreased by the inter-
facial thermal and electrical resistances.

P = I(View — IR) < Prax

n

Table 2. Representative thermoelectric P-N leg-pair devices

P-leg composition (Ref., sample ID) N-leg composition Ty K] AT [K] nldev) Ap/An

Sip.gGeg /P (ref.”°, sampleid = 21962) SigoGeyo (ref.”", sampleid = 21190) 1285 985 13.02% 0.939

(Nbo s0Tao.40)0.5Tio.2FeSh SigoGeyo (ref.>?, sampleid = 21211) 1185 885 16.15% 0.426

(ref.”?, sampleid = 31566)

Pbo 9Nag 02Mgo osTe (ref.>*, sampleid = 300) (Hfo.6Zr0.4)NiSno.99Sb0.01 - Wo.087 940 640 16.70% 3.615
(ref.>®, sampleid = 38585)

Sno.97Nag 035€0 9501 (ref.>¢, sampleid = 41016) Ybo3C04Sb1a4 (ref.”’, sampleid = 41697) 885 585 17.05% 3.181

Nao.035EU0.03Mno.03Pbo g0s Te (ref.”%, xCo/Bag 3N 3C04Sb12, x = 0.2% (ref.>?, 860 560 17.01% 3.391

sampleid = 35891) sampleid = 31358)

Geo.g9Sbo 1Ing o1 Te (ref.*?, sampleid = 31973) Mg2(Si0.4Sn0.6)Sbo.01s 785 485 16.45% 1.912
(ref.6", sampleid = 9777)

AgSbTe, (ref.%?, sampleid = 16668) Mg3.15Mng.05Sb1 5Bio.495€0.01 (ref.?, 655 B55] 13.68% 0.961
sampleid = 27133)

Bio.aSb1 sTesAgo oos (ref.**, sampleid = 38722) Bio.245b0.05 Teo.615€0.10 (ref.*%, sampleid = 38264) 585 285 11.67% 1.106

Bio.sSb1 sTes (ref.”, sampleid = 42662) Yo.2Bi1 gSeo.sTes 7 (ref.%, sampleid = 16900) 435 135 7.75% 1.034

Thermoelectric device efficiencies of nine representative thermoelectric P-N leg-pair devices and corresponding P- and N-leg compositions with sample ID (sam-

pleid) numbers in Starrydata2. See Figure 5 and the key resources table (data400 and data600).
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Figure 6. Efficiency loss due to interfacial resistances

(A) The achievable best thermoelectric device efficiency under interfacial electrical and thermal resistances.

(B) Relative efficiency of the best device efficiency under interfacial electrical and thermal resistances compared to the perfect interface devices. See also key
resources table (data500) for detailed information.

The interfacial thermal resistance between the thermoelectric devices and outside heat source/sink can be
characterized using impedance spectroscopy®’ and |-V measurement methods.®® These methods yielded
the thermal contact conductivities of 5,800-19,000 W m~2 K=" and 2,800 W m=2 K~ ', respectively, which
are comparable to the good/bad interfaces, as shown in Figure 6. However, the exact interface responsible
for the significant increase in resistance has not yet been identified, and could be situated between the ma-
terials, electrodes, substrates, or heat sources. A spatially resolved method such as the time-domain ther-
moreflectance method®® may play an important role in characterizing the position-dependent local thermal
conductivity inside a leg and device. On the other hand, the electrical interfacial/contact resistance has
been characterized by the spatial resolution measurement of the electrical potential along a single
leg.%” Recently, low contact resistivity of p. < 1077 Q@ m? has been developed in contacted thermoelectric
legs for several alloy systems.”%”" A 14% single-leg 7™ was reportedly achieved for contact-developed
GeTe alloys under AT = 440 K and T, = 300 K.”°

Conclusion

The achievable best thermoelectric device efficiencies are theoretically investigated over ever-explored
materials. Theoretically, an efficiency of /5 is possible in an infinite-cascade device. An efficiency of 1/4
is possible in a segmented device, while an efficiency of 1/6 is possible in a single-stage device. However,
these theoretical limits are much higher than the measured device efficiencies of /5 and 1/10 of the multi-
stage and single-stage devices. A poor interface quality may yield a low conversion efficiency of 1/15 to
1/14. The discrepancy between theoretical and experimental efficiency can be mitigated in multistage de-
vices by reducing interfacial resistance and selecting optimal thermoelectric materials. It ultimately sug-
gests that collaboration between materials and energy-related fields could accelerate the industrialization
of thermoelectric power generation technology.

Limitations of the study

Although the thermoelectric property data from Starrydata2 are filtered, the thermoelectric property data-
set used in this study may contain errors. This study is based on theoretical efficiency calculations using
one-dimensional thermoelectric equations, assuming that heat and current follows a one-dimensional
path. In addition, the calculations neglect the thermal energy loss by radiation and convection processes.
Therefore, the efficiencies in this study are overestimated compared to three-dimensional calculations.
Thus, the best efficiency reported in this study is the upper bound of the best thermoelectric efficiency
of ever-explored materials.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Deposited data

Thermoelectric property database: Starrydata2.org,
rawdata 20211124.zip

(data010) Sample’s formatted thermoelectric properties.
(data030) Sample information and metadata table

(data040) Sample's filtering table

(data070) Sample's interpolated TEPs

(data150) Sample’s composition classification into material group
(data234) Material efficiency raw data for different interfaces
(data261) Material efficiency raw data (only for 25 K interpolated)
(data300) Device configuration data generated using
high-efficiency P- and N-samples

(data400) Device efficiency data (only for optimal

currents, small-size version)

(data500) Best ZTs, best material and device efficiencies from
calculations, and experimentally reported efficiencies

(data600) 9 representative best efficiency P-N leg-pair devices

(data700) A multiple-stage P-N leg pair device with a
very high efficiency of 23.9%

Starrydata2.org; GitHub

This paper; Mendeley Data
This paper; Mendeley Data
This paper; Mendeley Data
This paper; Mendeley Data
This paper; Mendeley Data
This paper; Mendeley Data
This paper; Mendeley Data
This paper; Mendeley Data

This paper; Mendeley Data

This paper; Mendeley Data

This paper; Mendeley Data
This paper; Mendeley Data

https://github.com/starrydata/starrydata_

datasets/tree/master/datasets

https://doi.org/10.17632/r9bhpv6vx9.1
https://doi.org/10.17632/r9bhpvévx?.1
https://doi.org/10.17632/r9bhpv6vx9.1
https://doi.org/10.17632/r9bhpvévx9.1
https://doi.org/10.17632/r9bhpv6vx9.1
https://doi.org/10.17632/r9bhpvévx9.1
https://doi.org/10.17632/r9bhpvévx?.1
https://doi.org/10.17632/r9bhpvévx9.1

https://doi.org/10.17632/r9bhpvévx9.1

https://doi.org/10.17632/r9bhpvévx?.1

https://doi.org/10.17632/r9bhpvévx?.1
https://doi.org/10.17632/r9bhpvévx9.1

Software and algorithms

Python 3.8. 5

NumPy 1.19.2

SciPy 1.5.2

Pandas 1.1.3

Barycentric polynomial interpolation at Chebyshev nodes

One-dimensional temperature-solving integral algorithm

for a thermoelectric leg

Python software foundation

NumPy project and community

SciPy developers

Pandas developers

Chung et al.”?

Ryu et al.”®

https://www.python.org
http://www.numpy.org/
https://scipy.org/
https://pandas.pydata.org/

https://doi.org/10.1038/s41598-020-70320-7

https://doi.org/10.1016/j.isci.2021.102934

RESOURCE AVAILABILITY
Lead contact

e Further information and requests for resources should be directed to and will be fulfilled by the lead

contact, Byungki Ryu (byungkiru@keri.re kr).

Materials availability

e This study did not generate new unique reagents.

Data and code availability

® Data for the thermoelectric properties, related sample and publication information, and calculated effi-
ciencies have been deposited at Mendeley and are publicly available as of the date of publication (Men-
deley Data: https://doi.org/10.17632/r9bhpvévx9.1), as summarised in the key resources table. The
DATAIDs and related calculation processes are described in the STAR Methods (overview of efficiency

calculation process).

® This paper does not report original code. Instead, all detailed algorithms are explained in the STAR

Methods.

14 iScience 26, 106494, April 21, 2023


mailto:byungkiru@keri.re.kr
https://doi.org/10.17632/r9bhpv6vx9.1
http://Starrydata2.org
https://www.starrydata2.org/
https://github.com/starrydata/starrydata_datasets/tree/master/datasets
https://github.com/starrydata/starrydata_datasets/tree/master/datasets
https://doi.org/10.17632/r9bhpv6vx9.1
https://doi.org/10.17632/r9bhpv6vx9.1
https://doi.org/10.17632/r9bhpv6vx9.1
https://doi.org/10.17632/r9bhpv6vx9.1
https://doi.org/10.17632/r9bhpv6vx9.1
https://doi.org/10.17632/r9bhpv6vx9.1
https://doi.org/10.17632/r9bhpv6vx9.1
https://doi.org/10.17632/r9bhpv6vx9.1
https://doi.org/10.17632/r9bhpv6vx9.1
https://doi.org/10.17632/r9bhpv6vx9.1
https://doi.org/10.17632/r9bhpv6vx9.1
https://doi.org/10.17632/r9bhpv6vx9.1
https://www.python.org/
http://www.numpy.org/
https://scipy.org/
https://pandas.pydata.org/
https://doi.org/10.1038/s41598-020-70320-7
https://doi.org/10.1016/%20j.isci.2021.102934

iScience

® Any additional information required to reanalyse the data reported in this paper is available from the
lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

This study did not perform experimental works. This study is theoretical.

METHOD DETAILS
Overview of efficiency calculation process

The best thermoelectric efficiency is calculated and explored using the following procedure. The values in
parentheses at the end of the following sentences are the corresponding data identification codes
(DATAIDs) for the analysis and data. First, a formatted thermoelectric property file (data010) is generated
by extracting the raw data from Starrydata2. A sample metadata file (data030) is also generated; it contains
thermoelectric data length, data reference, composition information, available temperature range, pub-
lished date, etc. A data filter is used to test that each material sample’s dataset of thermoelectric properties
is complete, valid, or errorless, and the result is recorded as sample lists (data040). The thermoelectric
properties are interpolated (data070) for the ZT distribution analysis. Composition data are transformed
into a composition vector, and the samples are classified into given material groups (data150). The ther-
moelectric material efficiency of the samples in the list is computed for available temperature ranges
(data234), and material efficiency data are interpolated (data261). Using high-efficiency samples, P-N
leg pair device configurations are generated (data300), and the device efficiencies are computed
(datad400). Finally, the best ZT, best material efficiency, and best device efficiency curves are obtained
(data500). The best efficiencies are compared to the experimentally reported device efficiencies
(data500). Among them, 9 representative best efficiency devices are analysed (data600). A multiple-stage
P-N leg pair device with a very high efficiency of 23.9% is found (data700). Related data of corresponding
DATAIDs have been deposited at Mendeley and are publicly available as of the date of publication (Men-
deley Data: https://doi.org/10.17632/r9bhpvévx9.1) as summarized in the key resources table.

Data preparation, filtering, and cleansing

High-quality thermoelectric property data are obtained from the Starrydata2 thermoelectric web-DB,'’
which is growing with time. For the investigations, we use the thermoelectric property data of version
2021-November-24, consisting of 43,601 material samples from 7,994 published papers (“20211124.zip"
in https://github.com/starrydata/starrydata_datasets). Among them, 16,420 samples are chosen from
3,585 published papers that contain a full set of three thermoelectric properties. Note that a complete
set of thermoelectric properties is mandatory for the calculation of thermoelectric performance. Then,
high-quality thermoelectric property data are obtained after filtering out unphysical and erroneous data.
A total of 33 data filters are used, that is, physics filters to remove unphysical values of thermoelectric prop-
erties and temperature ranges and error filters to remove insufficiently/incorrectly labelled data that are
hardly readable by a computer. See key resources table (data040) for the thermoelectric sample filtering
table. For high-efficiency samples, the correctness of the thermoelectric properties from Starrydata2 is
confirmed by visual inspection. Consequently, high-quality thermoelectric property data are obtained,
which consist of 13,338 complete and valid samples from 3,120 published papers. The corresponding
data size is 215,526 (T, «(T)) pairs, 223,404 (T, p(T)) pairs, and 187,244 (T,x(T)) pairs. For efficiency calcu-
lations, thermoelectric properties are interpolated in a piecewise linear manner and extrapolated in a con-
stant value manner so that the resulting properties are continuous functions of temperature. Among the
complete and valid samples, 12,645 samples from 2,919 publications have thermoelectric properties at
Ty > 300 K. Using these samples, thermoelectric efficiencies at T, > 300 K are evaluated for various device
models: see key resources table (data261). Related data on the corresponding DATAIDs have been depos-
ited at Mendeley and are publicly available as of the date of publication (Mendeley Data: https://doi.org/
10.17632/r9bhpvévx9.1) as summarized in the key resources table.

Thermoelectric device model

In the thermoelectric device, P- and/or N-type thermoelectric materials, called thermoelectric legs, are
placed between hot- and cold-side substrates. The thermal boundary conditions are assumed to be the
Dirichlet condition, which means that T, and T, are fixed during device operation. We compute the theo-
retical maximum conversion efficiency, ignoring radiation and convection losses. The length of a thermo-
electric leg is assumed to be 3 mm. Since the leg is connected to substrates, we consider the interfacial
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electrical and thermal resistances. The electrical and thermal resistances are simultaneously imposed using
two additional segments of 0.1 mm attached at the ends of the leg unless interfacial resistances are zero; in
total, the leg length is 3 mm for a perfect interface and 3.2 mm if there are interfacial resistances. We as-
sume that the electrical and thermal currents flow perpendicular to the substrate, which implies a one-
dimensional flow. For a single-leg device, the leg cross-sectional area of A =3 mmx3 mm is adopted.
For a P-N leg-pair device, the cross-sectional areas of P- and N-type legs (A, A,) are set to A, =
(1 =x)*Aand A, = x+A, for anumber x between 0.02 and 0.98. For x, we consider 11 values at the Cheby-
shev nodes of the second kind’? between 0.02 and 0.98.

Thermoelectric performance calculation

In a one-dimensional thermoelectric leg, the heat currents at the hot and cold sides (Qp,, Q.) and the power
P are given as follows:

Qne = — Aknc (ﬂ) +1a(The) Thes (Equation 4)
dx /.

P =0, - Q. (Equation 5)

where h and c denote the hot and cold sides, A is the leg cross-sectional area, and | is the electric current
flowing through the leg. Once the temperature distribution inside the leg is known, the thermoelectric ma-
terial efficiency can be easily computed for given electrical and thermal conditions:

Q, — Q.
Qy ’

The P-N leg-pair device efficiency can be computed as follows:

n(mat) = (T, Te) = (Equation 6)

ptoy  p(p) 4 p(n) )
' = = o), A (Equation 7
Q" QP

Temperature distribution inside a leg

In a steady-state one-dimensional leg, thermoelectric effects are governed by the following thermoelectric

differential equation'>’*:
d [/ dT da /dT 2 .
ax (Ka) — T(ﬁ) (&)J +pJ5 = 0. (Equation 8)
This equation can be transformed into a thermoelectric integral equation for temperature distribution T(x)
via double integration on fr(x):= — T2 4l j+ p /2 as follows':
B KAT [ 1 [ Fr(s) KoT [ 1 ,
T(x) = | Ty A PE) ds| + / Po) ds + A PE) ds |, (Equation 9)
0 0

X L
where Fr(x):= / fr(s)ds, 6T:= / dx, and Lis the leg length. By iteratively computing (9), we find the
0 0

temperature distribution inside the legs."®

Computation of the best efficiency

A thermoelectric sample is evaluated using the maximum thermoelectric efficiency calculation under
various temperature differences AT = T, — T, where the cold-side temperature is 300 K and T}, is chosen
between 301 K and the maximum available temperature (Tmax) plus 15 K, including two ends. For T, we
consider 11 values at the Chebyshev nodes of the second kind’? between 301 K and T.

The generated electrical power and input heat current are computed using Equations 4, 5, 6,7, 8, and 9 15
under a given electrical current and thermal boundary conditions. Then, the maximum efficiencies are
searched by varying electrical currents for 12,645 samples, which are available for T > 300 K. Using the
searched high-performance P- and N-samples, of which the efficiency is larger than or equal to 85% of
the best efficiency, single-stage P-N leg-pair configurations of 14,702 are constructed; see key resources
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table (data300). We also consider 11 leg-pair geometries and 5 interfacial resistance conditions for the P-N
leg-pair devices. In total, 63,225 (= 12,645 x1 x5) single-leg devices and 808,610 (= 14,702 x11 x5) P-N
leg-pair devices are considered. For each device configuration, 11 electrical current points and 11 thermal
boundary conditions are considered. During this process, the leg geometry parameter x, current I, and
temperature T, are sampled at the Chebyshev node of the second kind, which is suited for polynomial
interpolation.’? In total, we calculate n(ma)'s for 7,650,225 configurations (over 12645 materials, 5 interfaces,
11 I points, 11 T, points) and n<de")'s for 97,841,810 configurations (over 14702 material leg pairs, 11 geom-
etry x values, 5 interfaces, 11 | points, 11 T}, points). Finally, we explore the 100 million thermoelectric
material and device efficiency space (7650225 material cases + 97841810 device cases = 105,492,035 effi-
ciencies) and obtain the best thermoelectric efficiencies.

Dimensional effect and radiation loss

We tested the efficiency performance difference between the one- and three-dimensional models. For
three-dimensional leg-pair calculations, the efficiencies are found to be dependent on leg geometry.
The efficiency difference between the 3mmx3 mmx3 mm leg and 0.5 mmx0.5 mmx3 mm was found to
be —3.6%. As the ratio of leg height to leg width increases, the efficiency increases and converges to
1-dimensional leg efficiency. Adding radiation (RAD) and convection (CONV) heat transfers from the device
to the outside may lower thermoelectric efficiency. Thus, we can conclude that the one-dimensional model
gives the upper bound for the best thermoelectric efficiency:

n(‘l—dim) > n(B—dim) > n(3—dim)+(RAD and CONV).

Depending on the geometry and heat source temperature, the thermoelectric efficiency can be further
reduced by ~20% or more,"” when blackbody-like radiation occurs, that is, the emissivity is 1.

Material group classification of compositions

Samples are grouped into 17 material groups based on composition analysis. We manually define the 17
material groups with representative compositions. To classify a sample into a material group, the fraction of
host or anionic elements is calculated. If the fraction is greater than a certain value (90% for the host, 30% for
anionic analysis, 20% for oxide classification), then the sample is grouped into one of the 17 material groups
of which the representative composition is most similar to the sample’s composition. For example,
(Bsig.4Sb1.6)TesAgo.0s is similar to Bi;TesAgoos and is grouped into BiyTes. The classification results can
be found in the key resources table (data150 and data261).

ADDITIONAL RESOURCES

There are two related preprint versions of this paper by same authors.

e AtarXiv.org: https://doi.org/10.48550/arXiv.2210.08837.
e At Research Square: https://doi.org/10.21203/rs.3.rs-2179853/v1.
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