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Thermoelectric degrees of freedom
determining thermoelectric efficiency

Byungki Ryu,’?2* Jaywan Chung,’?* and SuDong Park’

SUMMARY

For over half a century, the development of thermoelectric materials has based on
the dimensionless figure of merit zT, assuming that the efficiency is mainly deter-
mined by this single parameter. Here, we show that the thermoelectric conversion
efficiency is determined by three independent parameters, Zy,,, 7, and 3, which we
call the three thermoelectric degrees of freedom (DoFs). Zg., is the well-defined
mean of the traditional zT under nonzero temperature differences. The two addi-
tional parameters 7 and 3 are gradients of material properties and crucial to eval-
uating the heat current altered by nonzero Thomson heat and asymmetric Joule
heat escape. Each parameter is a figure of merit. Therefore, increasing one of the
three DoFs leads to higher efficiency. Our finding explains why the single-param-
eter theory is inaccurate. Further, it suggests an alternative direction in material
discovery and device design in thermoelectrics, such as high 7 and 3, beyond zT.

INTRODUCTION

A thermoelectric device converts heat into electricity by generating a voltage in the thermoelectric leg
placed between high-temperature T, and low-temperature T, regions through the Seebeck effect (Rowe
(2005); Goupil (2015); Snyder and Toberer (2008)). A thermoelectric device, as a heat engine, has efficiency
n, which is defined by the power P delivered to an external load divided by the amount of input heat current
Qy, flowing via heat diffusion and Peltier heat. When the thermoelectric properties are constant, the
maximum thermoelectric efficiency 5., of a thermoelectric material leg can be determined by the single
parameter zT (loffe (1957)) defined as

N

zZl: =—T,
PK
where the Seebeck coefficient «, electrical resistivity p, and thermal conductivity « are three thermoelectric
properties and T is the absolute temperature. In this constant property model (CPM), 1,,,.« is expressed by

the traditional efficiency equation, written as

om AT V4270 — 1

= , Equation 1
™ Th T+ 2T +% (Eq )

where AT : =T, — Tcand Tig : = (Th + T¢)/2. With the observation that a high value of the dimensionless
thermoelectric figure of merit zT,i4 gives a high n,,,,, many materials with low thermal conductivity and a
high power factor (a?/p) have been successfully developed. As a result, the maximum value of the reported
peak zT, which was less than 1 until 2000 (Heremans et al. (2013); Sales et al. (1996)), recently increased to
approximately 3 (Zhao et al. (2014); Chang et al. (2018)).

However, the zT inaccurately predicts the efficiency because the thermoelectric properties greatly vary with
T (Goupil (2015); Borrego Larralde (1961); Borrego (1964); Sherman et al. (1960); Sunderland and Burak
(1964); Kim et al. (2015a, 2015b); Wee (2011); Ponnusamy et al. (2020a)). To improve the accuracy, various

single parameters averaging the zT have been developed: the effective figure of merit zq : =§;’]‘—'>(2> by loffe

(loffe (1957)) and Borrego (Borrego Larralde (1961)), the engineering ZT ([ZT}eng ;= é}‘;‘—?i)AT) by Kim et al.
(Kim et al. (2015a)), and the modified figure of merit ([ZT],4) by Min et al. (Min et al. (2004)), where the
bracket ( +) indicates averaging over T. But they are still inaccurate owing to a poor approximation of tem-
perature gradient and/or an overestimation of Thomson heat (Ponnusamy et al. (2020b, 2020a)). While inte-
grating zT or z over Tis one of the most widely used averaging schemes, it severely overestimates the ;..
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(Kim et al. (2015a)). Considering the entire zT curve may also not help. An example in the study by Ryu et al.
(2020) provides two virtual materials in which one has a higher zT curve for the entire working temperature
range but a lower efficiency than the other material. This thermoelectric paradox implies that no single-
parameter scheme of averaging the zT curve can correct this reversed relation between the efficiency
and zT.

To overcome the limitations of single-parameter theories, a few studies have been conducted by approx-
imating the input and output heat currents at the leg thermal boundaries, Q, and Q.. Min et al. (Min et al.
(2004)) corrected the hot-side heat input of the CPM by adding half of the Thomson heat. More elaborate
formalisms called cumulative temperature-dependent (CTD) property models were also suggested (Bor-
rego (1964); Efremov and Pushkarsky (1971); Kim et al. (2015a)). However, the correction terms ruin the
simplicity of the CPM and do not provide a figure of merit that is proportional to the efficiency. Further-
more, the reported CTD models do not improve the efficiency prediction accuracy, compared to the re-
ported CPM theories. All the previous CPM and CTD theories have difficulty in predicting the performance
of advanced devices, such as inhomogeneous materials and segmented/gradient legs, hindering the wide
use of the efficiency prediction models in the electrical and thermal engineering fields.

RESULTS

In this paper, we show that the thermoelectric conversion efficiency is completely determined by three in-
dependent parameters Zgen, 7, and . Because they determine the performance of thermoelectric devices,
we call them the thermoelectric degrees of freedom (DoFs). The schematic diagram in Figure 1A depicts
the relationship between the material properties and the DoFs, where the temperature-dependent mate-
rial properties are decomposed into average and gradient parts, and they are represented by the DoFs.
Zgen is an average of material properties, and it generalizes the traditional figure of merit zT. The two addi-
tional DoFs T and 8 are proportional to the escaped heat caused by the Thomson effect and the asymmetric
Joule heat, respectively. The definitions of the DoFs will be given in the following section; see Equations 9,
10, and 14. The efficiency is a function of the three DoFs when the electric current I'is given: n = 9(Zgen, T,
B|/). Furthermore, each DoF is a figure of merit because 7(Zgen, 7, 8) is monotonically increasing in each var-
iable. For a given Zgen, the efficiency can vary by up to approximately 40% by virtue of the new figures of
merit 7 and @ originating from the T-dependent properties; see Figure 1B.

The maximum efficiency can be simply approximated by the three DoFs:

AT A/ 1+ ZgenTrig — 1

Mmax = Mmax (dem T, ﬁ|I: Iopt) zng\ear; (dem 7 ﬁ) : :? g—dT,7
T Zan Tt

h

where Iop is the optimal current giving the maximum efficiency,

(Equation 2)

Th:=Ty—7AT, T.:=T.— (r+B)AT, and T, :=(T;+T.)/2. (Equation 3)

The general formula nax is identical to the classical formula n¢8T in Equation 1 except for the modification
of the temperature parameters. While an exact computation of Zgen, 7, and 8 requires the temperature dis-
tribution inside the device, they can be easily estimated using one-shot approximation assuming constant

heat current and linear thermoelectric properties. The one-shot approximation gives

v, (1))
» — al T)dT
7 =70 . _(0‘(O> )2_(AT T
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Figure 1. Efficiency and three thermoelectric DoFs

(A) Schematic diagram explaining the relationship between temperature-dependent material properties and
thermoelectric DoFs Zgen, 7, and . Zgen represents an average of material properties, while 7and 8 represent gradients of
them.

(B) Maximum efficiencies calculated for arbitrary quadratic thermoelectric property curves (see STAR Methods (efficiency
computation, randomly generated thermoelectric properties) for the computational method and the arbitrary property
generation method) having nonzero 7 and 8, with working temperature differences of AT = 600 K, 300 K, and 100 K and
T. = 300 K. Black solid lines correspond to the zero = and g cases.

(C) Efficiency surface niax(Zgen, 8, 7) in Equation 2 drawn for Zge, =0.002 K~! and 0.001 K™ for fixed T,=900K and T =
300 K. Improving one of the three thermoelectric DoFs Zgen, T, or § increases the efficiency.

where the subscripts h and cindicate the material properties evaluated at T, and T, respectively. When the
material properties are independent of temperature, the above formulas reduce to the CPM case: niax =
NP, Zgen = Zé%)n =z7= Tl(-‘?]) =0,andg = 6|(i? = 0. The simple formula in Equation 2 with Equation 4 pre-
dicts the maximum efficiency with high accuracy. The DoFs suggest new directions for improving the effi-
ciency. Since each of Zgen, 7, and 8 is a figure of merit, we can improve the efficiency by increasing one of
them; see Figure 1C. Increasing the Seebeck coefficient on the cold side is a material optimization strategy,
as it may increase 7. Segmenting a leg with different materials and modulating the DoFs is a device opti-

mization strategy, increasing not only Zge, but also 7 and .

In the following sections, we sketch a derivation of the DoFs and explain why single-parameter theories are
inexact for certain cases. Then, we give practical applications of the DoFs for optimization of materials and
advanced devices.

Thermoelectric DoFs in energy conversion
Temperature distribution
The thermoelectric effect is expressed in terms of electric current density J and heat current
density J°:
J=0(E — aVT)
JO=aTJ — VT,
where E is the electric field. Applying the charge and energy conservation laws to J and J2, we can obtain

the thermoelectric differential equation of temperature T=T(x) in a one-dimensional thermoelectric leg
(see, e.g., Chung and Ryu (2014); Goupil (2015)):
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d /[ dT da\ (dT
— (k=) -T(==)(==)J+pS=0 Equation 5

ox (K dx) (dT) (dx) P (Equation 5)
where x is the spatial coordinate inside the leg. The left-hand side of Equation 5 is composed of thermal
diffusion, Thomson heat generation, and Joule heat generation. Here, we obtain an integral equation
for T(x) by integrating Equation 5 twice. Let fr(x) : = — T9% 9L J+ pJ2 be the heat source term of Equation 5.
If we assume that k(x) and fr(x) are known, the Equation 5 becomes linear. Then, the Equation 5 with Di-

richlet boundary conditions
T(0) =Ty, T(L)=T. (Equation 6)

can be solved to find an integral equation for T and <L:

() ([ 5 [ ).

5= (~ ) (5 a w)

(Equation 7)

where Fr(x): = [ fr(s) dsand 6T : = OLFKT((XX)) dx. For a detailed derivation, see STAR Methods (Integral

equations of T(x) and 9L (x)) and Figure S1. The integral equations are of the form T = ¢[T], where ¢ is an

dx

integral operator. With this relation, the exact T can be obtained via fixed-point iteration T,.1=0¢[T,]
(see, e.g., (Burden and Faires, 2010, Section 2.2)). The detailed procedure to find T(x) can be found in
STAR Methods (numerical method for finding temperature solution). An approximate T can be obtained

from T = q)[T(O) } where TO is the solution of Equation 5 when J = 0. Once the temperature distribution

T is found, the thermoelectric performance and efficiency can be easily computed.

Electrical power and Zgep,

To compute the open-circuit voltage V, electrical resistance R, and thermal resistance 1/K, integrating the ma-
terial properties over the spatial coordinate x inside the leg (not over T) is natural because the electric current and
the heat current flow through the leg. Hence, we define the average parameters of the material properties as

RV A
a'_ﬁ_ﬁ aa X,

: :%R zlL/p dx, (Equation 8)

1 Al 11
S s

where Land A are the length and area of the leg. Here, ais independent of T(x) if T, and T, are fixed and the

I

material is homogeneous and isotropic. For an additional discussion on device parameters, see STAR
Methods (device parameters) and Figure S2. The electric current is determined as | = ﬁ, where v is
the ratio of the load resistance R_ outside the device to the resistance of the thermoelectric leg R; see
STAR Methods (electric current equation). The power P delivered to the load is given as
—2 2
P=PR=IV-IR)=Z AT 7
pL/IA(1+y)

which is maximized neary = 1. Using the average properties, we define the general device power factor PFye, as

2

o
PF, n. = —.
ge D

From this, the general device figure of merit is defined as
_(V/ATY? @
~ RK T p%
This generalizes the classical device figure of merit. If the material properties are temperature-indepen-
dent, the Zge, is reduced to the conventional material parameter z.

Zgen (Equation 9)
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Heat current, T and 8

If the material properties do not depend on T, then the heat currents on the hot and cold sides are deter-
mined by the average parameters:

Or =KAT +[aT, — %IZR,

Q.=KAT+ IETC+%IZR.

The power delivered to the outside is P = Q, — Q. = I@AT — PR = I(V — IR). In contrast, if the material prop-
erties depend on T, then the heat currents may change to other values Q, and Q.. However, if the average
parameters @ and p remain unchanged for each I, then the difference between the hot- and cold-side heat

currents remains unchanged, indicating that the power remains the same: P = Q,— Q. = Q, — Q.. Thus,

we have the relation P=Q, — Q.=(Q, —B) — (Q. —B) for some B, implying that both of the heat currents
are shifted by the same backward heat current B. We can show that B is determined by the newly introduced

gradient parameters rand f as B = (laAT)7 + <%I2 R) B; see STAR Methods (heat current and two additional

DoFs 7 and B). The definitions of rand B will be given soon in Equation 14. From this relation between B, 7, and
8, the heat currents on the hot and cold sides are determined as

Qy = KAT +1&(Ty, — 7AT) — JPR(1 + ),

1 (Equation 10)
Q. =KAT + la(T. — 7AT) +§IZR(1 -6)

Note that the heat currents are altered by the effective Thomson heat flow (—/@AT)7 and the asymmetric

Joule heat escape <7%IZR)6 due to the temperature dependence.

The exact formulations of 7 and 8 can be obtained by using the second equation in Equation 7 for %(x).
First, we derive an integral equation of the heat currents in the form of

Qh = IahTh — AKh <g) = IahTh + K(AT — 5T),
" (Equation 11)

Q.= la. T, — Ak, (ﬂ) =Q,—P.
dx /.

0T has two contribution terms of | and ? from the double integration of Thomson and Joule heat; since

x 1 X1 d dT
Fr(x)= Iz/o Y p(s) ds — I/o ZT(S)'??(T(S) )a(s) ds (Equation 12)
_ PR - 1R (),

we have

2
5T:/2/LF(T)(X) dx—I/LF(T”(X) dx
o K(X) o k(x) (Equation 13)
= PoT® — JoT™,
Rewriting the Qp, in Equation 11 into the form of Equation 10, we obtain

1

T :&A_T [(af an)Th — Kéﬂ”],

(Equation 14)
G: :fzKéT(z) -1
P=g .

For T-independent material properties, 6T? =1 £and 6T =0s0 r=0and =0, which implies Q, = Q, =
KAT + laTy, — %IZR, as expected.

Figure 2 shows the heat and electric currents of one-dimensional single-leg thermoelectric generators us-
ing PbTeSe:K (Wu et al. (2014c)) and BiSbTe (Son et al. (2013)). With increasing I from 0 to the maximum
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Figure 2. Heat and electric currents: Qy (/) vs. |
(A) Relative hot-side heat currents for PbTeSe:K (Wu et al. (2014¢)) with and without 7 and 8 (Q and Q). (B) Relative hot-

side heat currents for BiSbTe (Son et al. (2013)) with and without 7 and 8 (Qj, and Q). The shaded regions represent the
backward heat B= Q, — Q = Q. — Q.: red color for negative values and blue color for positive values.

current lna where V — IR = 0, both Q, and Q;, have the same increasing tendency, mainly owing to the Pelt-
ier effect. However, their discrepancy B=Q}, — Q, increases with I. In CPM-like models where 7 = 8= 0,
which corresponds to Goldsmid's device figure of merit (Goldsmid (1960)), the Qp, at Inax is underestimated
by 10% for PbTeSe:K and overestimated by 5% for BiSbTe. This indicates that a temperature dependency
can significantly affect the thermoelectric performance, causing a large discrepancy in the thermoelectric
performance between the exact model and CPM.

Thermoelectric efficiency and DoFs

The thermoelectric efficiency is defined as: = Q“ahoﬁ From Equation 10, we can verify that the dimension-

%, and the efficiency are determined by the five parameters Zgen, 7, 8, AT, and v
(or ). Therefore, given external thermal and electrical conditions, the efficiency is exactly determined by the

three DoFs as

less heat currents, % and

n(den,T,ﬁ|Th, Te,v) = (27 3 . (Equation 15)
- (1*—7) (To— 7AT) — %AT(%) (1+6)

For a detailed derivation, see STAR Methods (thermoelectric efficiency has three degrees of freedom).
Similar to other heat engines, the efficiency of thermoelectric modules increases with respect to AT, as
shown in Figure 1B. Furthermore, for fixed AT and ¥y, the efficiency monotonically increases with respect
t0 Zgen, 7, and B, which implies that each of the DoFs Zye,, 7, and § is a figure of merit; see Figure 1C. At
Th=900K and T, = 300K, the 5., for arbitrary linear and quadratic curves varies up to 40% compared
to the CPM where 7 = 8 = 0; see Figures 3A and 3B. Although 7.« is roughly proportional to Zgen, the
values are dispersed around the CPM efficiency curve. This dispersion shows that the single-parameter
generalizations of zT fail for some materials and that a multiparameter theory is needed for efficiency pre-
diction. When Zgen Trig is constant, ., is proportional to 7and 8, depending on the shape of the thermo-
electric property curves. A decreasing Seebeck coefficient a with respect to T gives a positive 7, while an
increasing a gives a negative 7; see Figure 3C. Similarly, the temperature variation of the product of p
and k affects g; see Figure 3D.

The efficiency formula in Equation 15 is also applicable to segmented- and graded-material devices with
contact resistance. This is because the computation of Zge,, 7, and @ in Equations 9 and 14 is based on
the integral formulation of the temperature distribution in Equation 7. The derivative of a in the Thomson
heat can be replaced by the Peltier and Seebeck effects using integration by parts Tda = d(aT) — adT; see
STAR Methods (efficiency computation for segmented legs with contact) for details. Then, the choice of
a(x), p(x), and k(x) for such general cases is straightforward.

6 iScience 24, 102934, September 24, 2021
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Figure 3. 7pna.x and three thermoelectric DoFs when T, =300 K and T, = 900 K

(A) Npmax VS Zgen Trig for various thermoelectric curves: CPM (black solid line), linear a and contant p and « case (yellow
shaded), and arbitrary quadratic thermoelectric property curves (blue dots; see STAR Methods (randomly generated
thermoelectric properties) for the raw data). mat1 (red cross) and mat2 (blue cross) from Ryu et al. (2020).

(B) Nmax and Zgen Trmig for the quadratic curves.

(C) Nax and 7 when |Zgen Trnig — 2| <0.03. (D) 0oy and B when |Zgen Trig —2|<0.03 and |7|<0.05.

Generalized maximum efficiency formula nfax

Although the DoFs depend on v, the dependency is negligible near the v,,., where the maximum efficiency
occurs because the temperature distribution hardly changes near the v,,, in most thermoelectric mate-
rials. Hence, we may assume that the DoFs in n(den,T,ﬁh) are fixed, independent values and maximize
n only for v to find an approximate maximum efficiency. In this way, we have the simple approximate for-
mula of maximum thermoelectric efficiency in Equations 2 with 3 when v is near yaax given as (see STAR
Methods [thermoelectric efficiency has three degrees of freedom] for details)

AT v/ 1 +denT£md =1

n%ear:( : :n(zgemﬂﬁh:ﬁ’?nzr;):_ R

T T
1+ Zgen Thig + T (Equation 16)
Yokt =\ 1+ Zgen Troia:

The generalized maximum efficiency formula niax(Zgen, 7, 8) is highly accurate such that the difference be-

tween the exact numerical efficiency and niax is negligibly small; see STAR Methods (maximum efficiency
prediction using nia).

iScience 24, 102934, September 24, 2021 7
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Figure 4. Efficiency and temperature dependency

(A) zT, (B) z, and (C) n,ax and 7 for three virtual materials that represent BiSbTe-like, CPM-like, and PbTe-like materials. The a of the materials is linear while
the p and k are constant. When T. =300 K and T, = 900 K, the materials have the same @ and Zgen. The highest efficiency is found in the BiSbTe-like material

due to the positive 7.

Material and device design using DoFs

Material design using DoFs

Our general efficiency theory can explain the high zT but low  examples that single-parameter theories
could not explain. For the two virtual materials mat?1 and mat2 in Ryu et al. (2020), the zT curve of mat2
is higher than that of mat1 over the whole working temperature range from 300 K to 900 K, but the efficiency
of mat2is lower than that of mat7; see Figure 3A. A single parameter averaging the zT curve cannot explain
this. Our first parameter is not an exception; the Zge, of mat2=0.0428 K"is higher than the Zge, of mat?1 =
0.0317 K=", However, our second parameter 7 can correct this reversed relation; the T of mat2 = — 0.107
is lower than the 7 of mat? = 0. This example shows that a material benefit from a higher 7 even with a
smaller Zgen.

Next, a more practical example showing the power of 7 is presented. In Figure 4, three sets of virtual ma-
terial properties are given, representing BiSbTe-like, CPM-like, and PbTe-like materials. For all three ma-
terials, only « depends on T, and p and «k are constant for working temperatures from T.=300K to T}, =
900 K. @ and Zgen Trnig are the same for the three materials. The peak zT of the PbTe-like material is signif-
icantly higher than that of the other materials (Figure 4A), while the z values are comparable to each other
(Figure 4B). However, the efficiency of the BiSbTe-like material is higher than that of the other materials as it
has a higher 7 (Figure 4C). The main reason that the BiSbTe-like material has a higher 7 is that the slope of its

1t in the following subsection.

Seebeck coefficient is negative. We will see 7= — 3 Tod/at

The examples suggest a novel material design strategy. To enhance the efficiency, one needs to increase
one of the DoFs. Increasing Zgen is close to the traditional approach. Increasing 8 may not have a significant
impact on the efficiency. However, increasing 7 is a novel and practical approach. One may increase 7 by
decreasing the slope of a(T). Hence, increasing the cold-side Seebeck coefficient is more advantageous
than increasing the hot-side Seebeck coefficient, as the former increases both Zge, and 7; see Figure 5.

One-shot approximations of DoFs

Computing the exact DoFs requires the exact temperature distribution T(x), hence computing the effi-
ciency via the exact DoFs is not practical because T(x) can give the efficiency directly. Here, we present
two approximations of the DoFs that do not require the exact T(x): one is highly accurate and the other
is very simple. Using the approximated DoFs, the efficiency can be rapidly and accurately estimated.

To derive an approximation of the DoFs, we assume that the temperature distribution inside the leg is
T©)(x), which is the temperature distribution for the J=0 case (i.e., — kL = const.); the superscript (0) in-
dicates that we use the open-circuit J=0 case. By evaluating Equations 9 and 14 with T = T©, we can find

the one-shot approximations of the DoFs denoted by Zé%)n, 7@ and . Zé%)n can be explicitly written as
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Figure 5. Efficiency enhancement in homogeneous materials

(A) Seebeck coefficient curves of mat-C with lifted a(T.) compared to the original curve.

(B) Seebeck coefficient curves of mat-H with lifted «(T,) compared to the original curve.

(C) zT curves for mat-C, mat-H, and the original material. Here, the original material has linear a(T), quadratic p(T) = CT?,
and constant k.

(D) Npmax for mat-C, mat-H, and the original material, along with the solid line for 7=8=0 (CPM case).

T 2
z0) - (JadT)” (Equation 17)

AT [ prdT’

which is the same as the effective zT of loffe and Borrego (loffe (1957); Borrego Larralde (1961)). We can
further simplify 7@ and 6© by imposing additional assumptions on «a, p, and «. Assuming a(T) and
p(T)k(T) are linear with respect to T, we have explicit approximation formulas of 7 and 8:

NON 1 ap—ac
n > "6 [adT/AT
(Equation 18)
© . 1 prkn — pcke

n =8 ToxdT/AT

Here, the subscript “lin” emphasizes the linearity of the material properties. The relation between a positive
7 and a negative slope of «(T) is clearly shown in T‘(ﬁ). For a detailed derivation, see STAR Methods (One-
h S0 (0) )
shot approximation Zgén, 7,7, and G.”).

lin

The maximum efficiency can be almost exactly estimated by nr%i'l(Zé%)n, 70, 80 with the explicit formula of

Nmax given in Equation 2. Figures 6A-6C shows that the difference between the exact DoFs and the one-
shot approximations Zé%)n,r(o),,@(o) is negligible at the maximum efficiency of 277 published materials.
The information on the gathered material properties and the publications are given in STAR Methods
(277 published thermoelectric property data) and Tables S1 and S9.
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Figure 6. Thermoelectric figures of merit and 7,,,,, for 277 published materials

(A-C) (A), (B), (C) Comparison of the one-shot approximations of Zé%)n, 7‘(‘?‘), B
Table S5). Efficiency estimation methods using the CPM formula with peak zT (

Kim et al.’s generic maximum efficiency formula including [ZT]

(

cpm
nmpax

eng

.‘? and the exact Zgen, 7, and 8 when the maximum efficiency is attained (also see

(peak — zT)), with [ZT] 4 (
and the Thomson heat (Kim et al., 2015z, Equation [8]), and nfax

M (2T ] m0a)), and with Z82, (

Nmax

P (Z52h Tonid),

Nmax

with one-shot DoFs are

tested for 277 published materials under the available temperature range: see STAR Methods (277 published thermoelectric property data, maximum

gen

efficiency prediction using nmay), Tables S3, S4, and S6, and Figure S3 (D) Comparison of the estimated 7,,,, with the exact numerical

(E) Relative errors between the efficiency estimation method results and the exact numerical 7,,,.
(F) Comparison of various figure of merit models under the one-shot formula and exact T(x) distribution. With the three thermoelectric DoFs, the estimated
maximum efficiency becomes highly accurate. As the efficiency predictions based on Zg;)n under zero J (or Zgen under exact J) are done using the general
maximum efficiency formula with 7 = 8 = 0, we can call them cpPM© (or CPM).
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The simple formulas of Tl(i?') and 6‘(31) are also capable of accurately estimating the maximum efficiency 7ax-

Figures 6D and 6E show that n?ni,”x(Zéoe)n,Thn ,6|m) accurately estimates 1,,,. [ts root mean squared relative

error (RMSRE) is only 1.9% for 277 published materials; see STAR Methods (maximum efficiency prediction

gen

using nmax), Figure S3; Tables S1-S6 and S9). Even using the nm,-jx(Zé%)n,O7 0) ignoring T and 8 can be a good
estimation, showing why the CPM can work well for some cases while failing for other cases, as previously
reported (Sherman et al. (1960); Ponnusamy et al. (2020a, 2020b)). In the same figure, our approximation
method is compared to other figure of merit models: the peak zT, the [ZT], .4 of Min et al. (Min et al.
(2004)) and the engineering [ZT]eng generic formula of Kim et al. (Kim et al. (2015a)). The peak zT highly
overestimates 7. The modified [ZT],,4 has an RMSRE of 24.4%. The engineering [ZT],,,, has an RMSRE
of 7.2%.

High-throughput screening of candidate materials in a target temperature range is possible via the simple

formula niax( 9%“7Tlm ,,8‘ )). To quantify this capability, the Kendall rank correlation coefficient (see, e.g.

Hogg et al., 2005, Section 10.8.1), measuring the monotonicity between approximate formulas and the
exact efficiency is estimated; see STAR Methods (Kendall rank correlation coefficients of maximum effi-
ciency estimation methods), Figures 6D and 6E, and Table S7. If the Kendall rank correlation coefficient
is close to 1, then the approximate formula well preserves the original rank on the order of the exact effi-
ciency. For AT = 100K, our formula has the highest correlation coefficient of 0.9993, while [ZT],,, and
[ZT],,04 have similar but lower correlation coefficients of 0.9956 and 0.9722, respectively. For a larger tem-
perature range of AT = 600 K, the discrepancy in the coefficients becomes larger such that our formula has
a correlation coefficient of 0.9724, [ZT],,, has 0.9060, and [ZT], . has 0.7657.

DoFs of segmented legs and modules

(0)

.. and ﬁ‘(.‘?j of the DoFs in Equation 4 can be generalized for

The one-shot approximations Zé?n, o
segmented legs. Suppose, a segmented leg is composed of N materials with the properties «;(T), p;(T),
and «;(T) in the spatial interval [L;_1, Li] fori = 1,-,N. Here, [y=0and Ly = L. As T(O(x) is strictly decreasing
with respect to x, there is a unique T; such that TO(L;) =T for i = 1,---,N. Then, @® and (x)© in Equation 4
can be generalized for segmented legs as

N / T;
=2 T
i= l

70 - / T)dT.

Tia

(Equation 19)

Here, Nis the number of segmentesin a leg. Plugging this definition into Equation 4, Zéoe)n, Tlm ,and ,6|m
defined. For modules consisting of p- and n-leg pairs, the DoFs can be naturally generalized by summing
the power and heat currents; see STAR Methods (module parameters).

The accuracy of the one-shot approximations for segmented legs is tested. For a two-stage segmented leg
composed of SnSe and BiSbTe at AT = 670 K, the relative error in the efficiency’ is less than 5% neary = 1,
see STAR Methods (accuracy of the one-shot approximation Z(gg)n, 7‘(.‘?, and ,8;‘.‘? for segmented leg) and

Figure S4.

In high-performance materials, a higher Zé%)n usually implies higher efficiency even for segmented mate-
rials. Hence, high-efficiency materials or modules can be quickly screened out by using Zé%)n only. As an
example, the efficiencies of 5-stage segmented legs composed of 18 candidate materials (STAR Methods
(18 selected high-zT materials, efficiency computation for segmented legs with contact) and Figure S5) are
computed. Of nearly two million combinations of the segmented legs (18° = 1,889,568), a top 1% high-
Zé%)n device is also a top 1% high-efficiency device with 82% probability; see STAR Methods (estimation
of efficiency rank using Zég‘n) and Table S8.

Possible impact of DoFs

We have seen that the modulation of the DoFs in materials and devices results in enhanced efficiency. To
quantify the impact of the modulation, we explore the efficiency space of 5-stage segmented legs using 18
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Figure 7. Efficiency enhancement in segmented device
(A) The thermoelectric segmented leg is composed of 5 segments with different material properties.
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(B) Maximum efficiencies for single-material legs (orange cross) and segmented legs (blue circle) for T. =300 Kand AT = 600 K. For the segmented legs, we

consider 18> = 1,889,568 configurations up to 5-stage segmentation consisting of 18 candidate materials; for material and leg information, see STAR
Methods (18 selected high zT materials, efficiency computation for segmented legs with contact) and Figure S5. Here, only the top 100,000 configurations

are shown. Note that the segmentation can control the DoFs (Figures 56-59). Additionally, not only does Zge,, affect the efficiency, but also, 7and 8 affect the

efficiency.

(C) Maximum possible efficiencies among single-material legs (orange open circle) and segmented legs (blue filled diamond) for T. =300 K and given AT.

The leg segmentation enhances the maximum efficiency by up to 76% at AT = 800 K.

candidate materials; see Figure 7, STAR Methods (18 selected high-zT materials, efficiency computation for
segmented legs with contact, impact of gradient parameters T and B in segmented legs), and Figures S5-
S9. For the moderate efficiency segments having Zgen Tmig = 1.2, the efficiency varies up to 10% depending
on 7 and . Further, we achieve a theoretical maximum efficiency 7., of 21.9% at AT = 600 K. This is a 28%
enhancement compared to single legs. At AT = 800 K, we can expect a higher efficiency enhancement of
76%.

As another example, a design of high-efficiency graded legs using BiyTes is given in STAR Methods
(calculation of thermoelectric properties of Bi,Tes, design of high-efficiency graded legs using Bi,Tes),
and Figures S10 and S11. By finding the optimal carrier concentration of each segmented region, a 14%
enhancement in the maximum efficiency is expected.

Electrical and thermal engineering under contact resistance

As our DoFs determine the input and output heat currents of thermoelectric modules (see Equation 10),
they can be used to describe a larger system where contact resistance is important. Here, we present an
algebraic equation that predicts the efficiency under given thermal and electrical contact resistances.

Owing to the temperature drop at the hot- and cold-side contacts, the effective temperatures for amodule
are changed from Ty, and T, to 7A'h and 'IA'C, respectively. Once we find 'IA'h and fc, we can calculate the ef-
ficiency as before. By defining new variables hy : =f=and hy : = %, we obtain three parameters Zgen, hy,
and hy, which are nearly constant with respect to the electric current I. When the leg is contacting an inter-
face with a thermal conductivity of K¢, the heat currents at the contacting interface Qp and O, satisfy

2
éh=/<(ﬂ—?C>+m[?h—h1<ﬂ—?c> ]—%IZR<1+h2(ﬂ—fc)>,
~ ~ - ~ ~ <N\ 1 ~ -
QC=K<Th—TC)+IE|:TC—h1<Th—TC) :|+§IZR('|—h2(Th—TC))

Additionally, by definition of the thermal contact resistance, we have

(Equation 20)
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ah:OhZKC(Th* ?h)

R = (Equation 21)
Qc=0Q.=Ke (T~ To).

Equating Equations 20 and 21 gives a system of quadratic equations for the unknown variables T, and Te.

By solvmg the system of quadratic equations, we can find T, and T, and then Qp, and Q. Hence, the po-

wer P=Qp, — Q. and efficiency 7 = P/ Qy, are fully determined using algebraic Equation 20. This approach

is validated empirically for computations of effective temperatures and thermoelectric performances (po-

wer, heat, and efficiency); see Figures S12 and S13.

The formula can be further extended to the case of electrical contact resistance by adding resistive seg-
ments at the interfaces between materials or at the ends of legs.

Conclusions

Three DoFs in thermoelectrics, Zgen, 7, and 8, determine the thermoelectric conversion efficiency, and they
can be easily estimated from material properties. Each DoF is a figure of merit, so improving one of them
increases the efficiency. In particular, increasing 7 is a novel and practical way to increase the efficiency,
providing a new route for material discovery and device design, beyond zT.

Limitation of the study

This paper is based on theoretical formulation and computational validation using thermoelectric property
data. Efficiencies reported in this paper are not experimentally measured but computed numerically. For
efficiency calculations, we assumed that there is a unique temperature-distribution solution for a thermo-
electric equation.

STARXMETHODS
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277 published thermoelectric property data
18 selected high zT materials
Randomly generated thermoelectric properties
Calculation of thermoelectric properties of Bi;Tes
Numerical method for finding temperature solution
Device parameters
Electric current equation
Heat current and two additional DoFs 7 and 8
Thermoelectric efficiency has three degrees of freedom

I 0)
One-shot approximation den' I|n and '6I|n

Maximum efficiency prediction using Tl?nax

Kendall rank correlation coefficients of maximum efﬁciency estimation methods
lin and ﬂ( for segmented leg
Efficiency computation for segmented legs with contact

Accuracy of the one-shot approximation Zggn, T

Estimation of efficiency rank using Zgzen

Impact of gradient parameters 7 and 8 in segmented legs
Module parameters

Design of high efficiency graded legs using Bi,Tes

OO0 000000 OOOOOOO0OO0OO0Oo

¢? CellPress

OPEN ACCESS

iScience 24, 102934, September 24, 2021 13




¢? CellPress

OPEN ACCESS

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.1016/j.isci.2021.102934.

ACKNOWLEDGMENTS

This work was supported by the Korea Electrotechnology Research Institute (KERI) Primary research pro-
gram of MSIT/NST of the Republic of Korea [No. 21A01003 (Research on High-Power Low-Mid Tempera-
ture Thermoelectric Power Generator via Thermoelectric Data Manifold Exploration and Expedition)].
This work was also supported by the Korea Institute of Energy Technology Evalulation and Planning (KE-
TEP) grant funded by the Korea government (and MOTIE) of the Republic of Korea [No.
20188550000290 (Development of Meta-Silicide Thermoelectric Semiconductor and Metrology Standard-
ization Technology of Thermoelectric Power Module), No. 2021202080023D (Development of thermoelec-
tric power device-system performance evaluation method and thermoelectric performance prediction
technology)]. The authors would like to thank Pawel Ziolkowski and Eckhard Miller for discussions on ther-
moelectric efficiency, Cheryn Ryu and Eun-Ae Choi for comments on the manuscript and figures.

AUTHOR CONTRIBUTIONS

This paper is the interdisciplinary study among physics (B.R.), mathematics (J.C.), and materials science (S.P). B.R.
and J.C. are equally contributed. B.R. and J.C are co-first authors. B.R. and J.C. are co-corresponding authors.
Credit: Conceptualization, B.R., J.C., and S.P; Methodology, B.R. and J.C.; Software, B.R. and J.C.; Validation,
B.R. and J.C.; Formal Analysis, B.R. and J.C.; Investigation, B.R. and J.C.; Data Curation, B.R. and J.C.; Writing —
Original Draft, B.R. and J.C.; Writing — Review & Editing, B.R. and J.C.; Visualization, B.R. and J.C.; Supervision,

iScience

S.P.; Project Administration, B.R. and S.P.; Funding Acquisition, B.R. and S.P.

DECLARATION OF INTERESTS

The authors declare no competing interests.

Received: April 13, 2021
Revised: July 5, 2021
Accepted: July 27, 2021
Published: September 24, 2021

REFERENCES

Ahn, K., Biswas, K., He, J., Chung, I., Dravid, V.,
and Kanatzidis, M.G. (2013). Enhanced
thermoelectric properties of p-type
nanostructured PbTe-MTe (M = Cd, Hg)
materials. Energy Environ. Sci. 6, 1529-1537.
https://doi.org/10.1039/C3EE40482J.

Ahn, K., Cho, E., Rhyee, J.S., Kim, S.I., Hwang, S.,
Kim, H.S., Lee, S.M., and Lee, K.H. (2012).
Improvement in the thermoelectric performance
of the crystals of halogen-substituted
IngSes_,Hoos (H = F, Cl, Br, I): effect of halogen-
substitution on the thermoelectric properties in
InsSes. J. Mater. Chem. 22, 5730-5736. https://
doi.org/10.1039/C2JM16369A.

Ahn, K., Han, M.K,, He, J., Androulakis, J.,
Ballikaya, S., Uher, C., Dravid, V.P., and
Kanatzidis, M.G. (2010). Exploring resonance
levels and nanostructuring in the PbTe-CdTe
system and enhancement of the thermoelectric
figure of merit. J. Am. Chem. Soc. 132, 5227-
5235. https://doi.org/10.1021/ja?10762q.

Ahn, K., Li, C., Uher, C., and Kanatzidis, M.G.
(2009). Improvement in the thermoelectric figure
of merit by La/Ag cosubstitution in PbTe. Chem.
Mater. 21, 1361-1367. https://doi.org/10.1021/
cm803437x.

14 iScience 24, 102934, September 24, 2021

Aikebaier, Y., Kurosaki, K., Muta, H., and
Yamanaka, S. (2010). Effect of (Pb,Ge)Te addition
on the phase stability and the thermoelectric
properties of AgSbTe,. MRS Online Proc. Libr.
1267, 1267-DD04-11. https://doi.org/10.1557/
PROC-1267-DD04-11.

Aizawa, T., Song, R., and Yamamoto, A. (2006).
Solid state synthesis of ternary thermoelectric
magnesium alloy. Mater. Trans. 47, 1058-1065.
https://doi.org/10.2320/matertrans.47.1058.

Akasaka, M., lida, T., Nemoto, T., Soga, J., Sato,
J., Makino, K., Fukano, M., and Takanashi, Y.
(2007a). Non-wetting crystal growth of Mg,Siby
vertical Bridgman method and thermoelectric
characteristics. J. Cryst. Growth 304, 196-201.
https://doi.org/10.1016/j.jcrysgro.2006.10.270.

Akasaka, M., lida, T., Nishio, K., and Takanashi, Y.
(2007b). Composition dependent thermoelectric
properties of sintered Mg,Siy_,Ge, (=0 to 1)
initiated from a melt-grown polycrystalline
source. Thin Solid Films 515, 8237-8241. https://
doi.org/10.1016/j.tsf.2007.02.053.

Al Rahal Al Orabi, R., Mecholsky, N.A., Hwang, J.,
Kim, W., Rhyee, J.S., Wee, D., and Fornari, M.
(2015). Band degeneracy, low thermal
conductivity, and high thermoelectric figure of
merit in SnTe-CaTe alloys. Chem. Mater. 28,

376-384. https://doi.org/10.1021/acs.
chemmater.5b04365.

Androulakis, J., Lee, Y., Todorov, I., Chung, D.Y.,
and Kanatzidis, M. (2011). High-temperature
thermoelectric properties of n-type PbSe doped
with Ga, In, and Pb. Phys. Rev. B 83. https://doi.
org/10.1103/PhysRevB.83.195209.

Androulakis, J., Todorov, I., Chung, D.Y.,
Ballikaya, S., Wang, G., Uher, C., and Kanatzidis,
M. (2010). Thermoelectric enhancement in PbTe
with Kor Na codoping from tuning the interaction
of the light- and heavy-hole valence bands. Phys.
Rev. B 82, 115209. https://doi.org/10.1103/
PhysRevB.82.115209.

Bai, S., Pei, Y., Chen, L., Zhang, W., Zhao, X., and
Yang, J. (2009). Enhanced thermoelectric
performance of dual-element-filled skutterudites
Ba,Ce,Co4Sby,. Acta Mater. 57, 3135-3139.
https://doi.org/10.1016/j.actamat.2009.03.018.

Bailey, T.P., Hui, S., Xie, H., Olvera, A., Poudeu,

P.F.P., Tang, X., and Uher, C. (2016). Enhanced

ZTand attempts to chemically stabilize vCu,Seia
Sn doping. J. Mater. Chem. A. 4, 17225-17235.

https://doi.org/10.1039/C6TA06445K.

Bali, A., Chetty, R., Sharma, A., Rogl, G., Heinrich,
P., Suwas, S., Misra, D.K,, Rog|, P., Bauer, E., and


https://doi.org/10.1016/j.isci.2021.102934
https://doi.org/10.1039/C3EE40482J
https://doi.org/10.1039/C2JM16369A
https://doi.org/10.1039/C2JM16369A
https://doi.org/10.1021/ja910762q
https://doi.org/10.1021/cm803437x
https://doi.org/10.1021/cm803437x
https://doi.org/10.1557/PROC-1267-DD04-11
https://doi.org/10.1557/PROC-1267-DD04-11
https://doi.org/10.2320/matertrans.47.1058
https://doi.org/10.1016/j.jcrysgro.2006.10.270
https://doi.org/10.1016/j.tsf.2007.02.053
https://doi.org/10.1016/j.tsf.2007.02.053
https://doi.org/10.1021/acs.chemmater.5b04365
https://doi.org/10.1021/acs.chemmater.5b04365
https://doi.org/10.1103/PhysRevB.83.195209
https://doi.org/10.1103/PhysRevB.83.195209
https://doi.org/10.1103/PhysRevB.82.115209
https://doi.org/10.1103/PhysRevB.82.115209
https://doi.org/10.1016/j.actamat.2009.03.018
https://doi.org/10.1039/C6TA06445K

iScience

Mallik, R.C. (2016). Thermoelectric properties of
In and | doped PbTe. J. Appl. Phys. 120, 175101.
https://doi.org/10.1063/1.4965865.

Bali, A., Kim, I.H., Rogl, P., and Mallik, R.C. (2013).
Thermoelectric properties of two-phase PbTe
with indium inclusions. J. Electron. Mater. https://
doi.org/10.1007/s11664-013-2819-1.

Bali, A., Wang, H., Snyder, G.J., and Mallik, R.C.
(2014). Thermoelectric properties of indium
doped PbTe;_,Se, alloys. J. Appl. Phys. 116,
033707. https://doi.org/10.1063/1.4890320.

Ballikaya, S., Chi, H., Salvador, J.R., and Uher, C.
(2013). Thermoelectric properties of Ag-doped
Cu,Seand .CuyTe. J. Mater. Chem. A 1, 12478—
12484. https://doi.org/10.1039/C3TA12508D.

Banik, A., and Biswas, K. (2016). Agl alloying in
SnTe boosts the thermoelectric performance via
simultaneous valence band convergence and
carrier concentration optimization. J. Solid State
Chem. 242, 43-49. https://doi.org/10.1016/] jssc.
2016.02.012.

Banik, A., Shenoy, U.S., Anand, S., Waghmare,
U.V., and Biswas, K. (2015). Mg alloying in SnTe
facilitates valence band convergence and
optimizes thermoelectric properties. Chem.
Mater. 27, 581-587. https://doi.org/10.1021/
cm504112m.

Banik, A., Shenoy, U.S., Saha, S., Waghmare, U.V.,
and Biswas, K. (2016). High power factor and
enhanced thermoelectric performance of SnTe-
AglInTe,: synergistic effect of resonance level and
valence band convergence. J. Am. Chem. Soc.
138, 13068-13075. https://doi.org/10.1021/jacs.
6b08382.

Bao, S., Yang, J., Zhu, W., Fan, X., and Duan, X.
(2009). Effect of processing parameters on
formation and thermoelectric properties of

Lap 4FeCo3Sby,skutterudite by MA-HP method.
J. Alloys Compd. 476, 802-806. https://doi.org/
10.1016/j.jallcom.2008.09.120.

Bhatt, R., Patel, M., Bhattacharya, S., Basu, R.,
Ahmad, S., Bhatt, P., Chauhan, A K., Navneethan,
M., Hayakawa, Y., Singh, A., et al. (2014).
Thermoelectric performance of layered Sr,TiSe;
above 300 K. J. Phys. Condens. Matter 26, 445002.
https://doi.org/10.1088/0953-8984/26/44/
445002.

Biswas, K., He, J., Blum, .D., Wu, C.I., Hogan, T.P.,
Seidman, D.N., Dravid, V.P., and Kanatzidis, M.G.
(2012). High-performance bulk thermoelectrics
with all-scale hierarchical architectures. Nature
489, 414-418. https://doi.org/10.1038/
nature11439.

Biswas, K., He, J., Zhang, Q., Wang, G., Uher, C.,
Dravid, V.P., and Kanatzidis, M.G. (2011). Strained
endotaxial nanostructures with high
thermoelectric figure of merit. Nat. Chem. 3,
160-166. https://doi.org/10.1038/nchem.955.

Blachl, P.E. (1994). Projector augmented-wave
method. Phys. Rev. B 50, 17953.

Borrego, J.M. (1964). Approximate analysis of the
operation of thermoelectric generators with
temperature dependent parameters. |IEEE Trans.
Aerosp. 2, 4-9.

Borrego Larralde, J.M. (1961). Optimum Impurity
Concentration in Semiconductor

Thermoelements, Ph.D. thesis (Massachusetts
Institute of Technology).

Burden, R.L., and Faires, J.D. (2010). Numerical
Analysis, 9th ed. (Brooks/Cole, Cengage
Learning).

Chang, C., Wu, M., He, D., Pei, Y., Wu, C.F., Wu,
X..Yu, H., Zhu, F., Wang, K., Chen, Y., et al. (2018).
3D charge and 2D phonon transports leading to
high out-of-plane ZT in n-type SnSe crystals.
Science 360, 778-783.

Chen, C.L.,, Wang, H., Chen, Y.Y., Day, T., and
Snyder, J. (2014). Thermoelectric properties of p-
type polycrystalline SnSe doped with Ag.

J. Mater. Chem. A. 2, 11171-11176. https://doi.
org/10.1039/C4TA01643B.

Chen, L.D., Huang, X.Y., Zhou, M., Shi, X., and
Zhang, W.B. (2006). The high temperature
thermoelectric performances of

Zro.5Hfo sNig gPdo.2Sno.99Sbo o1alloy with
nanophase inclusions. J. App. Phy. 99, 064305.
https://doi.org/10.1063/1.2180432.

Chen, Y., He, B., Zhu, T.J., and Zhao, X.B. (2012).
Thermoelectric properties of non-stoichiometric
AgSbTesbased alloys with a small amount of
GeTe addition. J. Phys. D: Appl. Phys. 45, 115302.
https://doi.org/10.1088/0022-3727/45/11/
115302.

Chen, Y.X., Ge, Z.H., Yin, M., Feng, D., Huang,
X.Q., Zhao, W., and He, J. (2016). Understanding
of the extremely low thermal conductivity in high-
performance polycrystalline SnSe through
potassium doping. Adv. Funct. Mater. 26, 6836~
6845. https://doi.org/10.1002/adfm.201602652.

Cheng, X., Farahi, N., and Kleinke, H. (2016).
Mg,Si-based materials for the thermoelectric
energy conversion. JOM 68, 2680-2687. https://
doi.org/10.1007/511837-016-2060-5.

Chitroub, M., Besse, F., and Scherrer, H. (2009).
Thermoelectric properties of semi-conducting
compound CoSbzdoped with Pd and Te. J. Alloys
Compd. 467, 31-34. https://doi.org/10.1016/j.
jallcom.2007.11.144.

Choi, J.S., Kim, H.J., Kim, H.C., Oh, T.S., Hyun,
D.B., and Lee, HW. (1997). Thermoelectric
properties of n-type (Pb;_,Ge,)Te fabricated by
hot pressing method. In XVI International
Conference on Thermoelectrics, 1997.
Proceedings ICT ‘97, pp. 228-231. https://doi.
org/10.1109/1CT.1997.667089.

Chung, D.Y., Hogan, T., Brazis, P., Rocci-Lane, M.,
Kannewurf, C., Bastea, M., Uher, C., and
Kanatzidis, M.G. (2000). CsBisTes: a high-
performance thermoelectric material for low-
temperature applications. Science 287, 1024—
1027. https://doi.org/10.1126/science.287.5455.
1024.

Chung, J., and Ryu, B. (2014). Nonlocal problems
arising in thermoelectrics. Math. Probl. Eng. 2074,
909078.

Cui, J.L., Xiu, W.J., Mao, L.D., Ying, P.Z., Jiang, L.,
and Qian, X. (2007). Thermoelectric properties of
Ag-doped n-type (BizTes)o.o-(Biz_xAgxSes)o 1
(x=0-0.4) alloys prepared by spark plasma
sintering. J. Solid State Chem. 180, 1158-1162.
https://doi.org/10.1016/j.jss¢.2006.12.010.

¢? CellPress

OPEN ACCESS

Cui, J.L., Xue, H.F., Xiu, W.J., Mao, L.D., Ying, P.Z,,
and Jiang, L. (2008). Crystal structure analysis and
thermoelectric properties of p-type pseudo-
binary (Al;Tes),-BiosSb1 sTes)s_x (x=0-0.2) alloys
prepared by spark plasma sintering. J. Alloys
Compd. 460, 426-431. https://doi.org/10.1016/].
jallcom.2007.05.063.

Day, T.W., Borup, KA., Zhang, T., Drymiotis, F.,
Brown, D.R., Shi, X., Chen, L., Iversen, B.B., and
Snyder, G.J. (2014). High-temperature
thermoelectric properties of Cuj 97Ago03S€1+,.-
Mater. Renew. Sustain. Energy 3. https://doi.org/
10.1007/s40243-014-0026-5.

Ding, G., Si, J., Yang, S., Wang, G., and Wu, H.
(2016). High thermoelectric properties of n-type
Cd-doped PbTe prepared by melt spinning. Scr.
Mater. 122, 1-4. https://doi.org/10.1016/].
scriptamat.2016.05.016.

Dong, N., Jia, X., Su, T., Yu, F., Tian, ., Jiang, Y.,
Deng, L., and Ma, H. (2009a). HPHT synthesis and
thermoelectric properties of CoSbzand
sFegsCo3.4Sbqkutterudites. J. Alloys Compd.
480, 882-884. https://doi.org/10.1016/] jallcom.
2009.02.070.

Dong, Y., McGuire, M.A., Malik, A.S., and DiSalvo,
F.J. (2009b). Transport properties of undoped
and Br-doped PbTe sintered at high-temperature
and pressure >4.0GPa. J. Solid State Chem. 182,
2602-2607. https://doi.org/10.1016/].jssc.2009.
07.004.

Dow, H.S., Oh, M\W., Kim, B.S., Park, S.D., Min,
B.K,, Lee, HW., and Wee, D.M. (2010). Effect of
Ag or Sb addition on the thermoelectric
properties of PbTe. J. Appl. Phys. 108, 113709.
https://doi.org/10.1063/1.3517088.

Dow, H.S., Oh, M\W., Park, S.D., Kim, B.S., Min,
B.K,, Lee, HW., and Wee, D.M. (2009).
Thermoelectric properties of AgPb,,SbTe .2
(12<m<26)at elevated temperature. J. Appl.
Phys. 105, 113703. https://doi.org/10.1063/1.
3138803.

Drymiotis, F., Day, T.W., Brown, D.R., Heinz, N.A.,
and Snyder, G.J. (2013). Enhanced thermoelectric
performance in the very low thermal conductivity
AgsSeqsTegs. Appl. Phys. Lett. 103, 143906.
https://doi.org/10.1063/1.4824353.

Du, B., Li, H., and Tang, X. (2014). Effect of Ce
substitution for Sb on the thermoelectric
properties of AgSbTe,compound. J. Electron.
Mater. 43, 2384-2389. https://doi.org/10.1007/
s11664-014-3076-7.

Duan, B., Zhai, P., Liu, L., Zhang, Q., and Ruan, X.
(2012). Synthesis and high temperature transport
properties of Te-doped skutterudite compounds.
J. Mater. Sci. Mater. Electron. 23, 1817-1822.
https://doi.org/10.1007/s10854-012-0668-y.

Duan, X., Hu, K., Kuang, J., Jiang, Y., and Yi, D.
(2016). Effects of Ag-doping on thermoelectric
properties of Cap_»Ag,Si alloys. J. Electron.
Mater. 46, 2986-2989. https://doi.org/10.1007/
s11664-016-5088-y.

Dyck, J.S., Chen, W., Uher, C., Chen, L., Tang, X.,
and Hirai, T. (2002). Thermoelectric properties of
the n-type filled skutterudite Bag 3C04Sb1,doped
with Ni. J. Appl. Phys. 91, 3698-3705. https://doi.
org/10.1063/1.1450036.

iScience 24, 102934, September 24, 2021 15


https://doi.org/10.1063/1.4965865
https://doi.org/10.1007/s11664-013-2819-1
https://doi.org/10.1007/s11664-013-2819-1
https://doi.org/10.1063/1.4890320
https://doi.org/10.1039/C3TA12508D
https://doi.org/10.1016/j.jssc.2016.02.012
https://doi.org/10.1016/j.jssc.2016.02.012
https://doi.org/10.1021/cm504112m
https://doi.org/10.1021/cm504112m
https://doi.org/10.1021/jacs.6b08382
https://doi.org/10.1021/jacs.6b08382
https://doi.org/10.1016/j.jallcom.2008.09.120
https://doi.org/10.1016/j.jallcom.2008.09.120
https://doi.org/10.1088/0953-8984/26/44/445002
https://doi.org/10.1088/0953-8984/26/44/445002
https://doi.org/10.1038/nature11439
https://doi.org/10.1038/nature11439
https://doi.org/10.1038/nchem.955
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref25
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref25
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref26
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref26
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref26
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref26
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref27
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref27
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref27
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref27
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref28
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref28
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref28
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref29
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref29
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref29
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref29
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref29
https://doi.org/10.1039/C4TA01643B
https://doi.org/10.1039/C4TA01643B
https://doi.org/10.1063/1.2180432
https://doi.org/10.1088/0022-3727/45/11/115302
https://doi.org/10.1088/0022-3727/45/11/115302
https://doi.org/10.1002/adfm.201602652
https://doi.org/10.1007/s11837-016-2060-5
https://doi.org/10.1007/s11837-016-2060-5
https://doi.org/10.1016/j.jallcom.2007.11.144
https://doi.org/10.1016/j.jallcom.2007.11.144
https://doi.org/10.1109/ICT.1997.667089
https://doi.org/10.1109/ICT.1997.667089
https://doi.org/10.1126/science.287.5455.1024
https://doi.org/10.1126/science.287.5455.1024
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref38
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref38
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref38
https://doi.org/10.1016/j.jssc.2006.12.010
https://doi.org/10.1016/j.jallcom.2007.05.063
https://doi.org/10.1016/j.jallcom.2007.05.063
https://doi.org/10.1007/s40243-014-0026-5
https://doi.org/10.1007/s40243-014-0026-5
https://doi.org/10.1016/j.scriptamat.2016.05.016
https://doi.org/10.1016/j.scriptamat.2016.05.016
https://doi.org/10.1016/j.jallcom.2009.02.070
https://doi.org/10.1016/j.jallcom.2009.02.070
https://doi.org/10.1016/j.jssc.2009.07.004
https://doi.org/10.1016/j.jssc.2009.07.004
https://doi.org/10.1063/1.3517088
https://doi.org/10.1063/1.3138803
https://doi.org/10.1063/1.3138803
https://doi.org/10.1063/1.4824353
https://doi.org/10.1007/s11664-014-3076-7
https://doi.org/10.1007/s11664-014-3076-7
https://doi.org/10.1007/s10854-012-0668-y
https://doi.org/10.1007/s11664-016-5088-y
https://doi.org/10.1007/s11664-016-5088-y
https://doi.org/10.1063/1.1450036
https://doi.org/10.1063/1.1450036

¢? CellPress

OPEN ACCESS

Efremov, A., and Pushkarsky, A. (1971). Energy
calculation of thermoelements with arbitrary
temperature dependence of thermoelectric
properties of materials by heat balance
technique. Energy Convers. 11, 101-104.

Eum, AY., Kim, I.H., Choi, S.M,, Lim, Y.S., Seo,
W.S., Park, J.S., and Yang, S.H. (2015). Transport
and thermoelectric properties of

Bi,Te,7Seq sprepared by mechanical alloying and
hot pressing. J. Korean Phys. Soc. 66, 1726-1731.
https://doi.org/10.3938/jkps.66.1726.

Fahrnbauer, F., Souchay, D., Wagner, G., and
Oeckler, O. (2015). High thermoelectric figure of
merit values of germanium antimony tellurides
with kinetically stable cobalt germanide
precipitates. J. Am. Chem. Soc. 137, 12633-
12638. https://doi.org/10.1021/jacs.5b07856.

Falkenbach, O., Hartung, D., Klar, P.J., Koch, G.,
and Schlecht, S. (2014). Thermoelectric properties
of nanostructured bismuth-doped lead telluride
Bi.(PbTe);_, prepared by co-ball-milling.

J. Electron. Mater. 43, 1674-1680. https://doi.
org/10.1007/s11664-013-2832-4.

Fan, H., Su, T., Li, H., Du, B., Liu, B, Sun, H.,
Zhang, Y., Li, L., Li, S., Hu, M., et al. (2015).
Enhanced thermoelectric performance of PbSe
co-doped with Ag and Sb. J. Alloys Compd. 639,
106-110. https://doi.org/10.1016/j.jallcom.2015.
03.117.

Fan, S., Zhao, J., Guo, J., Yan, Q., Ma, J., and Hng,
H.H. (2010). p-type Big4Sbs ¢Tesnanocomposites
with enhanced figure of merit. Appl. Phys. Lett.
96, 182104. https://doi.org/10.1063/1.3427427.

Fang, H., Feng, T., Yang, H., Ruan, X., and Wu, Y.
(2013). Synthesis and thermoelectric properties of
compositional-modulated lead telluride bismuth
telluride nanowire heterostructures. Nano Lett.
13, 2058-2063. https://doi.org/10.1021/
nl40031%u.

Fu, C., Bai, S., Liu, Y., Tang, Y., Chen, L., Zhao, X.,
and Zhu, T. (2015a). Realizing high figure of merit
in heavy-band p-type half-Heusler thermoelectric
materials. Nat. Commun. 6, 8144. https://doi.org/
10.1038/ncomms9144.,

Fu, C., Zhu, T., Liu, Y., Xie, H., and Zhao, X.
(2015b). Band engineering of high performance
p-type FeNbSb based half-Heusler
thermoelectric materials for figure of merit zT>1.
Energy Environ. Sci. 8, 216-220. https://doi.org/
10.1039/C4EE03042G.

Gahtori, B., Bathula, S., Tyagi, K., Jayasimhadri,
M., Srivastava, A.K., Singh, S., Budhani, R.C., and
Dhar, A. (2015). Giant enhancement in
thermoelectric performance of copper selenide
by incorporation of different nanoscale
dimensional defect features. Nano Energy 13,
36-46. https://doi.org/10.1016/j.nanoen.2015.02.
008.

Gelbstein, Y., Dashevsky, Z., and Dariel, M.
(2007a). In-doped Pbg sSng sTep-type samples
prepared by powder metallurgical processing for
thermoelectric applications. Phys. B Condens.
Matter 396, 16-21. https://doi.org/10.1016/].
physb.2007.02.067.

Gelbstein, Y., Dashevsky, Z., and Dariel, M.
(2007b). Powder metallurgical processing of
functionally graded p-Pbq_,Sn,Te materials for
thermoelectric applications. Phys. B Condens.

16 iScience 24, 102934, September 24, 2021

Matter. 391, 256-265. https://doi.org/10.1016/].
physb.2006.10.001.

Gelbstein, Y., Davidow, J., Girard, S.N., Chung,
D.Y., and Kanatzidis, M. (2013). Controlling
metallurgical phase separation reactions of the
Geg g7Pbg 13Tealloy for high thermoelectric
performance. Adv. Energy Mater. 3, 815-820.
https://doi.org/10.1002/aenm.201200970.

Gelbstein, Y., Rosenberg, Y., Sadia, Y., and Dariel,
M.P. (2010). Thermoelectric properties evolution
of spark plasma sintered (Geg 4Pbg 35ng.1)
Tefollowing a spinodal decomposition. J. Phys.
Chem. C 114, 13126-13131. https://doi.org/10.
1021/jp103697.

Goldsmid, H. (1960). Applications of
Thermoelectricity (Butler & Tanner Ltd).

Goupil, C. (2015). Continuum Theory and
Modeling of Thermoelectric Elements (John
Wiley & Sons).

Guan, X, Lu, P.,, Wy, L., Han, L., Liu, G., Song, Y.,
and Wang, S. (2015). Thermoelectric properties of
SnSe compound. J. Alloy Comp. 643, 116-120.
https://doi.org/10.1016/j.jallcom.2015.04.073.

Guin, S.N., and Biswas, K. (2015). Sb deficiencies
control hole transport and boost the
thermoelectric performance of p-type AgSbSe,.
J. Mater. Chem. C 3, 10415-10421. https://doi.
org/10.1039/C5TC0O1429H.

Han, M.K., Androulakis, J., Kim, S.J., and
Kanatzidis, M.G. (2012). Lead-free
thermoelectrics: high figure of merit in p-type
AgSn,SbTep.2. Adv. Energy Mater. 2, 157-161.
https://doi.org/10.1002/aenm.201100613.

Han, MK, Kim, S., Kim, H.Y., and Kim, S.J. (2013).
An alternative strategy to construct interfaces in
bulk thermoelectric material: nanostructured
heterophase Bi,Tes/Bi;S3. RSC Adv. 3, 4673-
4679. https://doi.org/10.1039/C3RA23197F.

Hazan, E., Madar, N., Parag, M., Casian, V., Ben-
Yehuda, O., and Gelbstein, Y. (2015). Effective
electronic mechanisms for optimizing the
thermoelectric properties of GeTe-rich alloys.
Adv. Electron. Mater. 1, 1500228. https://doi.org/
10.1002/aelm.201500228.

He, Q. Hu, S., Tang, X., Lan, Y., Yang, J., Wang,
X., Ren, Z., Hao, Q., and Chen, G. (2008). The
great improvement effect of pores on ZTin
CoNj_,ixsb 3system. Appl. Phys. Lett. 93,042108.
https://doi.org/10.1063/1.2963476.

He, Y., Lu, P., Shi, X., Xu, F., Zhang, T., Snyder,
G.J., Uher, C., and Chen, L. (2015a). Ultrahigh
thermoelectric performance in mosaic crystals.
Adv. Mater. 27, 3639-3644. https://doi.org/10.
1002/adma.201501030.

He, Y., Zhang, T., Shi, X., Wei, S.H., and Chen, L.
(2015b). High thermoelectric performance in
copper telluride. NPG Asia Mater. 7, e210.
https://doi.org/10.1038/am.2015.91.

He, Z., Jun, L., Hang-Tian, Z., Quan-Lin, L., Jing-
Kui, L., Jing-Bo, L., and Guang-Yao, L. (2012).
Synthesis and thermoelectric properties of Mn-
doped AgSbTe,compounds. Chin. Phys. B 21,
106101. https://doi.org/10.1088/1674-1056/21/
10/106101.

iScience

He, Z., Stiewe, C., Platzek, D., Karpinski, G.,
Miuller, E., Li, S., Toprak, M., and Muhammed, M.
(2007). Thermoelectric properties of hot-pressed
skutterudite CoSbs. J. Appl. Phys. 101, 053713.
https://doi.org/10.1063/1.2538036.

Heremans, J.P., Dresselhaus, M.S., Bell, L.E., and
Morelli, D.T. (2013). When thermoelectrics
reached the nanoscale. Nat. Nanotechnol. 8,
471-473.

Heremans, J.P., Jovovic, V., Toberer, E.S.,
Saramat, A., Kurosaki, K., Charoenphakdee, A.,
Yamanaka, S., and Snyder, G.J. (2008).
Enhancement of thermoelectric efficiency in PbTe
by distortion of the electronic density of states.
Science 321, 554-557. https://doi.org/10.1126/
science.1159725.

Hogg, R.V., McKean, J.W., and Craig, A.T. (2005).
Introduction to Mathematical Statistics, 6th ed.
(Pearson Prentice Hall).

Hohenberg, P., and Kohn, W. (1964).
Inhomogeneous electron gas. Phy. Rev. 136,
B864.

Hong, AJ., Li, L, Zhu, H.X,, Zhou, X.H., He, Q.Y.,
Liu, W.S., Yan, Z.B., Liu, J.M., and Ren, Z.F. (2014).
Anomalous transport and thermoelectric
performances of CuAgSe compounds. Solid
State lon 261, 21-25. https://doi.org/10.1016/j.
ssi.2014.03.025.

Hsu, H.C., Huang, J.Y., and Huang, T.K. (2014).
Enhancing figure of merit of Big sSb1 sTesthrough
nano-composite approach. China Steel Tech.
Rep. 27, 57-63.

Hsu, K.F., Loo, S., Guo, F., Chen, W., Dyck, J.S.,
Uher, C., Hogan, T., Polychroniadis, E.K., and
Kanatzidis, M.G. (2004). Cubic AgPb,,SbTes
bulk thermoelectric materials with high figure of
merit. Science 303, 818-821. https://doi.org/10.
1126/science.1092963.

Hu, L., Wu, H., Zhu, T, Fu, C., He, J., Ying, P., and
Zhao, X. (2015). Tuning multiscale microstructures
to enhance thermoelectric performance of n-type
bismuth-telluride-based solid solutions. Adv.
Energy Mater. 5, 1500411. https://doi.org/10.
1002/aenm.201500411.

Hu, L.P., Zhu, T.J., Wang, Y.G., Xie, H.H., Xu, Z.J.,
and Zhao, X.B. (2014). Shifting up the optimum
figure of merit of p-type bismuth telluride-based
thermoelectric materials for power generation by
suppressing intrinsic conduction. NPG Asia
Mater. 6, e88. https://doi.org/10.1038/am.2013.
86.

Hu, X., Jood, P., Ohta, M., Kunii, M., Nagase, K.,
Nishiate, H., Kanatzidis, M.G., and Yamamoto, A.
(2016). Power generation from nanostructured
PbTe-based thermoelectrics: comprehensive
development from materials to modules. Energy
Environ. Sci. 9, 517-529. https://doi.org/10.1039/
C5EE02979A.

Hwang, S., Kim, S.I., Ahn, K., Roh, J.W., Yang,
D.J., Lee, S.M., and Lee, K.H. (2013). Enhancing
the thermoelectric properties of p-type bulk Bi-
Sb-Te nanocomposites via solution-based metal
nanoparticle decoration. J. Electron. Mater. 42,
1411-1416. https://doi.org/10.1007/s11664-012-
2280-6.


http://refhub.elsevier.com/S2589-0042(21)00902-0/sref52
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref52
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref52
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref52
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref52
https://doi.org/10.3938/jkps.66.1726
https://doi.org/10.1021/jacs.5b07856
https://doi.org/10.1007/s11664-013-2832-4
https://doi.org/10.1007/s11664-013-2832-4
https://doi.org/10.1016/j.jallcom.2015.03.117
https://doi.org/10.1016/j.jallcom.2015.03.117
https://doi.org/10.1063/1.3427427
https://doi.org/10.1021/nl400319u
https://doi.org/10.1021/nl400319u
https://doi.org/10.1038/ncomms9144
https://doi.org/10.1038/ncomms9144
https://doi.org/10.1039/C4EE03042G
https://doi.org/10.1039/C4EE03042G
https://doi.org/10.1016/j.nanoen.2015.02.008
https://doi.org/10.1016/j.nanoen.2015.02.008
https://doi.org/10.1016/j.physb.2007.02.067
https://doi.org/10.1016/j.physb.2007.02.067
https://doi.org/10.1016/j.physb.2006.10.001
https://doi.org/10.1016/j.physb.2006.10.001
https://doi.org/10.1002/aenm.201200970
https://doi.org/10.1021/jp103697s
https://doi.org/10.1021/jp103697s
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref66
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref66
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref67
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref67
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref67
https://doi.org/10.1016/j.jallcom.2015.04.073
https://doi.org/10.1039/C5TC01429H
https://doi.org/10.1039/C5TC01429H
https://doi.org/10.1002/aenm.201100613
https://doi.org/10.1039/C3RA23197F
https://doi.org/10.1002/aelm.201500228
https://doi.org/10.1002/aelm.201500228
https://doi.org/10.1063/1.2963476
https://doi.org/10.1002/adma.201501030
https://doi.org/10.1002/adma.201501030
https://doi.org/10.1038/am.2015.91
https://doi.org/10.1088/1674-1056/21/10/106101
https://doi.org/10.1088/1674-1056/21/10/106101
https://doi.org/10.1063/1.2538036
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref78
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref78
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref78
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref78
https://doi.org/10.1126/science.1159725
https://doi.org/10.1126/science.1159725
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref80
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref80
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref80
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref81
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref81
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref81
https://doi.org/10.1016/j.ssi.2014.03.025
https://doi.org/10.1016/j.ssi.2014.03.025
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref83
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref83
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref83
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref83
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref83
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref83
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref83
https://doi.org/10.1126/science.1092963
https://doi.org/10.1126/science.1092963
https://doi.org/10.1002/aenm.201500411
https://doi.org/10.1002/aenm.201500411
https://doi.org/10.1038/am.2013.86
https://doi.org/10.1038/am.2013.86
https://doi.org/10.1039/C5EE02979A
https://doi.org/10.1039/C5EE02979A
https://doi.org/10.1007/s11664-012-2280-6
https://doi.org/10.1007/s11664-012-2280-6

iScience

loffe, A.F. (1957). Semiconductor
Thermoelements and Thermoelectric Cooling
(London: Infosearch).

Isoda, Y., Nagai, T., Fujiu, H., Imai, Y., and
Shinohara, Y. (2007). The effect of Bi doping on
thermoelectric properties of Mg,Sio sSnos. In
2007 26th International Conference on
Thermoelectrics, pp. 251-255. https://doi.org/10.
1109/ICT.2007.4569472.

Jaworski, C.M., Nielsen, M.D., Wang, H., Girard,
S.N., Cai, W., Porter, W.D., Kanatzidis, M.G., and
Heremans, J.P. (2013). Valence-band structure of
highly efficient p-type thermoelectric PoTe-PbS
alloys. Phys. Rev. B 87,045203. https://doi.org/10.
1103/PhysRevB.87.045203.

Jian, Z., Chen, Z., Li, W., Yang, J., Zhang, W., and
Pei, Y. (2015). Significant band engineering effect
of YbTe for high performance thermoelectric
PbTe. J. Mater. Chem. C 3, 12410-12417. https://
doi.org/10.1039/C5TC03068D.

Jo, S., Park, S.H., Ban, HW.,, Gu, D.H., Kim, B.S.,
Son, J.H., Hong, H.K,, Lee, Z,, Han, H.S., Jo, W.,
et al. (2016). Simultaneous improvement in
electrical and thermal properties of interface-
engineered BiSbTe nanostructured
thermoelectric materials. J. Alloy Comp. 689,
899-907. https://doi.org/10.1016/].jallcom.2016.
08.033.

Joo, S.J., Son, J.H., Min, B.K,, Lee, J.E., Kim, B.S.,
Ryu, B., Park, S.D., and Lee, H.W. (2016).
Thermoelectric properties of

Bi,Te, 7Seq snanocomposites embedded with
MgO nanoparticles. J. Korean Phys. Soc. 69,
1314-1320. https://doi.org/10.3938/jkps.69.1314.

Joshi, G, Lee, H., Lan, Y., Wang, X., Zhu, G.,
Wang, D., Gould, R.W., Cuff, D.C., Tang, M.Y.,
Dresselhaus, M.S., et al. (2008). Enhanced
thermoelectric figure-of-merit in nanostructured
p-type silicon germanium bulk alloys. Nano Lett.
8, 4670-4674. https://doi.org/10.1021/nl8026795.

Kajikawa, T., Shida, K., Shiraishi, K., Ito, T., Omori,
M., and Hirai, T. (1998). Thermoelectric figure of
merit of impurity doped and hot-pressed
magnesium silicide elements. In Seventeenth
International Conference on Thermoelectrics.
Proceedings ICT98 (Cat. No.98TH8365),

pp. 362-369. https://doi.org/10.1109/ICT.1998.
740395.

Keiber, T., Bridges, F., Sales, B., and Wang, H.
(2013). Complex role for thallium in PbTe:Tl from
local probe studies. Phys. Rev. B 87. https://doi.
org/10.1103/PhysRevB.87.144104.

Kim, H.S., Liu, W., Chen, G., Chu, CW., and Ren,
Z. (2015a). Relationship between thermoelectric
figure of merit and energy conversion efficiency.
Proc. Natl. Acad. Sci. U. S. A. 112, 8205-8210.

Kim, H.S., Liu, W., and Ren, Z. (2015b). Efficiency
and output power of thermoelectric module by
taking into account corrected Joule and
Thomson heat. J. Appl. Phys. 118, 115103.

Kim, S.I., Lee, KH., Mun, H.A,, Kim, H.S., Hwang,
S.W., Roh, J.W,, Yang, D.J., Shin, W.H., Li, X.S.,
Lee, Y.H., et al. (2015¢). Dense dislocation arrays
embedded in grain boundaries for high-
performance bulk thermoelectrics. Science 348,
109-114. https://doi.org/10.1126/science.
aaad166.

Kim, M.S., Lee, W.J., Cho, K.H., Ahn, J.P., and
Sung, Y.M. (2016). Spinodally decomposed PbSe-
PbTe nanoparticles for high-performance
thermoelectrics: enhanced phonon scattering
and unusual transport behavior. ACS Nano 10,
7197-7207. https://doi.org/10.1021/acsnano.
6b03696.

Ko, J., Kim, J.Y., Choi, S.M., Lim, Y.S., Seo, W.S.,
and Lee, K.H. (2013). Nanograined thermoelectric
BiTe, 7Seq swith ultralow phonon transport
prepared from chemically exfoliated
nanoplatelets. J. Mater. Chem. A 1, 12791.
https://doi.org/10.1039/c3ta12623d.

Kohn, W., and Sham, L.J. (1965). Self-consistent
equations including exchange and correlation
effects. Phy. Rev. 140, A1133.

Kosuga, A., Nakai, K., Matsuzawa, M., Fujii, Y.,
Funahashi, R., Tachizawa, T., Kubota, Y., and
Kifune, K. (2014). Enhanced thermoelectric
performance of In-substituted GeSbgTe o with
homologous structure. APL Mater. 2, 086102.
https://doi.org/10.1063/1.4893236.

Kraemer, D., Sui, J., McEnaney, K., Zhao, H., Jie,
Q., Ren, Z.F., and Chen, G. (2015). High
thermoelectric conversion efficiency of MgAgSb-
based material with hot-pressed contacts. Energy
Environ. Sci. 8, 1299-1308. https://doi.org/10.
1039/C4EE02813A.

Kresse, G., and Furthmiiller, J. (1996). Efficient
iterative schemes for ab initio total-energy
calculations using a plane-wave basis set. Phys.
Rev. B 54, 11169. https://doi.org/10.1103/
PhysRevB.54.11169.

Kresse, G., and Joubert, D. (1999). From ultrasoft
pseudopotentials to the projector augmented-
wave method. Phys. Rev. B 59, 1758.

Krez, J., Balke, B., Ouardi, S., Selle, S., Héche, T.,
Felser, C., Hermes, W., and Schwind, M. (2015).
Long-term stability of phase-separated half-
Heusler compounds. Phys. Chem. Chem. Phys.
17, 29854-29858. https://doi.org/10.1039/
C4CP04875J.

Kusz, B., Miruszewski, T., Bochentyn, B., kapiriski,
M., and Karczewski, J. (2016). Structure and
thermoelectric properties of Te-Ag-Ge-Sb
(TAGS) materials obtained by reduction of
melted oxide substrates. J. Elecron. Mater. 45,
1085-1093. https://doi.org/10.1007/s11664-015-
42511,

Lan, J., Lin, Y.H., Liu, Y., Xu, S., and Nan, C.W.
(2012). High thermoelectric performance of
nanostructured In,Os-based ceramics. J. Am.
Chem. Soc. 95, 2465-2469. https://doi.org/10.
1111/j.1551-2916.2012.05284 x.

Laufek, F., Navratil, J., Plasil, J., Plechacek, T., and
Drasar, C. (2009). Synthesis, crystal structure and
transport properties of skutterudite-related
CoSni sSeq s. J. Alloys Compd. 479, 102-106.
https://doi.org/10.1016/}.jallcom.2009.01.067.

Lee, D.S., Kim, T.H., Park, C.H., Chung, C.Y., Lim,
Y.S., Seo, W.S., and Park, H.H. (2013a). Crystal
structure, properties and nanostructuring of a
new layered chalcogenide semiconductor,
Bi,MnTe,. CrystEngComm 15, 5532-5538.
https://doi.org/10.1039/C3CE40643A.

Lee, G.E., Kim, ILH., Lim, Y.S., Seo, W.S., Choi,
B.J., and Hwang, C.W. (2013b). Preparation and

¢? CellPress

OPEN ACCESS

thermoelectric properties of doped Bi,Tes-BiSes
solid solutions. J. Electron. Mater. 43, 1650-1655.
https://doi.org/10.1007/s11664-013-2822-6.

Lee, K.-H., Hwang, S., Ryu, B., Ahn, K., Roh, J.,
Yang, D., Lee, S.M., Kim, H., and Kim, S.I. (2013c).
Enhancement of the thermoelectric performance
of Bip.4Sb1 s Tesalloys by in and Ga doping.

J. Electron. Mater. 42, 1617-1621. https://doi.
org/10.1007/s11664-012-2356-3.

Lee, G.E., Eum, AY., Song, K.M., Kim, I.H., Lim,
Y.S., Seo, W.S., Choi, B.J., and Hwang, C.W.
(2014a). Preparation and thermoelectric
properties of n-type BiyTe, 7Seq 3:Dm. J. Electron.
Mater. 44, 1579-1584.

Lee, G.E., Kim, I.H., Lim, Y.S., Seo, W.S., Choi,
B.J., and Hwang, C.W. (2014b). Preparation and
thermoelectric properties of iodine-doped
Bi,Tes-Bi,Ses solid solutions. J. Korean Phys. Soc.
65, 696-701. https://doi.org/10.3938/jkps.65.696.

Lee, G.E., Kim, I.H., Lim, Y.S., Seo, W.S., Choi,
B.J., and Hwang, C.W. (2014c). Preparation and
thermoelectric properties of Bi;Tes-Bi,Ses solid
solutions. J. Korean Phys. Soc. 64, 1416-1420.
https://doi.org/10.3938/jkps.64.1416.

Lee, G.E., Kim, I.H., Lim, Y.S., Seo, W.S., Choi,
B.J., and Hwang, C.W. (2014d). Thermoelectric
properties of |-doped Bi,Te; gsSeg 1ssolid
solutions. J. Korean Phys. Soc. 64, 1692-1696.
https://doi.org/10.3938/jkps.64.1692.

Lee, J.K,, Oh, MW, Kim, B.S., Min, B.K,, Lee,
H.W., and Park, S.D. (2014e). Influence of Mn on
crystal structure and thermoelectric properties of
GeTe compounds. Electron. Mater. Lett. 10,
813-817. https://doi.org/10.1007/s13391-014-
4149-8.

Lee, Y., Lo, S.H., Chen, C., Sun, H., Chung, D.Y.,
Chasapis, T.C., Uher, C., Dravid, V.P., and
Kanatzidis, M.G. (2014f). Contrasting role of
antimony and bismuth dopants on the
thermoelectric performance of lead selenide.
Nat. Commun. 5. https://doi.org/10.1038/
ncomms4640.

Lee, J.K, Oh, M\W., Park, S.D., Kim, B.S., Min,
B.K., Kim, M.H., and Lee, H.W. (2012).
Improvement of thermoelectric properties
through controlling the carrier concentration of
AgPb1gSbTeyalloys by Sb addition. Electron.
Mater. Lett. 8, 659-663. https://doi.org/10.1007/
$13391-012-2207-7.

Lee, J.K,, Park, S.D., Kim, B.S., Oh, MW, Cho,
S.H., Min, BK,, Lee, HW., and Kim, M.H. (2010).
Control of thermoelectric properties through the
addition of Ag in the BigsSb+ sTesalloy. Electron.
Mater. Lett. 6, 201-207. https://doi.org/10.3365/
eml.2010.12.201.

Leng, H.Q., Zhou, M., Zhao, J., Han, Y.M., and Li,
L.F. (2016). The thermoelectric performance of
anisotropic SnSe doped with Na. RSC Adv. 4,
9112-9116. https://doi.org/10.1039/
C5RA19469E.

Levin, E.M., Cook, B.A., Harringa, J.L., Bud'ko,
S.L., Venkatasubramanian, R., and Schmidt-Rohr,
K. (2011). Analysis of Ce- and Yb-Doped TAGS-85
materials with enhanced thermoelectric figure of
merit. Adv. Funct. Mater. 21, 441-447 . https://doi.
org/10.1002/adfm.201001307.

iScience 24, 102934, September 24, 2021 17



http://refhub.elsevier.com/S2589-0042(21)00902-0/sref89
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref89
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref89
https://doi.org/10.1109/ICT.2007.4569472
https://doi.org/10.1109/ICT.2007.4569472
https://doi.org/10.1103/PhysRevB.87.045203
https://doi.org/10.1103/PhysRevB.87.045203
https://doi.org/10.1039/C5TC03068D
https://doi.org/10.1039/C5TC03068D
https://doi.org/10.1016/j.jallcom.2016.08.033
https://doi.org/10.1016/j.jallcom.2016.08.033
https://doi.org/10.3938/jkps.69.1314
https://doi.org/10.1021/nl8026795
https://doi.org/10.1109/ICT.1998.740395
https://doi.org/10.1109/ICT.1998.740395
https://doi.org/10.1103/PhysRevB.87.144104
https://doi.org/10.1103/PhysRevB.87.144104
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref98
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref98
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref98
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref98
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref99
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref99
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref99
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref99
https://doi.org/10.1126/science.aaa4166
https://doi.org/10.1126/science.aaa4166
https://doi.org/10.1021/acsnano.6b03696
https://doi.org/10.1021/acsnano.6b03696
https://doi.org/10.1039/c3ta12623d
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref103
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref103
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref103
https://doi.org/10.1063/1.4893236
https://doi.org/10.1039/C4EE02813A
https://doi.org/10.1039/C4EE02813A
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1103/PhysRevB.54.11169
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref107
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref107
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref107
https://doi.org/10.1039/C4CP04875J
https://doi.org/10.1039/C4CP04875J
https://doi.org/10.1007/s11664-015-4251-1
https://doi.org/10.1007/s11664-015-4251-1
https://doi.org/10.1111/j.1551-2916.2012.05284.x
https://doi.org/10.1111/j.1551-2916.2012.05284.x
https://doi.org/10.1016/j.jallcom.2009.01.067
https://doi.org/10.1039/C3CE40643A
https://doi.org/10.1007/s11664-013-2822-6
https://doi.org/10.1007/s11664-012-2356-3
https://doi.org/10.1007/s11664-012-2356-3
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref115
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref115
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref115
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref115
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref115
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref115
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref115
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref115
https://doi.org/10.3938/jkps.65.696
https://doi.org/10.3938/jkps.64.1416
https://doi.org/10.3938/jkps.64.1692
https://doi.org/10.1007/s13391-014-4149-8
https://doi.org/10.1007/s13391-014-4149-8
https://doi.org/10.1038/ncomms4640
https://doi.org/10.1038/ncomms4640
https://doi.org/10.1007/s13391-012-2207-7
https://doi.org/10.1007/s13391-012-2207-7
https://doi.org/10.3365/eml.2010.12.201
https://doi.org/10.3365/eml.2010.12.201
https://doi.org/10.1039/C5RA19469E
https://doi.org/10.1039/C5RA19469E
https://doi.org/10.1002/adfm.201001307
https://doi.org/10.1002/adfm.201001307

¢? CellPress

OPEN ACCESS

Li, H., Tang, X., Su, X., and Zhang, Q. (2008).
Preparation and thermoelectric properties of
high-performance Sb additional Ybg 2Co4Sb1z.,
bulk materials with nanostructure. Appl. Phys.
Lett. 92, 202114. https://doi.org/10.1063/1.
2936277.

Li, W., Zheng, L., Ge, B., Lin, S., Zhang, X., Chen,
Z.,Chang, Y., and Pei, Y. (2017). Promoting SnTe
as an eco-friendly solution for p-PbTe
thermoelectric via band convergence and
interstitial defects. Adv. Mater. 29, 1605887.
https://doi.org/10.1002/adma.201605887.

Li, X., Li, J., Liu, F., Ao, W., Li, H., and Pan, L.
(2013). Enhanced thermoelectric properties of
(PbTe)o.gs(PbS)o.12composites by Bi doping.

J. Alloys Compd. 547, 86-90. https://doi.org/10.
1016/j.jallcom.2012.08.041.

Li, X.Y., Chen, L.D., Fan, J.F., Zhang, W.B.,
Kawahara, T., and Hirai, T. (2005). Thermoelectric
properties of Te-doped CoSbsby spark plasma
sintering. J. Appl. Phys. 98, 083702. https://doi.
0rg/10.1063/1.2067704.

Li, Y., Liu, G., Qin, X, and Shan, F. (2016a).
Inhibition of minority transport for elevating the
thermoelectric figure of merit of CuO/BiSbTe
nanocomposites at high temperatures. RSC Adv.
6, 112050-112056. https://doi.org/10.1039/
C6RA24107G.

Li, Y.Y., Qin, X.Y., Li, D., Zhang, J., Li, C., Liu, Y.F.,
Song, C.J., Xin, H.X., and Guo, H.F. (201éb).
Enhanced thermoelectric performance of Cu,Se/
Big.4Sb1 ¢Tes nanocomposites at elevated
temperatures. Appl. Phys. Lett. 108, 062104.
https://doi.org/10.1063/1.4941757.

Li, Z.Y., Li,J.F., Zhao, W.Y., Tan, Q., Wei, T.R., Wu,
C.F., and Xing, Z.B. (2014). PbTe-based
thermoelectric nanocomposites with reduced
thermal conductivity by SiC nanodispersion.
Appl. Phyys. Lett. 104, 113905. https://doi.org/10.
1063/1.4869220.

Liang, D.D., Ge, Z.H., Li, H.Z,, Zhang, B.P., and Li,
F. (2017). Enhanced thermoelectric property in
superionic conductor Bi-doped Cu gS. J. Alloys
Compd. 708, 169-174. https://doi.org/10.1016/].
jallcom.2017.02.295.

Liang, T., Su, X, Yan, Y., Zheng, G., Zhang, Q.,
Chi, H., Tang, X., and Uher, C. (2014). Ultra-fast
synthesis and thermoelectric properties of Te
doped skutterudites. J. Mater. Chem. A. 2,
17914-17918. https://doi.org/10.1039/
C4TAQ02780A.

Lin, S., Li, W., Chen, Z, Shen, J., Ge, B., and Pei, Y.
(2016). Tellurium as a high-performance
elemental thermoelectric. Nat. Commun. 7,
10287. https://doi.org/10.1038/ncomms10287.

Liu, H., Shi, X., Xu, F., Zhang, L., Zhang, W., Chen,
L., Li, Q., Uher, C., Day, T., and Snyder, G.J.
(2012a). Copper ion liquid-like thermoelectrics.
Nat. Mater. 11, 422-425. https://doi.org/10.1038/
nmat3273.

Liu, W., Tan, X,, Yin, K., Liu, H., Tang, X., Shi, J.,
Zhang, Q., and Uher, C. (2012b). Convergence of
conduction bands as a means of enhancing
thermoelectric performance of n-type
MgzSit_«Sny solid solutions. Phys. Rev. Lett. 108,
166601. https://doi.org/10.1103/PhysRevLett.
108.166601.

18 iScience 24, 102934, September 24, 2021

Liu, W., Tang, X., Li, H., Yin, K, Sharp, J., Zhou, X.,
and Uher, C. (2012¢). Enhanced thermoelectric
properties of n-type Mgs.16(Sip.4Sno.e)1-,Sb, due
to nano-sized Sn-rich precipitates and an
optimized electron concentration. J. Mater.
Chem. 22, 13653. https://doi.org/10.1039/
c2jm31919%e.

Liu, H., Yuan, X., Ly, P., Shi, X., Xu, F., He, Y., Tang,
Y., Bai, S., Zhang, W., Chen, L., et al. (2013a).
Ultrahigh thermoelectric performance by
electron and phonon critical scattering in
Cu,Seq . Adv. Mater. 25, 6607-6612. https://
doi.org/10.1002/adma.201302640.

Liu, J., Wang, X., and Peng, L. (2013b). Effect of
annealing on thermoelectric properties of
eutectic PbTe—Sb,Tescomposite with self-
assembled lamellar structure. Intermetallics 47,
63-69. https://doi.org/10.1016/j.intermet.2013.
04.018.

Liu, W., Kim, H.S., Chen, S., Jie, Q., Lv, B., Yao, M.,
Ren, Z., Opeil, C.P., Wilson, S., Chu, CW., and
Ren, Z. (2015). n-type thermoelectric material
MgSng.75Geg 2sfor high power generation. Proc.
Natl. Acad. Sci. U S A 112, 3269-3274. https://doi.
org/10.1073/pnas.1424388112.

Liu, W.S., Zhang, B.P., Li, J.F., Zhang, H.L., and
Zhao, L.D. (2007a). Enhanced thermoelectric
properties in CoSbs_,Te, alloys prepared by
mechanical alloying and spark plasma sintering.
J. Appl. Phys. 102, 103717. https://doi.org/10.
1063/1.2815671.

Liu, W.S., Zhang, B.P., Li, J.F., and Zhao, L.D.
(2007b). Thermoelectric property of fine-grained
CoSbsskutterudite compound fabricated by
mechanical alloying and spark plasma sintering.
J. Phys. D: Appl. Phys. 40, 566. https://doi.org/10.
1088/0022-3727/40/2/035.

Liu, W.S., Zhang, B.P., Zhao, L.D., and Li, J.F.
(2008). Improvement of thermoelectric
performance of CoSbs_,Te, skutterudite
compounds by additional substitution of IVB-
group elements for Sb. Chem. Mater. 20, 7526
7531. https://doi.org/10.1021/cm8023671.

Liu, W.S., Zhang, Q,, Lan, Y., Chen, S., Yan, X,,
Zhang, Q., Wang, H., Wang, D., Chen, G., and
Ren, Z.(2011). Thermoelectric property studies on
Cu-doped n-type Cu,Bi;Te,7Seq3
nanocomposites. Adv. Energy Mater. 1, 577-587.
https://doi.org/10.1002/aenm.201100149.

Liu, X., Jin, D., and Liang, X. (2016). Enhanced
thermoelectric performance of n-type
transformable AgBiSe,polymorphs by indium
doping. Appl. Phys. Lett. 109, 133901. https://doi.
org/10.1063/1.4963779.

Lo, S.H., He, J., Biswas, K., Kanatzidis, M.G., and
Dravid, V.P. (2012). Phonon scattering and
thermal conductivity in p-type nanostructured
PbTe-BaTe Bulk thermoelectric materials. Adv.
Funct. Mater. 22, 5175-5184. https://doi.org/10.
1002/adfm.201201221.

Lu, P.X,, Qu, L.B., and Cheng, Q.H. (2013).
Enhancement of thermoelectric figure of merit in
binary-phased Lag 3Ceq 37Fe3CoS1,-PbTe
materials. J. Alloys Compd. 558, 50-55. https://
doi.org/10.1016/}.jallcom.2013.01.038.

Lukas, K.C., Liu, W.S., Ren, Z.F., and Opeil, C.P.
(2012). Transport properties of Ni, Co, Fe, Mn
doped Cug 01BizTez 7Seq sfor thermoelectric

iScience

device applications. J. Appl. Phys. 112, 054509.
https://doi.org/10.1063/1.4749806.

Luo, W., Yang, M., Chen, F., Shen, Q., Jiang, H.,
and Zhang, L. (2009). Fabrication and
thermoelectric properties of Mg,Si; _,Sn, solid
solutions by solid state reaction and spark plasma
sintering. Mater. Sci. Eng. B 157, 96-100. https://
doi.org/10.1016/j.mseb.2008.12.029.

Madsen, G.K., and Singh, D.J. (2006). BoltzTraP. A
code for calculating band-structure dependent
quantities. Comput. Phys. Commun. 175, 67-71.

Mallik, R.C. (2008). Transport properties of Sn-
filled and Te-doped CoSbjs skutterudites. Met.
Mater. Int. 14, 615-620. https://doi.org/10.3365/
met.mat.2008.10.615.

Mallik, R.C., Anbalagan, R., Rogl, G., Royanian, E.,
Heinrich, P., Bauer, E., Rogl, P., and Suwas, S.
(2013). Thermoelectric properties of
FegoCosgSbs_,Te, skutterudites. Acta Mater.
61, 6698-6711. https://doi.org/10.1016/].
actamat.2013.07.032.

Mars, K., lhou-Mouko, H., Pont, G., Tobola, J.,
and Scherrer, H. (2009). Thermoelectric
properties and electronic structure of Bi- and Ag-
doped Mg;Si;_,Ge, compounds. J. Electron.
Mater. 38, 1360-1364. https://doi.org/10.1007/
s11664-009-0735-1.

Mi, J.L., Zhao, X.B., Zhu, T.J., and Tu, J.P. (2007).
Improved thermoelectric figure of merit in n-type
CoSbsbased nanocomposites. Appl. Phys. Lett.
91, 172116. https://doi.org/10.1063/1.2803847.

Mi, J.L., Zhao, X.B., Zhu, T.J., and Tu, J.P. (2008).
Thermoelectric properties of Ybg 15C04Sb12
based nanocomposites with nCoSbzano-
inclusion. J. Phys. D Appl. Phys. 41, 205403.
https://doi.org/10.1088/0022-3727/41/20/
205403.

Min, G., Rowe, D.M., and Kontostavlakis, K.
(2004). Thermoelectric figure-of-merit under
large temperature differences. J. Phys. D Appl.
Phys. 37, 1301.

Min, Y., Roh, J.W., Yang, H., Park, M., Kim, S.I.,
Hwang, S., Lee, S.M., Lee, K.H., and Jeong, U.
(2013). Surfactant-free scalable synthesis of
Bi,Teszand nBi,Sezanoflakes and enhanced
thermoelectric properties of their
nanocomposites. Adv. Mater. 25, 1425-1429.
https://doi.org/10.1002/adma.201203764.

Mohanraman, R., Sankar, R., Chou, F.C,, Lee,
C.H., lizuka, Y., Muthuselvam, I.P., and Chen, Y.Y.
(2014). Influence of nanoscale Ag,Te precipitates
on the thermoelectric properties of the Sn doped
P-type AgSbTe, Compound. APL Mater. 2,
096114. https://doi.org/10.1063/1.4896435.

Moon, S.P., Ahn, Y.S., Kim, T.W., Choi, S.M., Park,
H.J., Kim, SW., and Lee, K.H. (2016). Tunable
thermoelectric transport properties of
Cuo.008Bi2Tez 7Seq avia control of the spark
plasma sintering conditions. J. Korean Phys. Soc.
69, 811-815. https://doi.org/10.3938/jkps.69.811.

Mudryk, Y., Rogl, P., Paul, C., Berger, S., Bauer, E.,
Hilscher, G., Godart, C., and Noél, H. (2002).
Thermoelectricity of clathrate | Si and Ge phases.
J. Phys. Condens. Matter 14, 7991. https://doi.
org/10.1088/0953-8984/14/34/318.


https://doi.org/10.1063/1.2936277
https://doi.org/10.1063/1.2936277
https://doi.org/10.1002/adma.201605887
https://doi.org/10.1016/j.jallcom.2012.08.041
https://doi.org/10.1016/j.jallcom.2012.08.041
https://doi.org/10.1063/1.2067704
https://doi.org/10.1063/1.2067704
https://doi.org/10.1039/C6RA24107G
https://doi.org/10.1039/C6RA24107G
https://doi.org/10.1063/1.4941757
https://doi.org/10.1063/1.4869220
https://doi.org/10.1063/1.4869220
https://doi.org/10.1016/j.jallcom.2017.02.295
https://doi.org/10.1016/j.jallcom.2017.02.295
https://doi.org/10.1039/C4TA02780A
https://doi.org/10.1039/C4TA02780A
https://doi.org/10.1038/ncomms10287
https://doi.org/10.1038/nmat3273
https://doi.org/10.1038/nmat3273
https://doi.org/10.1103/PhysRevLett.108.166601
https://doi.org/10.1103/PhysRevLett.108.166601
https://doi.org/10.1039/c2jm31919e
https://doi.org/10.1039/c2jm31919e
https://doi.org/10.1002/adma.201302660
https://doi.org/10.1002/adma.201302660
https://doi.org/10.1016/j.intermet.2013.04.018
https://doi.org/10.1016/j.intermet.2013.04.018
https://doi.org/10.1073/pnas.1424388112
https://doi.org/10.1073/pnas.1424388112
https://doi.org/10.1063/1.2815671
https://doi.org/10.1063/1.2815671
https://doi.org/10.1088/0022-3727/40/2/035
https://doi.org/10.1088/0022-3727/40/2/035
https://doi.org/10.1021/cm802367f
https://doi.org/10.1002/aenm.201100149
https://doi.org/10.1063/1.4963779
https://doi.org/10.1063/1.4963779
https://doi.org/10.1002/adfm.201201221
https://doi.org/10.1002/adfm.201201221
https://doi.org/10.1016/j.jallcom.2013.01.038
https://doi.org/10.1016/j.jallcom.2013.01.038
https://doi.org/10.1063/1.4749806
https://doi.org/10.1016/j.mseb.2008.12.029
https://doi.org/10.1016/j.mseb.2008.12.029
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref150
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref150
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref150
https://doi.org/10.3365/met.mat.2008.10.615
https://doi.org/10.3365/met.mat.2008.10.615
https://doi.org/10.1016/j.actamat.2013.07.032
https://doi.org/10.1016/j.actamat.2013.07.032
https://doi.org/10.1007/s11664-009-0735-1
https://doi.org/10.1007/s11664-009-0735-1
https://doi.org/10.1063/1.2803847
https://doi.org/10.1088/0022-3727/41/20/205403
https://doi.org/10.1088/0022-3727/41/20/205403
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref156
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref156
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref156
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref156
https://doi.org/10.1002/adma.201203764
https://doi.org/10.1063/1.4896435
https://doi.org/10.3938/jkps.69.811
https://doi.org/10.1088/0953-8984/14/34/318
https://doi.org/10.1088/0953-8984/14/34/318

iScience

Mun, H., Lee, K.H., Kim, S.J., Kim, J.Y., Lee, J.H.,
Lim, J.H., Park, HJ., Roh, JW., and Kim, S.W.
(2015). Fe-doping effect on thermoelectric
properties of p-type Big4gSb1 52 Tes. Materials 8,
959-965. https://doi.org/10.3390/ma8030959.

Noda, Y., Kon, H., Furukawa, Y., Nishida, I.A., and
Masumoto, K. (1992). Temperature dependence
of thermoelectric properties of Mg,Sio sGeg 4.
Mater. Trans. JIM 33, 851-855. https://doi.org/10.
2320/matertrans1989.33.851.

Ovsyannikov, S.V., Morozova, N.V., Korobeinikov,
I.V., Lukyanova, L.N., Manakov, A.Y., Likhacheva,
AY., Ancharov, A.l., Vokhmyanin, A.P., Berger,
I.F., Usov, O.A,, et al. (2015). Enhanced power
factor and high-pressure effects in
(Bi,Sb),(Te,Se)sthermoelectrics. Appl. Phys. Lett.
106, 143901. https://doi.org/10.1063/1.4916947.

Pan, Y., and Li, J.F. (2016). Thermoelectric
performance enhancement in n-type
Biy(TeSe)salloys owing to nanoscale
inhomogeneity combined with a spark plasma-
textured microstructure. NPG Asia Mater. 8, e275.
https://doi.org/10.1038/am.2016.67.

Park, K., Ahn, K., Cha, J., Lee, S., Chae, S.I., Cho,
S.P., Ryee, S., Im, J., Lee, J., Park, S.D., et al.
(2016). Extraordinary off-stoichiometric bismuth
telluride for enhanced n-type thermoelectric
power factor. J. Am. Chem. Soc. 138, 14458—
14468. https://doi.org/10.1021/jacs.6b09222.

Pei, Y., Bai, S., Zhao, X., Zhang, W., and Chen, L.
(2008). Thermoelectric properties of Eu,CosSb1
filled skutterudites. Solid State Sci. 10, 1422-1428.
https://doi.org/10.1016/j.solidstatesciences.
2008.01.016.

Pei, Y., Gibbs, Z.M., Gloskovskii, A., Balke, B.,
Zeier, W.G., and Snyder, G.J. (2014). Optimum
carrier concentration in n-type PbTe
thermoelectrics. Adv. Energy Mater. 4, 1400486.
https://doi.org/10.1002/aenm.201400486.

Pei, Y., Heinz, N.A., LaLonde, A., and Snyder, G.J.
(2011a). Combination of large nanostructures and
complex band structure for high performance
thermoelectric lead telluride. Energy Environ. Sci.
4, 3640-3645. https://doi.org/10.1039/
C1EE01928G.

Pei, Y., Heinz, N.A., and Snyder, G.J. (2011b).
Alloying to increase the band gap for improving
thermoelectric properties of Ag,Te. J. Mater.
Chem. 21, 18256-18260. https://doi.org/10.1039/
C1JM13888J.

Pei, Y., LaLonde, A, lwanaga, S., and Snyder, G.J.
(2011c). High thermoelectric figure of merit in
heavy hole dominated PbTe. Energy Environ. Sci.
4, 2085-2089. https://doi.org/10.1039/
COEEQ0456A.

Pei, Y., LaLonde, A.D., Heinz, N.A., Shi, X.,
lwanaga, S., Wang, H., Chen, L., and Snyder, G.J.
(2011d). Stabilizing the optimal carrier
concentration for high thermoelectric efficiency.
Adv. Mater. 23, 5674-5678. https://doi.org/10.
1002/adma.201103153.

Pei, Y., LaLonde, A.D., Wang, H., and Snyder, G.J.
(2012a). Low effective mass leading to high
thermoelectric performance. Energy Environ. Sci.
5, 7963-7969. https://doi.org/10.1039/
C2EE21536E.

Pei, Y., Lensch-Falk, J., Toberer, E.S., Medlin, D.L.,
and Snyder, G.J. (2011e). High thermoelectric
performance in PbTe due to large nanoscale
Ag,Te precipitates and La doping. Adv. Funct.
Mater. 21, 241-249. https://doi.org/10.1002/
adfm.201000878.

Pei, Y., May, A.F., and Snyder, G.J. (2011f). Self-
tuning the carrier concentration of PbTe/Ag,Te
composites with excess Ag for high
thermoelectric performance. Adv. Energy Mater.
1, 291-296. https://doi.org/10.1002/aenm.
201000072.

Pei, Y., Shi, X., LaLonde, A., Wang, H., Chen, L.,
and Snyder, G.J. (2011g). Convergence of
electronic bands for high performance bulk
thermoelectrics. Nature 473, 66-69. https://doi.
org/10.1038/nature09996.

Pei, Y., Wang, H., Gibbs, Z.M., LaLonde, A.D., and
Snyder, G.J. (2012b). Thermopower
enhancement in Pby_,Mn,Te alloys and its effect
on thermoelectric efficiency. NPG Asia Mater. 4,
e28. https://doi.org/10.1038/am.2012.52.

Pei, Y., Chang, C., Wang, Z., Yin, M., Wu, M., Tan,
G., Wuy, H., Chen, Y., Zheng, L., Gong, S., et al.
(2016a). Multiple converged conduction bands in
K2BigSe1s: a promising thermoelectric material
with extremely low thermal conductivity. J. Am.
Chem. Soc. 138, 16364-16371. https://doi.org/10.
1021/jacs.6b09568.

Pei, Y., Zheng, L., Li, W., Lin, S., Chen, Z., Wang,
Y., Xu, X., Yu, H., Chen, Y., and Ge, B. (2016b).
Interstitial point defect scattering contributing to
high thermoelectric performance in SnTe. Adv.
Electron. Mater. 2, 1600019. https://doi.org/10.
1002/aelm.201600019.

Perdew, J.P., Burke, K., and Ernzerhof, M. (1996).
Generalized gradient approximation made
simple. Phy. Rev. Lett. 77, 3865.

Ponnusamy, P., de Boor, J., and Miiller, E. (2020a).
Discrepancy between constant properties model
and temperature-dependent material properties
for performance estimation of thermoelectric
generators. Entropy 22, 1128.

Ponnusamy, P., de Boor, J., and Miller, E. (2020b).
Using the constant properties model for accurate
performance estimation of thermoelectric
generator elements. Appl. Energy 262, 114587.

Poudel, B., Hao, Q., Ma, Y., Lan, Y., Minnich, A.,

Yu, B., Yan, X., Wang, D., Muto, A., Vashaee, D.,
et al. (2008). High-thermoelectric performance of
nanostructured bismuth antimony telluride bulk

alloys. Science 320, 634-638. https://doi.org/10.

1126/science.1156446.

Poudeu, P.F.P., D'Angelo, J., Downey, A.D.,
Short, J.L., Hogan, T.P., and Kanatzidis, M.G.
(2006). High thermoelectric figure of merit and
nanostructuring in bulk p-type
Na;_Pby,Sb,Temo. Angew. Chem. 45, 3835
3839. https://doi.org/10.1002/anie.200600865.

Puneet, P., Podila, R., Karakaya, M., Zhu, S., He, J.,
Tritt, T.M., Dresselhaus, M.S., and Rao, A.M.
(2013). Preferential scattering by interfacial
charged defects for enhanced thermoelectric
performance in few-layered n-type Bi,Tes. Sci.
Rep. 3. https://doi.org/10.1038/srep03212.

Qiu, P.F,, Yang, J., Liu, R.H., Shi, X,, Huang, X.Y.,
Snyder, G.J., Zhang, W., and Chen, L.D. (2011).

¢? CellPress

OPEN ACCESS

High-temperature electrical and thermal
transport properties of fully filled skutterudites
RFesSb1, (R = Ca, Sr, Ba, La, Ce, Pr, Nd, Eu, and
Yb). J. Appl. Phys. 109, 063713. https://doi.org/
10.1063/1.3553842.

Rawat, P.K., Paul, B., and Banerji, P. (2013).
Thermoelectric properties of PbSeq sTeg s:(Pbly)
with endotaxial nanostructures: a promising n-
type thermoelectric material. Nanotechnology
24, 215401. https://doi.org/10.1088/0957-4484/
24/21/215401.

Rhyee, J.S., Lee, K.H., Lee, S.M., Cho, E., Kim, S.I.,
Lee, E., Kwon, Y.S., Shim, J.H., and Kotliar, G.
(2009). Peierls distortion as a route to high
thermoelectric performance in InsSes_; crystals.
Nature 459, 965-968. https://doi.org/10.1038/
nature08088.

Rogl, G., Grytsiv, A., Bauer, E., Rogl, P., and
Zehetbauer, M. (2010). Thermoelectric properties
of novel skutterudites with didymium:
DD,(Feq_.Co,)4Sb1, and DD(Feq_.Ni,JaSb1o.
Intermetallics 18, 57-64. https://doi.org/10.1016/
j.intermet.2009.06.005.

Rogl, G., Grytsiv, A., Heinrich, P., Bauer, E.,
Kumar, P., Peranio, N., Eibl, O., Horky, J.,
Zehetbauer, M., and Rogl, P. (2015). New bulk p-
type skutterudites DDg 7Fe; 7C0q 3Sb1_ X, (X =
Ge, Sn) reaching ZT>1.3. Acta Mater. 91, 227-238.
https://doi.org/10.1016/j.actamat.2015.03.008.

Rogl, G., Grytsiv, A., Rogl, P., Bauer, E., and
Zehetbauer, M. (2011). A new generation of p-
type didymium skutterudites with high ZT.
Intermetallics 19, 546-555. https://doi.org/10.
1016/].intermet.2010.12.001.

Rogl, G., Grytsiv, A., Rogl, P., Peranio, N., Bauer,
E., Zehetbauer, M., and Eibl, O. (2014). n-type
skutterudites (R,Ba,Yb),CosSb1z (R = Sr, La, Mm,
DD, SrMm, SrDD) approaching ZT=2.0. Acta
Mater. 63, 30-43. https://doi.org/10.1016/].
actamat.2013.09.039.

Rowe, D.M. (2005). Thermoelectrics Handbook:
Macro to Nano (CRC press).

Ryu, B., Chung, J., Choi, E.A., Kim, B.S., and Park,
S.D. (2017). Thermoelectric power factor of Bi-Sb-
Te and Bi-Te-Se alloys and doping strategy: first-
principles study. J. Alloys Compd. 727, 1067-
1075.

Ryu, B., Chung, J., Choi, E.A., Ziolkowski, P.,
Miiller, E., and Park, S. (2020). Counterintuitive
example on relation between ZT and
thermoelectric efficiency. App. Phys. Lett. 176,
193903.

Ryu, B., and Oh, M.W. (2016). Computational
simulations of thermoelectric transport
properties. J. Korean Ceram. Soc. 53, 273-281.

Sales, B.C., Mandrus, D., and Williams, R.K.
(1996). Filled skutterudite antimonides: a new
class of thermoelectric materials. Science 272,
1325-1328. https://doi.org/10.1126/science.272.
5266.1325.

Salvador, J.R., Yang, J., Shi, X., Wang, H., and
Wereszczak, A. (2009). Transport and mechanical
property evaluation of (AgSbTe);_, (GeTe),
(x=0.80, 0.82, 0.85, 0.87, 0.90). J. Solid State
Chem. 182, 2088-2095. https://doi.org/10.1016/].
js5¢.2009.05.024.

iScience 24, 102934, September 24, 2021 19


https://doi.org/10.3390/ma8030959
https://doi.org/10.2320/matertrans1989.33.851
https://doi.org/10.2320/matertrans1989.33.851
https://doi.org/10.1063/1.4916947
https://doi.org/10.1038/am.2016.67
https://doi.org/10.1021/jacs.6b09222
https://doi.org/10.1016/j.solidstatesciences.2008.01.016
https://doi.org/10.1016/j.solidstatesciences.2008.01.016
https://doi.org/10.1002/aenm.201400486
https://doi.org/10.1039/C1EE01928G
https://doi.org/10.1039/C1EE01928G
https://doi.org/10.1039/C1JM13888J
https://doi.org/10.1039/C1JM13888J
https://doi.org/10.1039/C0EE00456A
https://doi.org/10.1039/C0EE00456A
https://doi.org/10.1002/adma.201103153
https://doi.org/10.1002/adma.201103153
https://doi.org/10.1039/C2EE21536E
https://doi.org/10.1039/C2EE21536E
https://doi.org/10.1002/adfm.201000878
https://doi.org/10.1002/adfm.201000878
https://doi.org/10.1002/aenm.201000072
https://doi.org/10.1002/aenm.201000072
https://doi.org/10.1038/nature09996
https://doi.org/10.1038/nature09996
https://doi.org/10.1038/am.2012.52
https://doi.org/10.1021/jacs.6b09568
https://doi.org/10.1021/jacs.6b09568
https://doi.org/10.1002/aelm.201600019
https://doi.org/10.1002/aelm.201600019
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref179
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref179
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref179
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref180
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref180
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref180
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref180
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref180
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref181
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref181
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref181
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref181
https://doi.org/10.1126/science.1156446
https://doi.org/10.1126/science.1156446
https://doi.org/10.1002/anie.200600865
https://doi.org/10.1038/srep03212
https://doi.org/10.1063/1.3553842
https://doi.org/10.1063/1.3553842
https://doi.org/10.1088/0957-4484/24/21/215401
https://doi.org/10.1088/0957-4484/24/21/215401
https://doi.org/10.1038/nature08088
https://doi.org/10.1038/nature08088
https://doi.org/10.1016/j.intermet.2009.06.005
https://doi.org/10.1016/j.intermet.2009.06.005
https://doi.org/10.1016/j.actamat.2015.03.008
https://doi.org/10.1016/j.intermet.2010.12.001
https://doi.org/10.1016/j.intermet.2010.12.001
https://doi.org/10.1016/j.actamat.2013.09.039
https://doi.org/10.1016/j.actamat.2013.09.039
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref192
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref192
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref193
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref193
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref193
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref193
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref193
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref194
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref194
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref194
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref194
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref194
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref195
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref195
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref195
https://doi.org/10.1126/science.272.5266.1325
https://doi.org/10.1126/science.272.5266.1325
https://doi.org/10.1016/j.jssc.2009.05.024
https://doi.org/10.1016/j.jssc.2009.05.024

¢? CellPress

OPEN ACCESS

Scheele, M., Oeschler, N., Veremchuk, ., Peters,
S.0., Littig, A., Kornowski, A., Klinke, C., and
Weller, H. (2011). Thermoelectric properties of
lead chalcogenide core shell nanostructures. ACS
Nano 5, 8541-8551. https://doi.org/10.1021/
nn2017183.

Schréder, T., Rosenthal, T., Giesbrecht, N., Maier,
S., Scheidt, E.W., Scherer, W., Snyder, G.J.,
Schnick, W., and Oeckler, O. (2014a). TAGS-
related indium compounds and their
thermoelectric properties—the solid solution
series (GeTe),Agln,Sby_,Te, (x=1-2; y=0.5and
1). J. Mater. Chem. A. 2, 6384-6395. https://doi.
org/10.1039/C4TA00072B.

Schréder, T., Rosenthal, T., Giesbrecht, N.,
Nentwig, M., Maier, S., Wang, H., Snyder, G.J.,
and Oeckler, O. (2014b). Nanostructures in Te/
Sb/Ge/Ag (TAGS) thermoelectric materials
induced by phase transitions associated with
vacancy ordering. Inorg. Chem. 53, 7722-7729.
https://doi.org/10.1021/ic5010243.

Seo, S., Jeong, Y., Oh, M\W., and Yoo, B. (2017).
Effect of hydrogen annealing of ball-milled
Bio.sSb1 sTes powders on thermoelectric
properties. J. Alloys Compd. 706, 576-583.
https://doi.org/10.1016/j.jallcom.2017.02.181.

Sharp, J.W. (2003). Some properties of GeTe-
based thermoelectric alloys. In Thermoelectrics,
2003 Twenty-Second International Conference
On-ICT (IEEE), pp. 267-270. https://doi.org/10.
1109/1CT.2003.1287500.

Sherman, B., Heikes, R., and Ure, R., Jr. (1960).
Calculation of efficiency of thermoelectric
devices. J. Appl. Phys. 31, 1-16.

Shi, X., Kong, H., Li, C.P., Uher, C., Yang, J.,
Salvador, J.R., Wang, H., Chen, L., and Zhang, W.
(2008). Low thermal conductivity and high
thermoelectric figure of merit in n-type
Ba,Yb,Co,Sb1, double-filled skutterudites. Appl.
Phys. Lett. 92, 182101. https://doi.org/10.1063/1.
2920210.

Shi, X., Yang, J., Salvador, J.R., Chi, M., Cho, J.Y.,
Wang, H., Bai, S., Yang, J., Zhang, W., and Chen,
L. (2011). Multiple-filled skutterudites: high
thermoelectric figure of merit through separately
optimizing electrical and thermal transports.

J. Am. Chem. Soc. 133, 7837-7846. https://doi.
0rg/10.1021/ja11119%y.

Shin, H.S., Jeon, S.G., Yu, J., Kim, Y.S., Park, H.M.,
and Song, J.Y. (2014). Twin-driven thermoelectric
figure-of-merit enhancement of Bi,Tes
nanowires. Nanoscale 6, 6158. https://doi.org/10.
1039/c4nr00191e.

Snyder, G.J., and Snyder, A.H. (2017). Figure of
merit ZT of a thermoelectric device defined from
materials properties. Energy Environ. Sci. 10,
2280-2283.

Snyder, G.J., and Toberer, E.S. (2008). Complex
thermoelectric materials. Nat. Mater. 7, 105-114.

Son, J.H., Oh, M\W.,, Kim, B.S., Park, S.D., Min,
B.K., Kim, M.H., and Lee, H.W. (2013). Effect of
ball milling time on the thermoelectric properties
of p-type (Bi,Sb),Tes. J. Alloys Compd. 566,
168-174.

Son, J.S., Choi, M.K,, Han, M.K,, Park, K., Kim, J.Y.,

Lim, S.J., Oh, M., Kuk, Y., Park, C., Kim, S.J., and
Hyeon, T. (2012). n-type nanostructured

20 iScience 24, 102934, September 24, 2021

thermoelectric materials prepared from
chemically synthesized ultrathin Bi,Tes
nanoplates. Nano Lett. 12, 640-647. https://doi.
org/10.1021/n1203389x.

Soni, A., Yanyuan, Z., Ligen, Y., Aik, M.K.K.,
Dresselhaus, M.S., and Xiong, Q. (2012).
Enhanced thermoelectric properties of solution
grown Bi,Te;_,Se, nanoplatelet composites.
Nano Lett. 12, 1203-1209. https://doi.org/10.
1021/n12034859.

Stiewe, C., Bertini, L., Toprak, M., Christensen, M.,
Platzek, D., Williams, S., Gatti, C., Miller, E.,
Iversen, B.B., Muhammed, M., and Rowe, M.
(2005). Nanostructured Cos_,Ni(Sby_,Te,)s
skutterudites: theoretical modeling, synthesis
and thermoelectric properties. J. Appl. Phys. 97,
044317. https://doi.org/10.1063/1.1852072.

Su, X., Li, H., Wang, G., Chi, H., Zhou, X., Tang, X.,
Zhang, Q., and Uher, C. (2011). Structure and
transport properties of double-doped

CoSb; 75Gegos_Te, (x = 0.125-0.20) with in situ
nanostructure. Chem. Mater. 23, 2948-2955.
https://doi.org/10.1021/cm200560s.

Sumithra, S., Takas, N.J., Misra, D.K., Nolting,
W.M., Poudeu, P., and Stokes, K.L. (2011).
Enhancement in thermoelectric figure of merit in
nanostructured Bi,Teswith semimetal
nanoinclusions. Adv. Energy Mater. 1, 1141-1147.
https://doi.org/10.1002/aenm.201100338.

Sunderland, J.E., and Burak, N.T. (1964). The
influence of the Thomson effect on the
performance of a thermoelectric power
generator. Solid-state Electron. 7, 465-471.

Suzuki, Y., and Nakamura, H. (2015). A supercell
approach to the doping effect on the
thermoelectric properties of SnSe. Phys. Chem.
Chem. Phys. 17, 29647-29654. https://doi.org/10.
1039/C5CP05151G.

Tan, G., Shi, F., Hao, S., Chi, H., Bailey, T.P., Zhao,
L.D., Uher, C., Wolverton, C., Dravid, V.P., and
Kanatzidis, M.G. (2015a). Valence band
modification and high thermoelectric
performance in SnTe heavily alloyed with MnTe.
J. Am. Chem. Soc. 137, 11507-11516. https://doi.
org/10.1021/jacs.5b07284.

Tan, G., Shi, F., Hao, S., Chi, H., Zhao, L.D., Uher,
C., Wolverton, C., Dravid, V.P., and Kanatzidis,
M.G. (2015b). Codoping in SnTe: enhancement of
thermoelectric performance through synergy of
resonance levels and band convergence. J. Am.
Chem. Soc. 137, 5100-5112. https://doi.org/10.
1021/jacs.5b00837.

Tan, G., Zhao, L.D., Shi, F., Doak, JW., Lo, S.H.,
Sun, H., Wolverton, C., Dravid, V.P., Uher, C., and
Kanatzidis, M.G. (2014). High thermoelectric
performance of p-type SnTe via a synergistic
band engineering and nanostructuring approach.
J. Am. Chem. Soc. 136, 7006-7017. https://doi.
0rg/10.1021/ja500840m.

Tang, G., Wei, W., Zhang, J., Li, Y., Wang, X., Xu,
G., Chang, C., Wang, Z., Du, Y., and Zhao, L.D.
(2016). Realizing high figure of merit in phase-
separated polycrystalline Snq_,Pb,Se. J. Am.
Chem. Soc. 138, 13647-13654. https://doi.org/10.
1021/jacs.6b07010.

Tang, J., Wang, H.T., Lee, D.H., Fardy, M., Huo,
Z.,Russell, T.P., and Yang, P. (2010). Holey silicon
as an efficient thermoelectric material. Nano Lett.

iScience

10, 4279-4283. https://doi.org/10.1021/
nl102931z.

Tang, X., Li, P, Deng, S., and Zhang, Q. (2008).
High temperature thermoelectric transport
properties of double-atom-filled clathrate
compounds Yb,Bag_,Ga14Geso. J. App. Phy. 104,
013706. https://doi.org/10.1063/1.2951888.

Tang, X., Xie, W., Li, H., Zhao, W., Zhang, Q., and
Niino, M. (2007). Preparation and thermoelectric
transport properties of high-performance p-type
Bi,Teswith layered nanostructure. Appl. Phys.
Lett. 90,012102. https://doi.org/10.1063/1.
2425007.

Tang, X.F., Chen, L.D., Goto, T., Hirai, T., and
Yuan, R.Z. (2001). Synthesis and thermoelectric
properties of filled skutterudite compounds
Ce,Fe,Co4_,Sb1, by solid state reaction.

J. Mater. Sci. 36, 5435-5439. https://doi.org/10.
1023/A:1012473428845.

Tani, J.i.,, and Kido, H. (2005). Thermoelectric
properties of Bi-doped Mg,Si semiconductors.
Phys. B: Condens. Matter. 364, 218-224. https://
doi.org/10.1016/j.physb.2005.04.017.

Tani, J.i., and Kido, H. (2007a). Thermoelectric
properties of P-doped Mg,Si semicouctors. Jpn.
J. Appl. Phys. 46, 3309-3314. https://doi.org/10.
1143/JJAP.46.3309.

Tani, J.i., and Kido, H. (2007b). Thermoelectric
properties of Sb-doped Mg,Si semiconductors.
Intermetallics 15, 1202-1207. https://doi.org/10.
1016/].intermet.2007.02.009.

Toberer, E.S., Cox, C.A., Brown, S.R,, lkeda, T.,
May, A.F., Kauzlarich, S.M., and Snyder, G.J.
(2008). Traversing the metal-insulator transition in
a Zintl phase: rational enhancement of
thermoelectric efficiency in Ybq4Mnq_,Al,Sbq4.
Adv. Funct. Mater. 18, 2795-2800. https://doi.
org/10.1002/adfm.200800298.

Togo, A., Chaput, L., and Tanaka, I. (2015).
Distributions of phonon lifetimes in brillouin
zones. Phys. Rev. B 91,094306. https://doi.org/10.
1103/PhysRevB.91.094306.

Wang, H., Li, J.F., Zou, M., and Sui, T. (2008a).
Synthesis and transport property of AgSbTe; as a
promising thermoelectric compound. Appl.Phys.
Lett. 93, 202106. https://doi.org/10.1063/1.
3029774.

Wang, X.W., Lee, H., Lan, Y.C., Zhu, G.H., Joshi,
G., Wang, D.Z,, Yang, J., Muto, AJ., Tang, M.Y.,
Klatsky, J., et al. (2008b). Enhanced
thermoelectric figure of merit in nanostructured
n-type silicon germanium bulk alloy. Appl. Phys.
Lett. 93, 193121. https://doi.org/10.1063/1.
3027060.

Wang, H., Bahk, J.H., Kang, C., Hwang, J., Kim, K.,
Shakouri, A., and Kim, W. (2013a). Large
enhancement in the thermoelectric properties of
Pbo.gsNag o2 Teby optimizing the synthesis
conditions. J. Mater. Chem. A 1, 11269. https://
doi.org/10.1039/c3ta11825h.

Wang, S., Li, H., Lu, R., Zheng, G., and Tang, X.
(2013b). Metal nanoparticle decorated n-type
Bi,Tes-based materials with enhanced
thermoelectric performances. Nanotechnology
24, 285702. https://doi.org/10.1088/0957-4484/
24/28/285702.


https://doi.org/10.1021/nn2017183
https://doi.org/10.1021/nn2017183
https://doi.org/10.1039/C4TA00072B
https://doi.org/10.1039/C4TA00072B
https://doi.org/10.1021/ic5010243
https://doi.org/10.1016/j.jallcom.2017.02.181
https://doi.org/10.1109/ICT.2003.1287500
https://doi.org/10.1109/ICT.2003.1287500
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref203
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref203
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref203
https://doi.org/10.1063/1.2920210
https://doi.org/10.1063/1.2920210
https://doi.org/10.1021/ja111199y
https://doi.org/10.1021/ja111199y
https://doi.org/10.1039/c4nr00191e
https://doi.org/10.1039/c4nr00191e
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref207
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref207
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref207
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref207
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref208
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref208
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref209
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref209
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref209
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref209
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref209
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref209
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref209
https://doi.org/10.1021/nl203389x
https://doi.org/10.1021/nl203389x
https://doi.org/10.1021/nl2034859
https://doi.org/10.1021/nl2034859
https://doi.org/10.1063/1.1852072
https://doi.org/10.1021/cm200560s
https://doi.org/10.1002/aenm.201100338
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref215
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref215
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref215
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref215
https://doi.org/10.1039/C5CP05151G
https://doi.org/10.1039/C5CP05151G
https://doi.org/10.1021/jacs.5b07284
https://doi.org/10.1021/jacs.5b07284
https://doi.org/10.1021/jacs.5b00837
https://doi.org/10.1021/jacs.5b00837
https://doi.org/10.1021/ja500860m
https://doi.org/10.1021/ja500860m
https://doi.org/10.1021/jacs.6b07010
https://doi.org/10.1021/jacs.6b07010
https://doi.org/10.1021/nl102931z
https://doi.org/10.1021/nl102931z
https://doi.org/10.1063/1.2951888
https://doi.org/10.1063/1.2425007
https://doi.org/10.1063/1.2425007
https://doi.org/10.1023/A:1012473428845
https://doi.org/10.1023/A:1012473428845
https://doi.org/10.1016/j.physb.2005.04.017
https://doi.org/10.1016/j.physb.2005.04.017
https://doi.org/10.1143/JJAP.46.3309
https://doi.org/10.1143/JJAP.46.3309
https://doi.org/10.1016/j.intermet.2007.02.009
https://doi.org/10.1016/j.intermet.2007.02.009
https://doi.org/10.1002/adfm.200800298
https://doi.org/10.1002/adfm.200800298
https://doi.org/10.1103/PhysRevB.91.094306
https://doi.org/10.1103/PhysRevB.91.094306
https://doi.org/10.1063/1.3029774
https://doi.org/10.1063/1.3029774
https://doi.org/10.1063/1.3027060
https://doi.org/10.1063/1.3027060
https://doi.org/10.1039/c3ta11825h
https://doi.org/10.1039/c3ta11825h
https://doi.org/10.1088/0957-4484/24/28/285702
https://doi.org/10.1088/0957-4484/24/28/285702

iScience

Wang, H., Bahk, J.H., Kang, C., Hwang, J., Kim, K.,
Kim, J., Burke, P., Bowers, J.E., Gossard, A.C,,
Shakouri, A., and others. (2014a). Right sizes of
nano-and microstructures for high-performance
and rigid bulk thermoelectrics. Proc. Natl. Acad.
Sci. US A 111, 10949-10954. https://doi.org/10.
1073/pnas.1403601111.

Wang, H., Gibbs, Z.M., Takagiwa, Y., and Snyder,
G.J. (2014b). Tuning bands of PbSe for better
thermoelectric efficiency. Energy Environ. Sci. 7,
804-811. https://doi.org/10.1039/C3EE43438A.

Wang, S., Sun, Y., Yang, J., Duan, B., Wu, L.,
Zhang, W., and Yang, J. (2016). High
thermoelectric performance in Te-free (Bi,Sb),Ses
via structural transition induced band
convergence and chemical bond softening.
Energy Environ. Sci. 9, 3436-3447. https://doi.
org/10.1039/C6EEQ02674E.

Wang, X., Guo, K., Veremchuk, I., Burkhardt, U.,
Feng, X., Grin, J., and Zhao, J. (2015).
Thermoelectric properties of Eu- and Na-
substituted SnTe. J. Rare Earths 33, 1175-1181.
https://doi.org/10.1016/51002-0721(14)60543-3.

Wee, D. (2011). Analysis of thermoelectric energy
conversion efficiency with linear and nonlinear
temperature dependence in material properties.
Energy Convers. Manag. 52, 3383-33%0.

Wei, P., Yang, J., Guo, L., Wang, S., Wu, L., Xu, X.,
Zhao, W., Zhang, Q., Zhang, W., Dresselhaus,
M.S., and Yang, J. (2016). Minimum thermal
conductivity in weak topological insulators with
bismuth-based stack structure. Adv. Funct.
Mater. 26, 5360-5367. https://doi.org/10.1002/
adfm.201600718.

Williams, J.B., Lara-Curzio, E., Cakmak, E.,
Watkins, T., and Morelli, D.T. (2015). Enhanced
thermoelectric performance driven by high-
temperature phase transition in the phase
change material Ge,SbTes. J. Mater. Res.
Firstview, 1-6. https://doi.org/10.1557/jmr.2015.
124,

Wu, F., Song, H., Jia, J., Gao, F., Zhang, Y., and
Hu, X. (2013). Thermoelectric properties of Ce-
doped n-type Ce,Bi,_,Tes7Se03
nanocomposites. Phys. Status Solidi A. 270, 1183-
1189. https://doi.org/10.1002/pssa.201228589.

Wu, D., Zhao, L.D., Hao, S., Jiang, Q., Zheng, F.,
Doak, J.W., Wu, H., Chi, H., Gelbstein, Y., Uher,
C., et al. (2014a). Origin of the high performance
in GeTe-based thermoelectric materials upon
Bi,Tes doping. J. Am. Chem. Soc. 136, 11412—
11419. https://doi.org/10.1021/ja5048%6a.

Wu, H., Carrete, J., Zhang, Z., Qu, Y., Shen, X.,
Wang, Z., Zhao, L.D., and He, J. (2014b). Strong
enhancement of phonon scattering through
nanoscale grains in lead sulfide thermoelectrics.
NPG Asia Mater. 6, e108. https://doi.org/10.
1038/am.2014.39.

Wu, HJ., Zhao, L.D., Zheng, F.S., Wu, D., Pei, Y.L.,
Tong, X., Kanatzidis, M.G., and He, J.Q. (2014c).
Broad temperature plateau for thermoelectric
figure of merit ZT>2 in phase-separated
PbTep7S0.3. Nat. Commun. 5, 4515.

Wu, D., Zhao, L.D., Tong, X., Li, W., Wy, L., Tan,
Q., Pei, Y., Huang, L., Li, J.F., Zhu, Y., et al. (2015a).
Superior thermoelectric performance in PbTe-
PbS pseudo-binary: extremely low thermal
conductivity and modulated carrier. Energy

Environ. Sci. 8, 2056. https://doi.org/10.1039/
C5EE01147G.

Wu, HJ., Lan, T.W., Chen, SW., Chen, Y.Y., Day,
T., and Snyder, G.J. (2015b). State of the art
Agso-xSb,Seso_,Te, alloys: their high z Tvalues,
microstructures and related phase equilibria.
Acta Mater. 93, 38-45. https://doi.org/10.1016/j.
actamat.2015.04.011.

Xiao, Y., Chen, G., Qin, H., Wu, M., Xiao, Z., Jiang,
J., Xy, J., Jiang, H., and Xu, G. (2014). Enhanced
thermoelectric figure of merit in p-type
Bio.4sSb1 52 Tes alloy with WSe; addition. J. Mater.
Chem. A 2, 8512-8516. https://doi.org/10.1039/
C4TAO1554A.

Xie, D., Xu, J., Liu, Z., Liu, G., Shao, H., Tan, X.,
Jiang, H., and Jiang, J. (2017). Stabilization of
thermoelectric properties of the Cu/

Bio.4sSb1 52Te; composite for advantageous
power generation. J. Electron. Mater. 46, 2746~
2751. https://doi.org/10.1007/s11664-016-4953-
Z.

Xiong, Z., Chen, X., Huang, X., Bai, S., and Chen,
L. (2010). High thermoelectric performance of
Ybo.26C04Sb1,/yGaSb nanocomposites
originating from scattering electrons of low
energy. Acta Mater. 58, 3995-4002. https://doi.
org/10.1016/j.actamat.2010.03.025.

Xu, B., Agne, M.T., Feng, T., Chasapis, T.C., Ruan,
X., Zhou, Y., Zheng, H., Bahk, J.H., Kanatzidis,
M.G., Snyder, G.J., and W, Y. (2017).
Nanocomposites from solution-synthesized
PbTe-BiSbTe nanoheterostructure with unity
figure of merit at low-medium temperatures (500-
600 K). Adv. Mater. 29, 1605140. https://doi.org/
10.1002/adma.201605140.

Xu, C., Duan, B., Ding, S., Zhai, P., and Zhang, Q.
(2014). Thermoelectric properties of skutterudites
Coy_xNi,Sb119-,Te,Seq 1. J. Electron. Mater. 43,
2224-2228. https://doi.org/10.1007/s11664-014-
3016-6.

Yamanaka, S., Kobayashi, H., and Kurosaki, K.
(2003a). Thermoelectric properties of layered rare
earth copper oxides. J. Alloys Compd. 349,
321-324. https://doi.org/10.1016/50925-8388(02)
00917-9.

Yamanaka, S., Kosuga, A., and Kurosaki, K.
(2003b). Thermoelectric properties of TloBiTes.
J. Alloys Compd. 352, 275-278. https://doi.org/
10.1016/50925-8388(02)01114-3.

Yamini, S.A., Mitchell, D.R.G., Gibbs, ZM.,
Santos, R., Patterson, V., Li, S., Pei, Y.Z., Dou, S.X.,
and Jeffrey Snyder, G. (2015). Heterogeneous
distribution of sodium for high thermoelectric
performance of p-type multiphase lead-
chalcogenides. Adv. Energy Mater. 5, 1501047.
https://doi.org/10.1002/aenm.201501047.

Yan, X., Poudel, B., Ma, Y., Liu, W.S., Joshi, G,
Wang, H., Lan, Y., Wang, D., Chen, G., and Ren,
Z.F. (2010). Experimental studies on anisotropic
thermoelectric properties and structures of n-
type BiyTez7Seq 3. Nano Lett. 10, 3373-3378.
https://doi.org/10.1021/nl101156v.

Yang, H., Bahk, J.H., Day, TW., Mohammed, A.,
Snyder, G.J., Shakouri, A., and Wu, Y. (2015).
Enhanced thermoelectric properties in bulk
nanowire heterostructure-based
nanocomposites through minority carrier

¢? CellPress

OPEN ACCESS

blocking. Nano Lett. 15, 1349. https://doi.org/10.
1021/n1504624r.

Yang, K., Cheng, H., Hng, H., Ma, J., Mi, J., Zhao,
X., Zhu, T., and Zhang, Y. (2009a). Synthesis and
thermoelectric properties of double-filled
skutterudites Ce,Ybg s_,Feq 5Co, 5Sb1. J. Alloys
Compd. 467, 528-532. https://doi.org/10.1016/].
jallcom.2007.12.065.

Yang, M.J., Luo, W.J., Shen, Q., Jiang, H.Y., and
Zhang, L.M. (2009b). Preparation and
thermoelectric properties of Bi-doped Mg,Si
nanocomposites. Adv. Mater. Res. 66, 17-20.
https://doi.org/10.4028/www.scientific.net/AMR.
66.17.

Yang, S.H., Zhu, T.J., Sun, T., He, J., Zhang, S.N.,
and Zhao, X.B. (2008). Nanostructures in high-
performance (GeTe),(AgSbTes) 100 x
thermoelectric materials. Nanotechnology 19,
245707. https://doi.org/10.1088/0957-4484/19/
24/245707.

Yang, S.H., Zhu, T.J., Zhang, S.N., Shen, J.J., and
Zhao, X.B. (2010). Natural microstructure and
thermoelectric performance of
(GeTe)go(Ag,Sb,_,Tes_,)o0. J. Electron. Mater. 39,
2127-2131. https://doi.org/10.1007/s11664-009-
0993-y.

Yelgel, O.C., and Srivastava, G.P. (2012).
Thermoelectric properties of n-type
Bix(Tep.gsSeo.15)3 single crystals doped with CuBr
and Sbls. Phys. Rev. B 85, 125207. https://doi.org/
10.1103/PhysRevB.85.125207.

Yin, K., Su, X., Yan, Y., You, Y., Zhang, Q., Uher, C.,
Kanatzidis, M.G., and Tang, X. (2016).
Optimization of the electronic band structure and
the lattice thermal conductivity of solid solutions
according to simple calculations: a canonical
example of the Mg,Si;__,Ge,Sn, ternary solid
solution. Chem. Mater. 28, 5538-5548. https://
doi.org/10.1021/acs.chemmater.6b02308.

Yu, B., Liu, W., Chen, S., Wang, H., Wang, H.,
Chen, G., and Ren, Z. (2012). Thermoelectric
properties of copper selenide with ordered
selenium layer and disordered copper layer.
Nano Energy 1, 472-478. https://doi.org/10.
1016/j.nancen.2012.02.010.

Yu, C., Zhang, X., Leng, M., Shaga, A., Liu, D.,
Chen, F., and Wang, C. (2013). Preparation and
thermoelectric properties of inhomogeneous
bismuth telluride alloyed nanorods. J. Alloys
Compd. 570, 86-93. https://doi.org/10.1016/).
jallcom.2013.03.167.

Yu, C., Zhu, T.J., Shi, R.Z,, Zhang, Y., Zhao, X.B.,
and He, J. (2009). High-performance half-Heusler
thermoelectric materials Hf; _,Zr,NiSn;_,Sb,,
prepared by levitation melting and spark plasma
sintering. Acta Mater. 57, 2757-2764. https://doi.
org/10.1016/j.actamat.2009.02.026.

Zebarjadi, M., Joshi, G., Zhu, G., Yu, B., Minnich,
A. Lan,Y.,Wang, X., Dresselhaus, M., Ren, Z., and
Chen, G. (2011). Power factor enhancement by
modulation doping in bulk nanocomposites.
Nano Lett. 11, 2225-2230. https://doi.org/10.
1021/n1201206d.

Zhang, Q., He, J., Zhao, X.B., Zhang, S.N., Zhu,
T.J.,Yin, H., and Tritt, T.M. (2008a). In situ
synthesis and thermoelectric properties of La-
doped Mgy(Si,Sn) composites. J. Phys. D: Appl.

iScience 24, 102934, September 24, 2021 21


https://doi.org/10.1073/pnas.1403601111
https://doi.org/10.1073/pnas.1403601111
https://doi.org/10.1039/C3EE43438A
https://doi.org/10.1039/C6EE02674E
https://doi.org/10.1039/C6EE02674E
https://doi.org/10.1016/S1002-0721(14)60543-3
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref238
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref238
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref238
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref238
https://doi.org/10.1002/adfm.201600718
https://doi.org/10.1002/adfm.201600718
https://doi.org/10.1557/jmr.2015.124
https://doi.org/10.1557/jmr.2015.124
https://doi.org/10.1002/pssa.201228589
https://doi.org/10.1021/ja504896a
https://doi.org/10.1038/am.2014.39
https://doi.org/10.1038/am.2014.39
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref244
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref244
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref244
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref244
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref244
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref244
http://refhub.elsevier.com/S2589-0042(21)00902-0/sref244
https://doi.org/10.1039/C5EE01147G
https://doi.org/10.1039/C5EE01147G
https://doi.org/10.1016/j.actamat.2015.04.011
https://doi.org/10.1016/j.actamat.2015.04.011
https://doi.org/10.1039/C4TA01554A
https://doi.org/10.1039/C4TA01554A
https://doi.org/10.1007/s11664-016-4953-z
https://doi.org/10.1007/s11664-016-4953-z
https://doi.org/10.1016/j.actamat.2010.03.025
https://doi.org/10.1016/j.actamat.2010.03.025
https://doi.org/10.1002/adma.201605140
https://doi.org/10.1002/adma.201605140
https://doi.org/10.1007/s11664-014-3016-6
https://doi.org/10.1007/s11664-014-3016-6
https://doi.org/10.1016/S0925-8388(02)00917-9
https://doi.org/10.1016/S0925-8388(02)00917-9
https://doi.org/10.1016/S0925-8388(02)01114-3
https://doi.org/10.1016/S0925-8388(02)01114-3
https://doi.org/10.1002/aenm.201501047
https://doi.org/10.1021/nl101156v
https://doi.org/10.1021/nl504624r
https://doi.org/10.1021/nl504624r
https://doi.org/10.1016/j.jallcom.2007.12.065
https://doi.org/10.1016/j.jallcom.2007.12.065
https://doi.org/10.4028/www.scientific.net/AMR.66.17
https://doi.org/10.4028/www.scientific.net/AMR.66.17
https://doi.org/10.1088/0957-4484/19/24/245707
https://doi.org/10.1088/0957-4484/19/24/245707
https://doi.org/10.1007/s11664-009-0993-y
https://doi.org/10.1007/s11664-009-0993-y
https://doi.org/10.1103/PhysRevB.85.125207
https://doi.org/10.1103/PhysRevB.85.125207
https://doi.org/10.1021/acs.chemmater.6b02308
https://doi.org/10.1021/acs.chemmater.6b02308
https://doi.org/10.1016/j.nanoen.2012.02.010
https://doi.org/10.1016/j.nanoen.2012.02.010
https://doi.org/10.1016/j.jallcom.2013.03.167
https://doi.org/10.1016/j.jallcom.2013.03.167
https://doi.org/10.1016/j.actamat.2009.02.026
https://doi.org/10.1016/j.actamat.2009.02.026
https://doi.org/10.1021/nl201206d
https://doi.org/10.1021/nl201206d

¢? CellPress

OPEN ACCESS

Phys. 41, 185103. https://doi.org/10.1088/0022-
3727/41/18/185103.

Zhang, Q., He, J., Zhu, T.J., Zhang, S.N., Zhao,
X.B., and Tritt, T.M. (2008b). High figures of merit
and natural nanostructures in Mg,Sig 4Sng ¢ based
thermoelectric materials. Appl. Phys. Lett. 93,
102109. https://doi.org/10.1063/1.2981516.

Zhang, G., Kirk, B., Jauregui, L.A., Yang, H., Xu, X.,
Chen, Y.P., and Wy, Y. (2012a). Rational synthesis
of ultrathin n-type Bi;Tes nanowires with
enhanced thermoelectric properties. Nano Lett.
12, 56-60. https://doi.org/10.1021/nl202935k.

Zhang, J., Xu, B.,, Wang, L.M., Yy, D., Yang, J., Yu,
F., Liu, Z., He, J., Wen, B., and Tian, Y. (2012b).
High-pressure synthesis of phonon-glass
electron-crystal featured thermoelectric
Li,CosSb1,. Acta Mater. 60, 1246-1251. https://
doi.org/10.1016/j.actamat.2011.10.059.

Zhang, Q., Cao, F., Liu, W., Lukas, K., Yu, B, Chen,
S., Opeil, C., Broido, D., Chen, G., and Ren, Z.
(2012c). Heavy doping and band engineering by
potassium to improve the thermoelectric figure of
merit in p-type PbTe, PbSe, and PbTe;_,Se,.

J. Am. Chem. Soc. 134, 10031-10038. https://doi.
0rg/10.1021/ja301245b.

Zhang, J., Song, L., Pedersen, S.H., Yin, H., Hung,
L.T., and Iversen, B.B. (2017). Discovery of high-
performance low-cost n-type Mg;Sb,-based
thermoelectric materials with multi-valley
conduction bands. Nat. Commun. 8, 13901.
https://doi.org/10.1038/ncomms13901.

Zhang, L., Xiao, P., Shi, L., Henkelman, G.,
Goodenough, J.B., and Zhou, J. (2015a).
Suppressing the bipolar contribution to the
thermoelectric properties of Mg,Sig 4Sno sby Ge
substitution. J. Appl. Phys. 117, 155103. https://
doi.org/10.1063/1.4918311.

Zhang, Q., Aj, X,, Wang, L., Chang, Y., Luo, W.,
Jiang, W., and Chen, L. (2015b). Improved
thermoelectric performance of silver
nanoparticles-dispersed Bi,Te; composites
deriving from hierarchical two-phased
heterostructure. Adv. Funct. Mater. 25, 966-976.
https://doi.org/10.1002/adfm.201402663.

Zhang, Q., Chere, EK., McEnaney, K., Yao, M.,
Cao, F., Ni, Y., Chen, S., Opeil, C., Chen, G., and
Ren, Z. (2015¢). Enhancement of thermoelectric
performance of n-type PbSe by Cr doping with
optimized carrier concentration. Adv. Energy
Mater. 5, 1401977 https://doi.org/10.1002/aenm.
201401977.

Zhang, Q., Wang, H., Liu, W., Wang, H., Yu, B.,
Zhang, Q., Tian, Z., Ni, G., Lee, S., Esfarjani, K.,
et al. (2012d). Enhancement of thermoelectric
figure-of-merit by resonant states of aluminium
doping in lead selenide. Energy Environ. Sci. 5,
5246. https://doi.org/10.1039/c1ee02465e.

Zhang, Q., Liao, B., Lan, Y., Lukas, K., Liu, W.,
Esfarjani, K., Opeil, C., Broido, D., Chen, G., and
Ren, Z. (2013a). High thermoelectric performance
by resonant dopant indium in nanostructured
SnTe. Proc. Natl. Acad. Sci. US A 110, 13261-

22 iScience 24, 102934, September 24, 2021

13266. https://doi.org/10.1073/pnas.
1305735110.

Zhang, Q., Yang, S., Zhang, Q., Chen, S., Liu, W.,
Wang, H., Tian, Z., Broido, D., Chen, G., and Ren,
Z. (2013b). Effect of aluminum on the
thermoelectric properties of nanostructured
PbTe. Nanotechnology 24, 345705. https://doi.
org/10.1088/0957-4484/24/34/345705.

Zhang, S.N., He, J., Ji, X.H., Su, Z., Yang, S.H., Zhu,
T.J., Zhao, X.B., and Tritt, T.M. (2009). Effects of
ball-milling atmosphere on the thermoelectric
properties of TAGS-85 compounds. J. Electron.
Mater. 38, 1142-1147. https://doi.org/10.1007/
s11664-009-0779-2.

Zhang, S.N., Zhu, T.J., Yang, S.H., Yu, C., and
Zhao, X.B. (2010). Improved thermoelectric
properties of AgSbTesbased compounds with
nanoscale iAg,Ten situ precipitates. J. Alloys
Compd. 499, 215-220. https://doi.org/10.1016/].
jallcom.2010.03.170.

Zhao, L.D., He, J., Hao, S., Wu, C.I., Hogan, T.P.,
Wolverton, C., Dravid, V.P., and Kanatzidis, M.G.
(2012a). Raising the thermoelectric performance
of p-type PbS with endotaxial nanostructuring
and valence-band offset engineering using CdS
and ZnS. J. Am. Chem. Soc. 134, 16327-16336.
https://doi.org/10.1021/ja306527n.

Zhao, L.D., He, J., Wy, C.I., Hogan, T.P., Zhou, X.,
Uher, C., Dravid, V.P., and Kanatzidis, M.G.
(2012b). Thermoelectrics with earth abundant
elements: high performance p-type PbS
nanostructured with SrS and CaS. J. Am. Chem.
Soc. 134, 7902-7912. https://doi.org/10.1021/
ja301772w.

Zhao, L.D., Lo, S.H., Zhang, Y., Sun, H., Tan, G.,
Uher, C., Wolverton, C., Dravid, V.P., and
Kanatzidis, M.G. (2014). Ultralow thermal
conductivity and high thermoelectric figure of
merit in SnSe crystals. Nature 508, 373-377.
https://doi.org/10.1038/nature13184.

Zhao, L.D., Tan, G., Hao, S., He, J., Pei, Y., Chi, H.,
Wang, H., Gong, S., Xu, H., Dravid, V.P., et al.
(2015). Ultrahigh power factor and thermoelectric
performance in hole-doped single-crystal SnSe.
Science, aad3749. https://doi.org/10.1126/
science.aad3749.

Zhao, L.D., Zhang, B.P., Li, J.F., Zhou, M., Liu,
W.S., and Liu, J. (2008). Thermoelectric and
mechanical properties of nano-SiC-dispersed
Bi,Tesfabricated by mechanical alloying and
spark plasma sintering. J. Alloys Compd. 455,
259-264. https://doi.org/10.1016/j.jallcom.2007.
01.015.

Zhao, W., Wei, P., Zhang, Q., Dong, C., Liu, L., and
Tang, X. (2009a). Enhanced thermoelectric
performance in barium and indium double-filled
skutterudite bulk materials via orbital
hybridization induced by indium filler. J. Am.
Chem. Soc. 131, 3713-3720. https://doi.org/10.
1021/ja8089334.

Zhao, X.B., Ji, XH., Zhang, Y.H., Zhu, T.J., Tu, J.P.,
and Zhang, X.B. (2005). Bismuth telluride
nanotubes and the effects on the thermoelectric

iScience

properties of nanotube-containing
nanocomposites. Appl. Phys. Lett. 86, 062111.
https://doi.org/10.1063/1.1863440.

Zhao, X.B., Yang, S.H., Cao, Y.Q., Mi, J.L,, Zhang,
Q., and Zhu, T.J. (2009b). Synthesis of
nanocomposites with improved thermoelectric
properties. J. Electron. Mater. 38, 1017-1024.
https://doi.org/10.1007/511664-009-0698-2.

Zhao, X.Y., Shi, X., Chen, L.D., Zhang, W.Q.,
Zhang, W.B., and Pei, Y.Z. (2006). Synthesis and
thermoelectric properties of Sr-filled skutterudite
Sr,Co4Sb. J. Appl. Phys. 99,053711. https://doi.
org/10.1063/1.2172705.

Zheng, Y., Zhang, Q., Su, X., Xie, H., Shu, S., Chen,
T.,Tan, G., Yan, Y., Tang, X, Uher, C., and Snyder,
G.J. (2014). Mechanically robust BiSbTe alloys
with superior thermoelectric performance: a case
study of stable hierarchical nanostructured
thermoelectric materials. Adv. Energy Mater. 5,
1401391. https://doi.org/10.1002/aenm.
201401391.

Zhong, B., Zhang, Y., Li, W., Chen, Z., Cui, J., Li,
W., Xie, Y., Hao, Q., and He, Q. (2014). High
superionic conduction arising from aligned large
lamellae and large figure of merit in bulk
Cu1.94Alp02Se. Appl. Phys. Lett. 705, 123902.
https://doi.org/10.1063/1.4896520.

Zhou, L., Qiu, P., Uher, C., Shi, X., and Chen, L.
(2013). Thermoelectric properties of p-type
Yb,la,Fe;;Coq.3Sbs, double-filled skutterudites.
Intermetallics 32, 209-213. https://doi.org/10.
1016/j.intermet.2012.08.005.

Zhou, M., Gibbs, Z.M., Wang, H., Han, Y., Xin, C.,
Li, L., and Snyder, G.J. (2014). Optimization of
thermoelectric efficiency in SnTe: the case for the
light band. Phys. Chem. Chem. Phys. 16, 20741-
20748. https://doi.org/10.1039/C4CP02091J.

Zhou, M., Li, J.F., and Kita, T. (2008).
Nanostructured AgPb,,SbTe, > system bulk
materials with enhanced thermoelectric
performance. J. Am. Chem. Soc. 130, 4527-4532.
https://doi.org/10.1021/ja7110652.

Zhou, C., Shi, Z., Ge, B., Wang, K., Zhang, D., Liu,
G., and Qiao, G. (2017a). Scalable solution-based
synthesis of component-controllable ultrathin
PbTe;_,Se, nanowires with high n-type
thermoelectric performance. J. Mater. Chem. A.
5, 2876-2884. https://doi.org/10.1039/
C6TA09189J.

Zhou, Y.M., Wu, H.J., Pei, Y.L, Chang, C., Xiao, Y.,
Zhang, X., Gong, S.K., He, J.Q., and Zhao, L.D.
(2017b). Strategy to optimize the overall
thermoelectric properties of SnTe via
compositing with its property-counter CulnTe.
Acta Mater. 125, 542-549. https://doi.org/10.
1016/j.actamat.2016.11.049.

Zhu, T.J., Cao, Y.Q,, Yan, F., and Zhao, X.B. (2007).
Nanostructuring and thermoelectric properties of
semiconductor tellurides. In Thermoelectrics,
2007. ICT 2007. 26th International Conference on
(IEEE), pp. 8-11. https://doi.org/10.1109/ICT.
2007.4569410.


https://doi.org/10.1088/0022-3727/41/18/185103
https://doi.org/10.1088/0022-3727/41/18/185103
https://doi.org/10.1063/1.2981516
https://doi.org/10.1021/nl202935k
https://doi.org/10.1016/j.actamat.2011.10.059
https://doi.org/10.1016/j.actamat.2011.10.059
https://doi.org/10.1021/ja301245b
https://doi.org/10.1021/ja301245b
https://doi.org/10.1038/ncomms13901
https://doi.org/10.1063/1.4918311
https://doi.org/10.1063/1.4918311
https://doi.org/10.1002/adfm.201402663
https://doi.org/10.1002/aenm.201401977
https://doi.org/10.1002/aenm.201401977
https://doi.org/10.1039/c1ee02465e
https://doi.org/10.1073/pnas.1305735110
https://doi.org/10.1073/pnas.1305735110
https://doi.org/10.1088/0957-4484/24/34/345705
https://doi.org/10.1088/0957-4484/24/34/345705
https://doi.org/10.1007/s11664-009-0779-2
https://doi.org/10.1007/s11664-009-0779-2
https://doi.org/10.1016/j.jallcom.2010.03.170
https://doi.org/10.1016/j.jallcom.2010.03.170
https://doi.org/10.1021/ja306527n
https://doi.org/10.1021/ja301772w
https://doi.org/10.1021/ja301772w
https://doi.org/10.1038/nature13184
https://doi.org/10.1126/science.aad3749
https://doi.org/10.1126/science.aad3749
https://doi.org/10.1016/j.jallcom.2007.01.015
https://doi.org/10.1016/j.jallcom.2007.01.015
https://doi.org/10.1021/ja8089334
https://doi.org/10.1021/ja8089334
https://doi.org/10.1063/1.1863440
https://doi.org/10.1007/s11664-009-0698-2
https://doi.org/10.1063/1.2172705
https://doi.org/10.1063/1.2172705
https://doi.org/10.1002/aenm.201401391
https://doi.org/10.1002/aenm.201401391
https://doi.org/10.1063/1.4896520
https://doi.org/10.1016/j.intermet.2012.08.005
https://doi.org/10.1016/j.intermet.2012.08.005
https://doi.org/10.1039/C4CP02091J
https://doi.org/10.1021/ja7110652
https://doi.org/10.1039/C6TA09189J
https://doi.org/10.1039/C6TA09189J
https://doi.org/10.1016/j.actamat.2016.11.049
https://doi.org/10.1016/j.actamat.2016.11.049
https://doi.org/10.1109/ICT.2007.4569410
https://doi.org/10.1109/ICT.2007.4569410

iScience ¢? CellPress
OPEN ACCESS

STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

Python 3.6.10 Python software foundation http://www.python.org/ RRID:SCR_008394
NumPy 1.18.5 NumPy project and community http://www.numpy.org/ RRID:SCR_008633
SciPy 1.5.0 SciPy developers http://www.scipy.org/ RRID:SCR_008058
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead con-
tact, Byungki Ryu (byungkiryu@keri.re kr).

Materials availability

This study did not generate new unique reagents.

Data and code availability

Computational algorithms are written in the STAR Methods. The DOls of the published material data (ther-
moelectric properties) are listed in the Excel Table S9. Any additional information required to reanalyze the
data reported in this paper is available from the lead contact upon request.

ADDITIONAL RESOURCES

There are two related preprint versions of this paper: arXiv:1810.11148 and arXiv:1910.11132 by same
authors.

METHOD DETAILS

Efficiency computation

Numerical maximum efficiencies of ideal one-dimensional thermoelectric devices are computed for given
thermoelectric property curve sets, without thermal loss by radiation or air convection. The thermoelectric
property curves are linearly interpolated at intermediate temperature and extrapolated as constant values
at the endpoint temperatures. The exact temperature distribution T(x) of the steady state is determined by
solving the integral Equation 7.

The thermoelectric performances of a thermoelectric leg with the length L and cross sectional area A are

h L
) ) ) J([" adT=J [ pd
calculated as a function of current density J given as n(J) = cgh//AA = %

the power delivered to the outside and the hot-side heat current respectively. The maximum numerical ef-
ficiency nmax, Which satisfies the relation 5(J) <n,., for any J, is obtained by Brent-Dekker optimization
method.

, where the Pand Q, are

277 published thermoelectric property data

In this work, we constructed a dataset of thermoelectric properties (TEPs) of 277 materials gathered from
264 literatures to test our theory: for the references see the below and Table S9. The TEPs were digitized
using the Plot Digitizer (http://plotdigitizer.sourceforge.net/). The dataset consists of Seebeck coefficient
«, electrical resistivity p, and thermal conductivity k at measured temperature T. For the numerical compu-
tation of efficiency, we use the available temperature ranges of the given material: the T, is defined as the
maximum of the lowest measured temperautre and Tj, is defined as the minimum of the highest measured
temperature for given materials.
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264 literatures for 277 materials. Biswas et al. (2011, 2012); Fu et al. (2015a); Gelbstein et al. (2013); He
et al. (2015a); Heremans et al. (2008); Hsu et al. (2004); Hu et al. (2014, 2016); Kim et al. (2015¢); Lin et al.
(2016); Liu et al. (2011, 2012b); Pan and Li (2016); Pei et al. (2011g, 2011c); Poudel et al. (2008); Rhyee
et al. (2009); Wang et al. (2014a); Zhao et al. (20123, 2012b, 2014, 2015); Cui et al. (2007, 2008); Eum et al.
(2015); Fan et al. (2010); Han et al. (2013); Hsu et al., 2014; Zheng et al. (2014); Hu et al. (2015); Hwang
et al. (2013); Ko et al. (2013); Zhang et al. (2015b); Zhao et al. (2005); Lee et al. (2010, 2013c, 2013a); Yan
et al. (2010); Lee et al. (2013b, 2014c, 2014b, 2014a, 2014d); Sumithra et al. (2011); Lukas et al. (2012); Min
et al. (2013); Mun et al. (2015); Ovsyannikov et al. (2015); Puneet et al. (2013); Shin et al. (2014); Son et al.
(2012, 2013); Soni et al. (2012); Xiao et al. (2014); Tang et al. (2007); Wang et al. (2013b); Wu et al. (2013);
Yelgel and Srivastava (2012); Zhang et al. (2012a); Wei et al. (2016); Lan et al. (2012); Yu et al. (2013); Kosuga
et al. (2014); Scheele et al. (2011); Ahn et al. (2009, 2010, 2013); Androulakis et al. (2010, 2011); Bali et al.
(2013, 2014); Wu et al. (2015a); Dong et al. (2009b); Dow et al. (2010); Falkenbach et al. (2014); Fan et al.
(2015); Fang et al. (2013); Jaworski et al. (2013); Jian et al. (2015); Keiber et al. (2013); Kim et al. (2016);
Lee et al. (2012, 20141); Li et al. (2013, 2014); Liu et al. (2013b); Lo et al. (2012); Lu et al. (2013); Pei et al.
(2011a, 2011e, 20111, 2011d, 2012a, 2012b, 2014); Poudeu et al. (2006); Rawat et al. (2013); Wang et al.
(2013a, 2014b); Wu et al. (2014¢, 2014b); Yamini et al. (2015); Yang et al. (2015); Zebarjadi et al. (2011); Zhang
et al. (2012d, 2012c, 2013b, 2015¢); Al Rahal Al Orabi et al. (2015); Banik et al. (2015, 2016); Banik and Biswas
(2016); Chen et al. (2014, 2016); Leng et al. (2016); Pei et al. (2016b); Tan et al. (2014, 2015b, 2015a); Tang
et al. (2016); Wang et al. (2015); Zhang et al. (2013a); Zhou et al. (2014); Guan et al. (2015); Suzuki and Na-
kamura (2015); Fahrnbauer et al. (2015); Gelbstein et al. (2007a, 2007b, 2010); Hazan et al. (2015); Kusz et al.
(2016); Lee et al. (2014e); Schroder et al. (2014b, 2014a); Williams et al. (2015); Wu et al. (2014a); Aikebaier
et al. (2010); Chen et al. (2012); Dow et al. (2009); Drymiotis et al. (2013); Du et al. (2014); Guin and Biswas
(2015); Han et al. (2012); He et al. (2012); Hong et al. (2014); Liu et al. (2016); Mohanraman et al. (2014); Pei
et al. (2011b); Wang et al. (2008a); Wu et al. (2015b); Zhang et al. (2010); Aizawa et al. (2006); Akasaka et al.
(2007b, 2007a); Cheng et al. (2016); Duan et al. (2016); Kajikawa et al. (1998); Liu et al. (2015); Luo et al. (2009);
Mars et al. (2009); Noda et al. (1992); Tani and Kido (2005, 2007a, 2007b); Yang et al. (2009b); Yin et al. (2016);
Zhang et al. (2008b, 2008a, 2015a); Zhao et al. (2009b); Joshi et al. (2008); Tang et al. (2010); Wang et al.
(2008b); Ahn et al. (2012); Bhatt et al. (2014); Fu et al. (2015b); Kraemer et al. (2015); Krez et al. (2015); Liu
et al. (2007b); Mudryk et al. (2002); Shi et al. (2008); Bai et al. (2009); Bao et al. (2009); Chitroub et al.
(2009); Dong et al. (2009a); Duan et al. (2012); Dyck et al. (2002); He et al. (2007, 2008); Laufek et al.
(2009); Li et al. (2005); Liang et al. (2014); Liu et al. (2007a); Mallik (2008); Mallik et al. (2013); Mi et al.
(2008); Pei et al. (2008); Qiu et al. (2011); Rogl et al. (2010, 2011, 2014, 2015); Sales et al. (1996); Shi et al.
(2011); Stiewe et al. (2005); Su et al. (2011); Tang et al. (2001); Xu et al. (2014); Yang et al. (2009a); Zhang
et al. (2012b); Zhao et al. (2009a); Zhou et al. (2013); Bali et al. (2016); Ding et al. (2016); Jo et al. (2016);
Joo et al. (2016); Li et al. (2016b, 2016a); Liu et al. (2012¢); Zhou et al. (2017b, 2017a); Zhang et al. (2017);
Xu et al. (2017); Xie et al. (2017); Wang et al. (2016); Seo et al. (2017); Pei et al. (2016a); Park et al. (2016);
Moon et al. (2016); Zhu et al. (2007); Choi et al. (1997); Yamanaka et al. (2003b); Yang et al. (2008, 2010);
Zhang et al. (2009); Zhou et al. (2008); Sharp (2003); Salvador et al. (2009); Levin et al. (2011); Yamanaka
et al. (2003a); Zhao et al. (2008, 2006); Yu et al. (2009); Xiong et al. (2010); Toberer et al. (2008); Chung
et al. (2000); Tang et al. (2008); Mi et al. (2007); Liu et al. (2008); Li et al. (2008); Chen et al. (2006); Zhong
et al. (2014); Yu et al. (2012); Liu et al. (2013a, 2012a); He et al. (2015b); Gahtori et al. (2015); Day et al.
(2014); Ballikaya et al. (2013); Bailey et al. (2016); Li et al. (2017); Liang et al. (2017); Isoda et al. (2007).

As shown in Table S1, the 277 materials in our dataset have various base-material groups: 59 Bi,Tes-related
materials, 55 PbTe-related materials, 40 skutterudite (SKD), 23 Mg,Si-based materials, 18 GeTe materials,
14 M,Q antifluorite-type chalcogenide materials (where M = Cu, Ag, Au and Q = Te, Se), 12 SnTe-related
materials, 11 ABQ,-type materials (where A=Group |, B=Bi, Sb, Q=Te, Se), 8 SnSe-related materials, 7
PbSe-related materials, 7 half-Heusler (HH) materials, 6 SiGe-related materials, 3 InsSes-related materials,
3 PbS-related materials, 2 oxide materials, 2 clathrate materials, 1 Zintle materials, and 6 others. Here the
base material denotes the representative material, not the exact composition. Also note that for the cate-
gorization of the base materials, the doping element is ignored. For example, Bi;Tes, Sb,Tes, BixSes binary
and their ternary alloys are categorized as Bi,Tes-related materials. The material doping composition is not
denoted in the composition of the base material.

18 selected high zT materials

For segmented-leg devices, we consider 18 candidates showing high peak-zT values exceeding 1. The full
zT curves of them are shown in Figure S5. Tables S2-S5 contain more information on the materials,
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including available temperature range, peak zT, numerical efficiency, formula efficiency, and the thermo-
electric degrees of freedom.

Randomly generated thermoelectric properties

The followings describe the sequential procedure used to generate the TEP curves for Figure 1B.

Generation of random numbers. We generate 10,000 TEP curve sets for a(T), p(T), and «(T) using a
random variable having a uniform probability distribution. For each a, p, and «, we generate three random
numbers yi, y» and y3. For the «(T) curve, the random numbers are between 0 and 1. For the p(T) and «(T)
curves, the random numbers are between 1 and 4. Thus, we generate 9 random numbers for the curve
shape.

Construction of quadratic curves. For each a, p, and k, we generate a quadratic polynomial connecting
(300 K,y1), (600 K,y>), and (900 K, y3). We consider the quadratic polynomial as a thermoelectric property
curve from 200 K to 1100 K. Using an additional random number between 0 and 4, we resize the curve. The
last random number is used to tune the size of average ZT. Here, we use the effective Zé%)n Tmig for Trange
from 200 K to 1100 K (effective zT or general Zgen Trnig at zero current). Thus, the generated random TEP
curves are normalized by the randomly generated Zéoe)nTmid value betwen 0 and 5.

The original quadratic polynomials x,(T) and p,(T) for k and p are normalized to obtain the TEP curves «(T)

and p(T) by

ko(T) (1055 O po(T) X [ko(T)dT
= e par AT =007 @) S e

to be certain that & [ k(T)dT=1W/mand 5 [ p(T) x k(T)dT = 10~° Q-W/K. The original quadratic poly-
nomial ao(T) is normallzed as

K(T)

a(T) 4 g)e)n Trid
T): = X X (105 Q-W/K
a(T) ﬁfao(r Fis \/ 7l /K),

! a(T)dT

to be certain that <ATf cIT) den (107> Q -W /K) and AT(fp(T e ) T denTm,d

Selection of physically meaningful curves. Among the normalized quadratic curves, we only consider
the curves satisfying that zT<20, p(T)>0, and k(T)>0 for temperature range from 200 K to 1100 K. Finally, we
obtained 4,725 randomly generated TEP curve sets.

Digitization of curves and extrapolation. As our efficiency computation code linearly interpolate digi-
tized TEP values, we digitize the generated curves at T = 200K, 225K, 250K, ---, 1100 K. As a consequence,
linearly interpolated TEP curves are used.

Sometimes extrapolation is required. Since we may treat high zT cases, the temperature inside aleg can be
higher than the hot-side temperature Tj, (Chung and Ryu, 2014). In this case we need TEP values at T> 1100
K. We use constant extrapolation for undefined TEP values.

The efficiency computation may fail to converge when the TEP curve fluctuates severely. We discard this
divergent computation case. As a results, we have '4,041", '4,648', '4,725' computation results for T, =
900 K, 600 K, 400 K, respectively, with T, =300 K.

Calculation of thermoelectric properties of Bi,Te3

This section describes the calculation method to obtain the Bi;Tes thermoelectric properties used in STAR
Methods (design of high efficiency graded legs using Bi2Te3).

The thermoelectric properties are calculated using the density functional theory (DFT) (Hohenberg and
Kohn (1964); Kohn and Sham (1965)) combined with the Boltzmann transport equation. For the DFT calcu-
lations, we use the generalized gradient approximation (GGA) parameterized by PBE (Perdew, Burke,
and Ernzerhof) (Perdew et al. (1996)), and the projector augmented wave (PAW) pseudopotential
(Blochl (1994)); both of them are implemented in the VASP code (Kresse and Furthmuller (1996);
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Kresse and Joubert (1999)). The experimental lattice parameters for Bi,Tes are used, while the internal co-
ordinates are fully relaxed. The electronic band structure is calculated using the spin-orbit interaction. The
k-point mesh of 36x36x36 is used. The electronic transport properties are predicted using the DFT band
structure coupled with the Boltzmann transport equation within a rigid band approximation and the con-
stant relaxation time approximation; they are implemented in BoltzTraP code (Madsen and Singh (2006);
Ryu et al. (2017)). Note that we use the experimental band gap of 0.18 eV. The phonon thermal conductivity
is calculated using phono3py code (Togo et al. (2015); Ryu and Oh (2016)). The force constants are obtained
from the 240-atom supercell with the two-atom displacements using VASP code with the single k-point T’
and then the third-order phonon Hamiltonian is constructured. The three phonon scattering rates are
calculated using the Fermi's golden rule. We also include the effective boundary scattering of 10 nm in
addition to the three-phonon scattering. Then the thermal conductivity is calculated by integrating the
conductivity on the phonon g-point mesh of 11 x 11 x 11.

Integral Equations of T(x) and% (x). Here we derive the integral Equation 7. For simplicity, we denote
the term with Thomson heat and Joule heat in Equation 5 by fr(x):

da dT

. _ _plaal 2 :
fr(x): = TdT de+pJ . (Equation 22)

Then the Equation 5 is% <K%> + fr = 0. If the solution T, of Equations 5, 6, and 26 is known, we may put

k(x) 1 =k(Tso1(x)) and f(x) : =fr_ (x) to find a linear differential equation

d dT .
I (K(X) a) + f=0. (Equation 23)

Since this equation is linear, we can find the solution T by decomposing it into a homogeneous solution T;
and a particular solution T, where T = Ty + T; see Figure S1. The Ty and T, are solutions of

% (K(X) %) =0, T(0)=T,, Ti(L)=T, (Equation 24)
% (K(X) %) +f=0, T,(0)=0, T,(L)=0. (Equation 25)

To solve the Equation 24, we integrate it over x to yield K(X)% (x) = C for some constant C. Dividing both
sides by k and integrating from 0 to x, we have T1(x) — T1(0) = Cfoxﬁ dx. Imposing the boundary condi-
tions yields C= — K% and

KAT [* 1

Ti(x)=Th — A ) @ds

To solve the Equation 25, we integrate it from 0 to x to yield K(X)%(X) —C= — [y f(s) ds= : —F(x) for

some constant C. Dividing both sides by x and integrating from 0 to x, we have To(x)— T2(0) = —

]OX% ds + C Ji' =& ds. Imposing the zero boundary conditions yields

Kk(s)
*F(s) KoT [* 1
0= [ A

where 6T : = fOL fé:)) dx is a scalar quantity.

Summing up, we can check that the solution T=T; + T, of Eqautions 23 and 4, and its gradient can be writ-
ten as Equation 7.

Numerical method for finding temperature solution

This section describes the numerical method to find temperature solution at a given J or 7.

The exact temperature solution T(x) of the thermoelectric equation for a given J or v is determined by
solving the integral Equation 7 with Dirichlet boundary conditions where the end-point temperatures
are Ty and T.. To find the solution, a fixed-point iteration method is used. The precise procedure is the
following:
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(1) Choose the linear function satisfying the Dirichlet boundary conditions as the initial guess To(x) of
the exact temperature distribution.

(2) Fora given Tp(x), let a(x) : = a(Ta(x)), p(x) : =p(Ta(x)) and k(x) : = &(Tp(x)).
(3) Compute T,.1(x) by evaluating the right-hand side of the first integral equation in 7.

(4) If Th41(x) agrees with Ty(x), then the T, 1(x) is the numerical solution. Otherwise go back to the step
(2) with Thi1(x).

Computations reveal that the T, converges within a few iterations (less than 10 iterations) in our cases.

Device parameters

The thermoelectric (TE) power device mentioned in this paper is a uni-leg device composed of a single-ma-
terial leg or a segmented leg sandwiched by heat source (T;) and heat sink (T¢) at both sides. In such a de-
vice, electric current and heat current flow simultaneously across the leg. For simplicity, we assume the
steady-state condition. For a p-type material (¢>0), the electric current and the heat current flow in the
same direction from hot to cold side, while the direction of the electric current is reversed in a n-type ma-
terial (a<0).

The mostimportant parameters in a TE device are voltage V, electrical resistance R, and thermal resistance
1/K, which can describe the electrical and thermal circuits of the TE device. Once these three device pa-
rameters are known, we can roughly estimate the thermoelectric performance of the TE device. When there

is load resistance R, there will be electric current | = WVRL- When there is no electric current, there will be

heatcurrent Q, = — AkVT = KAT. When there is non-zero electric current, there will be heat generation by
Thomson and Joule heat, and the hot-side heat current will be approximately Q, = KAT + I35T, — 12R. The
approximation becomes exact when there is no temperature dependence in TEPs. As soon as the temper-
ature distribution T(x) inside the device is known, the three parameters V, R, K are easily determined from
the TEPs. Note that a leg of the device is equivalent to a series of infinitesimal parts dx, and we can write the
induced open-circuit voltage (V) as the integration of —aVT on x, and the resistance of the TE leg (Rye and
1/Kre) as the integration of resistivity p and 1/k on x; see Figure S2. Also note that the electrical and thermal
resistances should be calculated by integration of the corresponding resistivities on x, not on T.

When the material thermoelectric figure of merit zT is small, the electric current density J is so small that the
R and K can be estimated by R© and K© that are the electrical resistance and thermal conductance for
zero-current-density case (J = 0). Similarly, since the J is small, the temperature can be estimated by the
zero-current-density solution T(©(x) that is the solution of the heat equation V+(kVT) =0 without thermo-
electric heat generation. Here the « is thermal conductivity. The heat flows are nearly the same along the
thermoelectric leg so the one-dimensional heat equation suggests k 9 is constant. Hence the average ther-

0)AT _  dT
L —™dx

mal conductivity ®? for J=0 satisfies & kSl so it can be evaluated by integration over T:

7O = [&O1dx =L [kl dx = (k)7 by the change of variable dx = £4F. Here the (k)r denotes the average

Al

of the thermal conductivity x(T) over T. Meanwhile, the resistivity under the condition J=0 is calculated

as p© =1 [pdx = %fp% = ;(O;TfpxdT = %f. Finally we may rewrite RK =5 & =p@&© =(pk)7 under a
L

small zT.

The above idea to use the device parameters for J=0 is the main idea to derive the one-shot approxima-
tion. Every thermoelectric material at the moment has the peak zT smaller than 3, implying that the above

idea can give a good approximation Zé%)n for Zgen; see Equation 4 in the manuscript for its definition. How-

. . 0 -
ever, under large zT or non-zero J, the approximation Zée)n may cause a non-negligible error.

Electric current equation
With given load resistance R, an equation for the electric current density J= a(E - %) can be found by

integrating pJ along the closed circuit: $pJ dx = $E dx — a9l dx = V. Hence the electric current | satisfies
(R +Ry)I=V and we have
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1 v
TAR+R]
Note that the R=%foLp(T(x)) dx depends on T so does the J.

(Equation 26)

Heat current and two additional DoFs 7 and 3

This section derives the rand 8 in Equation 14. Using the % in the Equation 7, the hot-side heat current can
be written as

Qh = AJ,? = IO[h Th — AKh (%) = I(Xh Th + K(AT — 6T) (Equation 27)
h

Now we decompose 8T into two terms having | and . From Equation 22 and Fr(x) = Jo fr(s) ds, the Equa-

tion 12 follows. Then by 6T = [-r® dx, the Equation 13 follows. For temperature-independent material
y 0 (%) q P P

properties, we can easily check that 6T® =1 & and 6T =0 so that the hot-side heat current is

Q, = KAT + [aT, — %IZR.

Our strategy is to consider the Qy, in Equation 27 as a perturbation of Qp, above. To do so, we replace aj, by @
in Equation 27 and introduce dimensionless perturbation parameters 7 and 8 of which values become zero
for temperature-independent material properties. Precisely we define 7 and 8 as the Equation 14. Then we
can rewrite the Qp, in Equaiton 27 by

Qp = KAT + la(Ty, — 7AT) —%IZR('I + B). (Equation 28)

Observing the delivered power P=I(V —IR) = [(@AT —IR) is equal to Q, — Q, we have the cold-side heat
current:

Q. = KAT + la(T. — 7AT) +%IZR(1 —B).

When the average device parameters are fixed, the Qy, in Equation 28 decreases as 7 or 8 increases while
the delivered power Pis fixed. Hence the efficiency n :Oih increases as 7 or 8 increases. This implies each of
and g is a figure of merit for efficiency, as well as Zyep, is.

Thermoelectric efficiency has three degrees of freedom

This section derives the Equations 15and 16. Lety : = %‘ Then the electric currentis I= R(&ﬁfy) and the deliv-
ered power is P = [(@AT — IR) = (EART)Z q 37)2. Using Equation 28, the efficiency n:&:&{}f&% can be writ-
ten as
Y
denAT(1 po

n(dem T, 16|Th> Te, 'Y) =

2
1+ Zgen (11—7) (Th — 7AT) — 3ZgenAT (1177) (1+86)

Dividing the numerator and denominator of the right-hand side by Zge, gives the Equation 15. Note that,
once we know the three DoFs Zgen, T and @ for a given J or v, the thermoelectric efficiency directly follows
from the above equation. This is an exact equation and no approximation is used. Hence the thermoelectric
efficiency is a function of the three parameters. In other words, thermoelectric efficiency has three degrees
of freedom. Hence a single figure of merit cannot describe the exact thermoelectric efficiency. Furthermore
we can easily check that the efficiency is monotonically increasing with respect to each of Zgen, 7 and g for
fixed T, Tc and v.

Assuming Zgen, 7, B changes little near the vy at the maximum efficiency, we can estimate the solution y of
2—2:0 and estimate the maximum efficiency. Recall the notations of the effective temperatures T}, T, and

T:.q in Equation 3. Then the solution ofgfz = 0, denoted by v, is approximately written as

Ymaxzygnear;( L= V 1 +den T:nid’

which is the second equation in Equation 16. Then the maximum efficiency is approximated by
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AT \/ 1+ den Tmld 1
17ma>< = ngmear)]( L= n(dem T, ﬁ|7 ’Ygeal) T/ —/,
h AT+ Zgen T g +?Z

which is the first equation in Eqaution 16. The above formula generalizes the classical maximum efficiency
formula for temperature-independent material properties because it has the same form as the classical
formula and predicts the exact maximum efficiency accurately; see Figure S4 in supplemental
information.

One-shot approximation de,,, Tlm and ﬁlm

This section derives the one-shot approximation Equations 17 and 18. The idea is to use the temperature
distribution for J = 0, which is similar to the exact temperature distribution because most devices induce
small J due to the small zT. Let T be the temperature distribution for J=0 and define

L (0)
70 . =$/O (—ofT (x)) (x)> dx= L

AT
A
x=: RO
L/ L

1 _1/ 1 d A
70T L K(T(O)(X)) =T KO"

From the thermoelectric Equation 5 with J = 0, we can check that

(0)
—e(100) & () =70,

™ (Equation 29)

Hence

T T AT dx
- (0) (0) (0)
/Tc p(T)k(T) dT —/TC p(l ) LK ) TO dT

AT
=T/,
—AT 59 %O,
Replacing Twith T in Zye, = % we have a one-shot approximation for Zgen:
_ 2
> B (fa dT) ©

Z en = - = )
¢ OO AT [pxdT gen

which is the Equation 17.

To approximate 7, we assume the Seebeck coefficient is a linear function of T:

Qe — Oh

a(T) = ajn(T) : =an + (Tc — Th) (T—Tp).

In this way we can observe the effect of the gradient of & on 7 more clearly. Since the 7in Eqaution 14 has
K 6T() term, we estimate a relevant term:

*1 _dayn «
Fl(s) = A AT le (T(x) / T _T: dT
_1 o — Qp )
_ﬂ Tc_Th T() _Th) - - ))

Using—k L=r©4L from Equation 29,
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LED (x) LEO(T(x) L dT 1L [T —

(1) = T\ ~ — PR W G/ = (M

5T /O g o /O ) = k= A‘T/T FOV(T) dT
_ 1 T ac—oap 1 P
=5k &7 T —T 3T (=37, + aT)

c

=S (3Ty + AT) = :6T0)
where KO : = 2%0)_ Therefore we have an one-shot approximation for :
T = 1 (@in — an) T — K© 6T
@ AT L
_ lan—ae  Tan—a )
3 ap+ac 6 o fin »

which is the first formula in Egaution 18.

To approximate 8, we assume the pk is a linear function of T:

(PT) = (1) (T): =)+ (LJ= 2 (77,

Using—x%zk(om—[ from Egaution 29, we approximate relevant terms for g:

| o0 5 o

= A%ROAT

A0 = [ e e T00) s o

—L T(s)
=w/T (p)yin(T) AT
h
-L 1 (px)c — (px
= EOAT I:(pK)h(T(S) —Th) + 5 %Th)h('f(s) —Th)?
= : FO(T(s))
so that
LFP(x) b~ L\ dT
@ - T = @ L
oT' /0 ) dx /o F (T(x))( E<°>AT) o dx
—L Te —
“ AT /T Fam dt
h
1 —
:6(K(°))2 (2(pK),, + (pK),) = = 6TD.
Therefore we have a one-shot approximation for §:
2 0 5 1
B = %K 6T —1 = W(2(/J'<)h + (pr)) =1
A
1

=T+ (o)) 2 ¥ () =1

210y = () _ T (eK)y — (K)e _ g0
3 (pe)y+(px). 6 pOFO Plin >

which is the second formula in Equation 18.

Maximum efficiency prediction using 73ax

In Figure S4, we observe that the maximum efficiency estimation formula n%“;"x(zgen,f, B) in Equation 16 is
gen
highly accurate. In Table S6, various statistics on the relative error of maximum efficiency (f2e—t=ex) are

given.

If we use the exact Zgen, 7 and B, the standard error (=root mean square of relative errors) of o is
9.60 x 1074,

If we use the Zé%)n, r‘(‘.o) and B9, the standard erroris 1.75 X 10-2. For the single crystalline SnSe with peak zT

n lin

of 2.6 (Zhao et al. (2014)), the relative error of the one-shot approximation is found to be only 6.82 x 1073,
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However, when we use the different approximation such as linear T(x) or different averaging scheme for z,
the error becomes larger than ours due to the non-linearity of T for the material (Kim et al. (2015a)).

If we only use the Zé%)n with zero T and 8, the efficiency is still well predicted with the standard error of 3.37 x
1072. But, in some materials, the error is relatively large due to the neglect of the r and 8. The largest rela-
tive error of 10% is found for material of reference-(Wu et al. (2014c)), due to the non-vanishing gradient
parameters (r = — 0222=70 = —0.177=7{ = — 0.204, 8 = 0.2085=8" = 0.228=4 = 0.185, when
T,=918 K and T, = 304 K).

Kendall rank correlation coefficients of maximum efficiency estimation methods

This section is related to Section ‘One-Shot Approximations of DoFs'. The core of a figure of merit is that a
higher figure of merit has higher efficiency. Hence a figure of merit should have a high coefficient of rank
correlation with respect to the exact maximum efficiency. To measure this characteristics of our DoFs, we
compute the Kendall rank correlation coefficient A,k (see, e.g., (Hogg et al., 2005, Section 10.8.1)); it is also
called the Kendall's 7 but here we keep the notation 7 for our thermoelectric degree of freedom). Let

(s, nact), - (0 9S2t) be a set of estimated and exact maximum efficiencies of thermoelectric prop-

exact
i

erty curve sets, where % is an estimated efficiency from figure of merit model and 7 is an exact

i
maximum efficiency. Any pair of the efficiency set (57!, 77°<t) and (9", nP*") (i <j) are told concordant
if the order is same for (n?“i,nfs"‘) and (n.exa“,njexa“). Otherwise it is said to be discordant. Then, the A0k

i

is defined as

(number of concordant pairs) — (number of discordant pairs)

Arank = - -
rank number of possible observations

The Kendall rank correlation coefficients of various maximum efficiency estimation methods for 277
published TEP curves are given in Table S7. Our general efficiency formula is superior to the other
models when we use the three DoFs. Even further our one-shot approximation is good as a figure of merit
model.

Accuracy of the one-shot approximation Zg;)n, rl(i?‘) and 6:::‘) for segmented leg

The one-shot approximations can be used to predict the performance of segmented devices. In Figure S4A,
we consider a two-stage segmented leg with no contact resistance. The segmented leg consists of SnSe
(Zhao et al. (2014)) for hot side and BiSbTe (Poudel et al. (2008)) for cold side. The exact temperature dis-
tribution T inside the leg shows a jump of the gradient of T at x=0.6 due to the inhomogeneity of the ma-
terial; see Figure S4B. Despite the nonlinearity of the T, the one-shot linear approximation, which does not
use the exact T, shows high accuracy in prediction of thermoelectric performances; see Figures S4C-S4F.
The relative error is high near v = 0, where the reaction term is large due to the large electric current and
thereby large Joule heat. For large #, the error is negligible. Near the ¥ = 1, the error is acceptable; the
relative error is less than 5%. The one-shot linear approximation predicts the maximum efficiency to be
7.67% while the exact value is 7.53%, whereas the one-shot CPM approximation gives 7.73%.

Efficiency computation for segmented legs with contact

In this section we present the algorithms we used to compute the efficiency and DoFs for segmented and
gradient legs. As the algorithms are based on our formalism of the integral Equation 7, they are applicable
to segmented legs under contact resistances, by adding resistance blocks on the leg. Itimplies that we can
also treat heat exchangers by including heat exchanger blocks modeled as segmented blocks with thermal
interfaces.

Leg segmentation. We consider an one-dimensional p-type segmented leg. For the segmented leg, we
consider a single leg with 5-stage segmentation consisting of 18 p-type candidate materials; the informa-
tion of the candidate materials is given in Table S2 and Figure S5. As all the segmented parts are assumed
to have the equal thickness, there are 18%=1,889, 568 configurations.

Algorithm for computing the maximum efficiency. For fast computation, we search for the maximum n
and the optimal J altogether. For this purpose, the ‘'numerical method for finding temperature solution’ is
modified by adding the following steps:
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(2-1) Given a temperature distribution T,, compute the DoFs using the definition in Equations 9 and 14.
Then estimate the optimal current density J using the second equation in Equation 16. If a given structure
is segmented, the material properties are position-dependent as well as temperature-dependent but there
is no additional difficulty in computation.

(5) Using the converged temperature distribution T,,1, compute the maximum efficiency using nmax. For
safety, we compute the efficiency using the heat flux equation and numerical temperature gradient, and
check whether the efficiency from DoFs and the efficiency from numerical temperature gradient are the
same or not.

(6) Finally, the device structure, equivalent device parameters, power, efficiency, and DoFs are reported.

Computation time. In a single core computer, the computation of the maximum efficiency of a
segmented leg takes less than 1 s. Thus, for total computation under a given temperature condition, it
may take about 525 hours (22 days). Thus, for 9 different temperature conditions, we need approximately
200 days for full computation. Fortunately, we used a high-performance-computing (HPC) system consist-
ing of 500 processors, so the computation took about less than 1 day.

Treatment of the Jump in a(x). If the material properties a(T), p(T), and (T) are finite, non-zero and contin-
uous on T, then the temperature solution is not singular, and «a(x), p(x) and k(x) are continuous. Since the
Thomson and Joule heats are also finite (see fr(x) in the Equation 22), the temperature gradient% (x)isalso
continuous. This fact is consistent to the fact that the Peltier heat is finite owing to the finite Seebeck
coeffient.

In segmented legs, a(x) at position x is still finite, resulting in the finite Peltier heat; Qpepier = la(x) T(x) < .
However, the a(x) in segmented legs is discontinuous at the junction where two different materials meet,
which results in inifinite Thomson heat; recall the %(x) term in the Thomson heat. Since the Peltier heat is
finite while Thomson heat is infinite, the Thomson heat source should be proportional to a Dirac 6 measure.
This behavior of the Thomson heat at the junction makes a discontinuous 9L at the junctions. For the numer-
ical computation of the integration of Thomson heat source term in Equation 22, we use the integration by
parts:

da dT .
97 ox TJdx = / TJda=aTJ — J/ adT. (Equation 30)

Now, the above equation can be numerically computed without treating a Dirac 6 measure.

Physical Meaning of Equation 30. Integrate the both sides of the thermoelectric Equation 5. Then we obtain
the energy-conserving flux-balance equation written as

()~ (D)= [t~ ) 9[-0 )]

Note that this is a relation between the four effects in thermoelectricity: heat conduction, Peltier effect,
Seebeck effect, and Joule heat. The integral form is exactly the same as the energy conservation differential
equation: V-J9 = E-J.

Treatment of the interface/contact resistance. The electrical interface resistance at a junction also can
be treated as a Dirac 6 measure, also making a discontinuous % at the junction. But the temperature is still
continuous. On the other hand, if there is a thermal interface resistance at the junction, then « is zero at a
junction and the temperature distribution becomes discontinuous. Since the heat flux should be finite to
conserve the energy, the k at contact should follow the following relation:

A Tcontam)

Keontact ATeontact = 1M | Akcontact
Lc—0 L.

Here, we solve the T(x) with a finite L.>0 to bypass the singularity of the equation. Then we take the limit as
L. —0 when calculating the device performance. As we treat the contact material as a finite-volume mate-
rials with finite electrical resistivity and thermal resistivity, the leg with electrical and thermal resistance
interface can be describe using the segmented leg geometry with L.>0. We find that, when the leg size
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is about 1 mm, the interface/contact thickness L. =0.1 mm is sufficient to reach the convergent values for
the efficiency and power output.

Heat exchanger. As a heat exchanger can be replaced with a finite contact thermal resistance equiva-
lenty, our formalism allows the computation under a heat exchanger. By putting the additional thermal
resistance segment on the leg, we can simulate the performance of device consisting of a leg and a
heat exchanger.

Estimation of efficiency rank using z;‘ﬁ,,

The Zgen is a figure of merit, so a larger Zge, usually implies a larger maximum efficiency (but be careful that
it is not always because the determination of the maximum efficiency requires the additional two DoFs, 7
and 8.) If we rank TE devices in order of Zge,, will we get the correct rank in order of the exact maximum
efficiency? To measure such an effect quantitatively, we define the top-rank-preserving probability by
the ratio of the number of correct top ranks predicted by some estimation parameter, to the total number
of top ranks.

To test the top-rank-preserving probability, we consider a 5-stage segmented leg in which each segment
has the same length. Using the 18 candidate materials in Table S2 and Figure S5, we computed the
maximum thermoelectric efficiency of 5-stage segmented legs for all possible configurations; there are
18%=1,889, 568 device configurations. The total length of the leg is 1 mm and the cross sectional area is
1mm?. The hot- and cold-side temperatures are T, =900 K and T, =300 K. Table S8 shows the top-rank-pre-

serving probability is high even if we use the simplest estimation Zé%)n. With 82% probability, the top 1% rank
configurations in order of exact maximum efficiency can be found in the top 1% ranks in order of Zé%)n.

Hence a fast high-throughput screening is possible by computing the Zé?n only, without computing the nu-
merical maximum efficiency.

Additional information. The best efficiency in the setting of Figure 7 and Table S8 is 21.95% while the

one-shot approximation n?ne;,”x(Zé?n,T(‘)),ﬂ(o)) predicts it would be 22.30%. For top 100,000 configurations,
the root mean square error is 0.0415.

Impact of gradient parameters 7 and 3 in segmented legs

We demonstrate that the maximum efficiency can be highly enhanced by modulating the gradient param-
eters T and B, even though the Zge, is fixed. Figures 7 and S6é clarify the relation between the DoFs and the
maximum efficiency. We consider 5-stage leg segmention with 18 materials under AT =900 K — 300 K to
modulate the DoFs. For a given Zgen Ty, = 1.2, the maximum efficiency ranges from 16.6% to 18.2%. But
when Zgen Tm=1.2and 7 = 8 = 0, the maximum efficiency is 17.7%. Thus, the 7 and § affects the maximum
efficiency by up to 182-166 = 9 1%. The relative size change of 9.1% in efficiency corresponds to the absolute

size change of 1.25 — 1.08=0.17 and relative size change of L25198=14.4% in [ZT]

that is the solution of

ev’

2
the traditional efficiency equation, [ZT]y,, : =[ZT]sy g = <W) — 1 (Snyder and Snyder (2017)).

Thus, 7 and 8 have a significant impact on thermoelectric efficiency.

In Figure S7, the thermoelectric properties of the best segmented leg are shown with respect to
temperature and position. In Figures S8 and S9, the thermoelectric properties of the rank 24493 and
54041 segmented legs having ZgenTmig=1.2 are shown with respect to temperature and position,
respectively. Although they have the same ZgenTmig, they have different thermoelectric conversion
efficiency owing to the different shape of thermoelectric properties. In the rank 24493 segmented
leg, the Seebeck coefficient is slightly decreasing with T and the peak zT value is smaller than 2.
Meanwhile, in the rank 54041 segmented leg, the Seebeck coefficient is increasing with T and hence
the zT is highly increasing with T (zT>2 at the hot side). Owing to the temperature dependency, the
rank 24493 has a positive 7 while the rank 54041 has a negative 7. In these segmented legs, the role
of 7 is critical; the positve-r segmented leg has a higher conversion efficiency than the negative-7
segmented leg.
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Module parameters

Our formalism of thermoelectric performances on a single or segmented leg can be easily extended to a p-
and n-leg pair modules. First, we set the module parameters from the single-leg device parameters for a
given current I. Here, for simplicity, we assume that the T, for the p-leg, T,gp), and the T}, for the n-leg, T}En),
are the same: T,Sp) =T =7, Similarly we assume that the T, for the p-leg, TP, and the T, for the n-leg,
Tc(n), are the same: Tc(p = Té”) = T..

Let Ibe the electric current flowing through the p- and n-leg, where the p- and n-legs are connected serially.
The current in the p-leg flows from hot to cold side and the current in the n-leg flows from cold to hot side.
The current flows into the n-leg cold side, then flows through n-leg from cold to hot side, then flows through
the electrode connecting n- and p-legs, then flows through p-leg from hot to cold side, then finally flows out
from the module. At the same time, the heat input flows parallelly through p- and n-leg from hot to cold
side. Thereby, the current |, total internal electrical resistance R, total open-circuit voltage VP, the to-
. (on) g
tal heat input Q;”" satisfies
R(Pn) = R(P) £ R,
V() = v(P) 4 v = (alP) —&@m)AT,
(k) _ o(P) , o
Q=0 +Q".
Considering the /=0 case for voltage and heat current, we define
len) . —z(P) _ am,
KPn) = k() 4 K

Here, the current | is connected with the outside load resistance R, so that

IR + R = VP,

Hence the current is described in terms of the module parameters as

v (@) — @At
| = -
RP) 4R R(P) 4RO+ R

Meanwhile, the total heat current in the module is given as the sum of the heat currents in each leg:

Q) =K(P)AT + lP)(T, — 7(P)AT) — JFRE) (146,

Q" =KWAT — [a™(T, — 7WAT) — %IZR(”)(‘I +87),

Qgpn) _ QEP) + Q" =KE)AT + falPn) (Th - )

Hence we obtain the three DoFs for the leg-pair module as

R(en)

Ae) (VAT
T R(en) k(en)

)

=(P)+(P) _ 5~
plon) /T T
" =)

)

(P) g(P) 4 R g(n)
(pr) . RBY + RTET
B\P") ) .

With this defintion, the heat current has the same form as in single-leg devices:

Q") kAT + @e) (T, — 7 AT) — %IZR(P”) (1+80),

Q") k() AT+ ) (T, — £(P)AT) +%I2R(P”) (1— ().

34 iScience 24, 102934, September 24, 2021

alP)7(p) — gz AT) B % 2R(en) (1 . R(P) g(P) 4 R<”>ﬁ<”>) .

iScience



iScience ¢? CellPress
OPEN ACCESS

The power relation is satisfied as
ol — @l = @len) (7, — T.) — RN = i(v(en) — IR()) = 2R,

Design of high efficiency graded legs using Bi;Te3

This section is related to Section ‘Possible Impact of DoFs’ section in the manuscript. Using calculated ma-
terial properties, we design funtionally graded materials (FGM) composed of Bi;Tes to maximize the effi-
ciency. The thermoelectric properties are calculated using the density functional theory (DFT) combined
with the Boltzmann transport equation; for detailed computation methods for calculated TEPs, see
STAR Methods (Calculation of Thermoelectric Properties of Bi,Tes).

We calculate the maximum efficiencies of functional gradient layers (FGL) based on Bi,Tes for temperature
range from 300 K to 600 K. We consider various segmented devices having 1 stage to 8 stages with eight
different carrier concentrations (8x10'8 1x10'?, 2x10'?, 4x10'?, 8x10'?, 1x10%°, 2x102° cm=3). We
perform high-throughput computation to find the optimal segmented FGL. There are 8% possible config-
urations in total. The temperature distribution inside a single FGL leg device is obtained by using fixed-
point iterations of the integral (Equation 7). At the same time, the current density is optimized to find
the maximum efficiency; see STAR Methods (Efficiency Computation for Segmented Legs with Contact)
for more details. Figure S10 presents the thermoelectric properties calculated by DFT, various segmented
structures with its efficiency, and the optimal carrier concentration as a function of position. Figure S11
shows the highest efficiency is obtained for a 5-stage segmented device. For single-stage materials, the
maximum efficiency of 10.5% is found at the doping concentration 4 x 10'? cm~3. For multi-stage materials,
the maximum efficiency is found at the 5 stage with the optimal carrier concentration varying from
8x10" cm~3 to 1x10"? cm~2 as going from hot to cold side.
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