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CaMg,Bi,-based compounds, a kind of the representative compounds of Zintl phases, have uniquely inherent layered structure and
hence are considered to be potential thermoelectric materials. Generally, alloying is a traditional and effective way to reduce the
lattice thermal conductivity through the mass and strain field fluctuation between host and guest atoms. The cation sites have
very few contributions to the band structure around the fermi level; thus, cation substitution may have negligible influence on
the electric transport properties. What is more, widespread application of thermoelectric materials not only desires high ZT
value but also calls for low-cost and environmentally benign constituent elements. Here, Ba substitution on cation site achieves a
sharp reduction in lattice thermal conductivity through enhanced point defects scattering without the obvious sacrifice of high
carrier mobility, and thus improves thermoelectric properties. Then, by combining further enhanced phonon scattering caused
by isoelectronic substitution of Zn on the Mg site, an extraordinarily low lattice thermal conductivity of 0.51 Wm™ K at 873 K
is achieved in (Ca,;5Bag,5) 995Nag 00sM81 0521 05Bi; o5 alloy, approaching the amorphous limit. Such maintenance of high
mobility and realization of ultralow lattice thermal conductivity synergistically result in broadly improvement of the quality
factor f. Finally, a maximum ZT of 1.25 at 873K and the corresponding ZT,,, up to 0.85 from 300K to 873 K have been
obtained for the same composition, meanwhile possessing temperature independent compatibility factor. To our knowledge, the
current ZT ,,, exceeds all the reported values in AMg,Bi,-based compounds so far. Furthermore, the low-cost and environment-
friendly characteristic plus excellent thermoelectric performance also make the present Zintl phase CaMg,Bi, more competitive
in practical application.

1. Introduction

The development of clean energy could help to alleviate the
energy crisis [1, 2]. Recently, solid-state thermoelectric (TE)
technology has received a great deal of attention because of
its ability to directly convert the waste heat into desirable
electricity [3]. The conversion efficiency of thermoelectric
device is determined by the dimensionless figure-of-merit
ZT =$*0T/(kg + ), in which S, T, 0, kg, and x; are Seebeck
coefficient, absolute temperature, electrical conductivity,
electronic thermal conductivity, and lattice thermal conduc-
tivity, respectively [4]. However, the intertwined correlation
among the S, 0, and x; hinders the further enhancement

of ZT value. Thus, some concepts and strategies including
band convergence [5, 6], band nestification [7], resonant
level [8, 9], and energy filtering [10, 11] have been success-
tully adopted to optimize the electrical transport properties.
On the other hand, progresses on reducing the lattice ther-
mal conductivity x;, the sole independent parameter, are
also achieved by introducing nanostructuring [12, 13], point
defect [14-16], dislocation [17, 18], lattice anharmonicity
[19, 20], as well as liquid-like phonons [21, 22] or exploring
materials with complex crystal structure [23-25].

Zintl phases seem congenital thermoelectric materials for
their structural complexity and inherently low thermal con-
ductivity [26, 27]. Some representative compounds, including
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Yb,,MnSb,, [28], Ca,,Yb,Zn,Sb, [29], Mg,Sb, [30], -
Zn,Sb, [31], CagZn,Sby [32], and (Eu,sYb, ), Ca,Mg,Bi,
[33], have been exploited for their prominent thermoelectric
performance. Particularly, the p-type AM,X, (1-2-2 type)
compounds with CaAlSi,-type structure deserve intensive
attention because of their higher carrier mobility originated
from unique crystal structure, where the covalently bonded
anionic sheets (M,X,)*" sandwiched between A®* cations
planes (A contains alkaline earth or divalent rare earth ele-
ment, M is transition metal or main-group element, X comes
from element Sb or Bi) [34]. As one of the two major catego-
ries of 1-2-2 type materials, Sb-based system has been paid lots
of attention and is in-depth studied. However, it is a pity that
the toxic element Cd is always inevitable among Sb-based
materials with maximal ZT in excess of 1 [35-39], which is
not in keeping with the concept of environmental friendliness.
Out of the environmental consideration, peoples gradually
turn their concerns to the analogous Bi-based Zintl materials,
AMg,Bi, (A = Ca, Yb, Eu) [40, 41].

In the Bi-based family, CaMg,Bi, compound possesses
the virtues of environmental friendliness, low cost, and high
element abundance compared with the other two containing
expensive Yb and Eu. Early studies reported that the peak ZT
is only ~0.1 for CaMg,Bi, synthesized by the traditional
melting method, which is far from practical application
[41]. Shuai et al. utilized the ball milling method to reduce
the element volatilization and then selected the monovalence
Na" to replace Ca**, which eventually causes a mediocre Z
T=0.9 at 873K for Cagg95Nag 40sMg,Bi; o4 sample [42].
However, the trace alloying fractions of alkali-metal and
weak mass/size difference between alkali-metal and Ca have
a faint influence on the lattice thermal conductivity [42].
Attempts at introducing point defect and utilizing multiscale
phonon engineering in CaMg,Bi, have been executed to fur-
ther reduce the «; [33, 43]. Even though the peak ZT value
as high as ~1.3 at 873K in Ca,,Yb,,Eu,,Mg,Bi, is
obtained, the expensiveness of some rare-earth elements
makes it difficult to achieve large scale application in some
cases [33].

In other doped CaMg,Bi, systems, the element Ba has
been verified to be as effective as Yb or Eu in reducing x;
[44]. Further considering that Bi-p orbitals dominate the
valence band of CaMg,Bi, [33], element doping on Ca site
may have a minor effect on valence band structure, which is
benefited for maintaining high carrier mobility. Thus, starting
with the adjusted composition, Cag g95Nay 09sMg,Bi; o5 [42],
the substitution of isoelectronic Ba for Ca will not only tai-
lors carrier concentration while maintaining the high carrier
mobility but also reduces the x; by constructing point
defects, leading to an enhanced thermoelectric properties.
Subsequently, Zn doping on Mg site is carried out to further
reduce the x;. This equivalent substitution can effectively
block phonon transmission without significantly disordering
the electrical property. Eventually, the maximum ZT value
of ~1.25 at 873K and the average ZT (ZT,,) of ~0.85
between 300K and 873K are gained in (Ca,,sBa;,5)0.005.
Nay 09sMg; 9521, osBi; o5 sample. As well, this ZT ,, is the
highest value in p-type AM,X, Zintl compounds ever
reported, and the richness and nontoxic constituent ele-
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ments are of great practical significance to promote the
application of large-scale and high-efficiency thermoelectric
modules.

2. Result and Discussion

2.1. The Effect of Ba Doping on Enhancing TE Properties. The
details of sample preparation and characterization could
be found in supporting information. Figure 1 shows the
XRD patterns and the related lattice parameters of Bax
(x=0,0.25,0.5,0.75) alloys. The diffraction peaks can be
nicely indexed to trigonal CaAl,Si, structure with the space
group P 3 ml. There is minor impurity phase Bi existing
between 25" and 30° on account of the loss of Ca and Mg at
elevated temperature. However, it should be noted that the
Bragg peaks shift toward lower diffraction angles with
increasing Ba fraction as shown in Figure 1(b), indicating
an enlarged lattice parameter derived from the larger ionic
radius of Ba®* (1.35A) compared to that of Ca®* (1.0 A). As
anticipated, the calculated lattice parameters a and ¢ linearly
increase with increasing Ba content as shown Figure 1(c).

Figure 2 depicts the electrical transport properties of Bax
(x=0,0.25,0.5,0.75) alloys. The decreasing trend of o as
temperature increasing represents a typical degenerate semi-
conducting behavior. Moreover, the electrical conductivity
decreases with increasing Ba content during the whole mea-
sured temperature range, which could be attributed to the
decrease of carrier concentration since the mobility changes
slightly with the doping fraction grows as shown in
Figure 2(b) and Table S1.

To further disclose the electrical transport mechanism
after doping, the ny; and yy; as a function of temperature for
BaxZny alloys (x =0, 0.25,0.5,0.75; y =0, 0.05, 0.1, 0.15) are
shown in Figure 2(b). Although Ba and Ca have the same
valence state in the Zintl phase, the difference of electroneg-
ativity might give rise to diverse electrical properties. The
electron transfer may become more distinct in Ba-doped
sample because of the higher electropositive of Ba than Ca,
which eventually leads to the lower n;; of Ba-doped samples.
The similar phenomenon also appears in Ca,_ Yb Mg,Bi,
[43] and Yb, ,Ca,Zn,Sb, materials [45]. Thus, utilizing the
difference of electronegativity does effectively tailor the ny,
which is a crucial approach to modulate the S and 0. Worthy
of extraordinary attention here is the independence between
carrier mobility and Ba doping fraction. The substitution of
cation sites may generate minimal impact on the valence
band as mentioned above, and thus, the carrier mobility is
nearly unchanged with doping content [33]. Compared with
other high-performance CaMg,Bi, materials [33, 42-44], we
found that this cation doping will not destroy the inherent
high mobility of CaMg,Bi, system, which is critical in devel-
oping high thermoelectric performance (Figure S1). A rough
py ~T'° relationship reveals that the primary carrier
scattering mechanism is acoustic phonon scattering
(Figure 2(b)).

Figure 2(c) indicates the temperature-dependent Seebeck
coeflicient of Bax (x =0, 0.25, 0.5, 0.75) alloys. Clearly, the S
value increases with increasing Ba fraction, which results
from the decreased . Figure 2(d) further shows the
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F1GURE 1: (a) The room-temperature XRD patterns for Bax (x =0, 0.25, 0.5, 0.75) alloys. (b) The zoomed-in XRD patterns between 30" and

34°. (c) Ba concentration-dependent lattice parameters.

calculated Pisarenko relations with m* =0.63 m, at room
temperature under the assumption of a parabolic band and
an acoustic phonon scattering [46]. The better consistency
between the fitting line and experiment data demonstrates
that the Ba substitution barely disturbs the valence band
structure at room temperature. Although Ba-doping evi-
dently improves the S, the decay of the o eventually leads to
the decline of PF (Figure 2(e)). Even so, the PF value still
remains relatively high in Ba0.25 sample and the PF,, of
13.9 uW cm™ K™ ranging from 300K to 873 K is higher than
those of other reports [33, 42, 43] (Figure 3(b)).

At the same time, the power factor dependence on carrier
concentration at different temperature is plotted in Figure 2(f
). The solid lines represent the calculated PF on the basis of
the assumption that the carrier mobility is independent of
ny (Figure 2(b) and Table S1). It is clear that the peak PF
can be achieved via adjusting the nj; and the experimental
data match well with the calculated PF. Particularly, the
optimized carrier concentration at room temperature by
calculation is around 2.6 x 10" cm™, approximating to the
experimental value ~2.5x 10 cm™ for Ba0.25 sample
(Table S1).

Alloying with Ba could substantially decrease the thermal
conductivity as shown in Figure 4. The «; could be estimated
by subtracting electronic component, x; =LoT, from the
thermal conductivity x, in which the Lorenz factor (L) is
determined by SPB model assuming the carriers scattering
dominated by acoustic phonon. [46] As shown in
Figure 4(a), the lattice thermal conductivity first declines with
x, reaching the minimum value at x = 0.5, and then increases.
It should be stressed that the room temperature «; reaches a
lowest value of 1.1 Wm™ K™ for Ba0.5 sample, which is 57%
lower than that of undoped sample (2.6 Wm™ K ™). Such low
%, is mainly due to additional phonon scattering results from
point defect caused by the mass and strain field fluctuation
between doping atoms (Ba) and host atoms (Ca). Under the

hypothesis that the phonon propagation is only restricted by
Umklapp process and point defect scattering, the Debye-
Callaway model [47, 48] has been used to successfully fit
the experimentally measured x; in diverse systems, such
as YbZn,Sb, Bi, [49], CaZn, Mg Sb, [50], and CoSbS,.
Se, [51]. Thus, to deeply clarify the relationship between
point defect and the lattice thermal conductivity, the
Debye-Callaway model [47, 48] assuming that the phonon
scattering mainly comes from contributions of the Umklapp
process and point defect scattering terms is adopted in Bax
(x=0,0.25,0.5,0.75) materials. A systematic description
about the model can be found in supporting information.
The parameter I' presents the strength of point defect scat-
tering and is regarded as a product of the multiplication of
I'y and x;(1—x;), where I'; is a dimensionless parameter
obtained utilizing a fitting method and x; is the fractional
concentration. The strength of point defect scattering first
increases with increasing Ba fraction until x=0.5 and then
decreases (Table S2). The minimal «; in the x =0.5 sample
mainly attributing to maximal lattice disorder. Furthermore,
Figure 4(b) shows a good coincidence between model
prediction and measured data, which suggests that Ba/Ca
substitution are indeed mainly responsible for the reducing
of x; in this work.

Combined with the reduced x which is proportional to
electrical conductivity, the total thermal conductivity sharply
decreases as shown in Figures S2 and 4(c). Specially, the
room temperature x decreases from 3.1Wm™ K" for Ba0
sample to 1.3Wm ' K™ for Ba0.5 sample, with a drop of
58%. Correspondingly, the x at 873K reduces from
1.2Wm'K! to 0.9Wm™ K, with a decrease of 25%. The
ZT wvalues as a function of temperature for Bax
(x=0,0.25,0.5,0.75) samples are presented in Figure 4(d).
Benefiting from the decreased lattice thermal conductivity
and appreciable power factor, the maximum ZT value of
1.2 at 823 K is obtained for Ba0.25 alloy.
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FIGURE 2: (a) The electrical conductivity as a function of temperature for Bax (x =0, 0.25,0.5,0.75) samples. (b) Temperature-dependent
carrier concentration and mobility for BaxZny (x=0,0.25,0.5,0.75; ¥ =0,0.05,0.1,0.15). The dotted line represents the relationship of
Uy ~T 15 (c) Temperature-dependent Seebeck coefficient for Bax samples. (d) Room temperature Seebeck coefficient vs carrier
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0.63m,. (e) Variation of the PF for Bax samples. (f) Carrier concentration dependent PF at different temperatures. The solid lines are
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TaBLE 1: Room temperature electrical transport parameters of BaZny (y =0, 0.05,0.1, 0.15) samples.
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FIGURE 5: (a) Temperature-dependent the lattice thermal conductivity of BaZny (y=0,0.05,0.1,0.15) samples. (b) Comparison of «;
between this work and other reported literature [33, 42-44]. The dotted lines represent the theoretical minimum lattice thermal
conductivity KLmin (0.35W m ' K™ for Cahill model and 0.14 W m™ K™ for Bvk-Pei model) [44]. (c) Composition dependent ,u(m*/me)S/ 2
/%, at 300K for Bax (x=0,0.25) and BaZny (y=0,0.05,0.1,0.15) samples. (d) The dimensionless figure of merit ZT as a function of

temperature and content.

2.2. Mg Site Doping and Its Effect on Enhancing TE Properties.
Though the «; reaches 0.57Wm™ K" at 873K for Ba0.25
sample, this value is still much higher than the theoretical
limit (0.35Wm K" for Cahill model and 0.14 Wm' K
for Bvk-Pei model) [44]. How to further decrease x; while
maintaining the considerable PF is another urgent challenge.
One of the interesting characteristics of isoelectronic alloying
is that they do not bring the charge disorder but introduce
the phonon scattering center due to the mass and strain field

fluctuations between the host atoms and the guest atoms
[52]. In our previous work, we have confirmed firstly that
Zn substitution on Mg site can reduce the x; without chang-
ing the valence band structure [53]. Thus, lower lattice ther-
mal conductivity is prospected in properly BaZny alloys,
which is advantageous for enhancing ZT values.

Room temperature XRD analysis of BaZny
(y=0,0.05,0.1,0.15) samples is displayed in Figure S3.
Besides tiny Bi impurity, the main phases of all samples
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exhibit good agreement with the CaAl,Si, structure (space
group P 3 ml). It is noted that the lattice parameter
increases with Zn content grows up due to the small ionic
radius of Zn in comparison with Mg. However, no distinct
deviations occur in lattice constant when y exceeds 0.05,
which can be attributed to the low solubility limit of Zn in
the present compound.

Figure S4 shows temperature-dependent o and S for
BaZny (y=0,0.05,0.1,0.15). The slightly variation in the
electrical conductivity with increasing Zn fraction can be
explained by the almost unchanged carrier concentration
and mobility (Figure 2(b) and Table 1). Zn doping has a
faint effect on the Seebeck coefficient when y <0.05, and
the Seebeck coefficients present a downward trend when
doping concentration exceed 0.05. The reason for the
decline of S is still unclear and need further research. One
possible explanation is that Zn-related second phase
influences the Seebeck coeflicient in some degree. As shown
in Table 1 and Figure 2(d), the m* is less influenced by
doping and all experimental data fall well on the Pisarenko
curve, indicating that Zn doping has a tiny influence on the
valence band structure at 300K. In previous literature of
the same group [53], it is founded that the carrier mobility
of CaMg, Zn,,Bi, o, decreases with a drop of 20%
compared to CaMg,Bi, os. However, the carrier mobility
is reduced by less than 10% when the Zn doping
fraction is less than 0.05. It is generally recognized that
the carrier mobility increases with the decrease of carrier
concentration. However, in this work, Ba doping reduced
carrier concentration, but the carrier mobility remained
nearly unchanged rather than increased, further indicating
that the alloying scattering caused by Ba doping has a certain

(300 K-873 K) between this work and other previous CaMg,Bi, alloys [33, 42, 43].

effect on the mobility reduction. When we further dope
slight Zn (Zn=0.05) in (Cag;5Bag ,5)0.905Nag 00sM8,Bi; o5
its weak carrier scattering effect could be obscured by that
caused by Ba doping in (Cay;5Bay ;5)0.905Nap 00sMg;Bl; og:
leading to an inconspicuous change on mobility. Moreover,
the experimental carrier concentration of ~2.5x 10 cm™
for Zn-doped samples is close to the optimal range for
maximum PF, as shown in Figure 2(f). The high carrier
mobility of ~164cm™V™'s™ is still at a higher level, even
compared with other doped CaMg,Bi, [33, 42-44], as shown
in Figure S1.

With increasing Zn content, the PF of BaZny samples
increases firstly when y<0.05 and then decreases
(Figure 3(a)). A conclusion that the appropriate Zn concentra-
tion will not deteriorate the electrical transport properties can
be made. It is known that the output power density (w) is pro-
portional to the power factor via w=1/4((T), - T,)*/L)PF
[54]. Thus, the highest PF,,, of 14.4 W cm™ K * in BaZn0.05
sample contributes to a higher output power density com-
pared with the other representative reports [33, 42, 43].

Further investigation on thermal transport parameters is
carried out. Alloying Zn in Ba0.25 sample indeed effectively
reduces the «; throughout the measured temperature range
due to the enhanced point defects scattering (as shown in
Figure 5(a)). The x; decreases from ~13Wm'K! for
Ba0.25 sample to 1.1Wm™ K" BaZn0.05 sample at 300K
and from 0.6 Wm' K to 0.5Wm ™' K" at 873K, which are
definitely lower than those of other reported CaMg,Bi, sys-
tems [33, 42-44] (Figure 5(b)). Specially, the lower «k; of
0.5Wm™ K" in this work approaches to the amorphous
limit x; ™" as shown Figure 5(b) [44], originating from the
high concentration point defects caused by Ba and Zn



alloying. The reduced lattice thermal conductivity eventually
leads to the decline of total thermal conductivity, as shown in
Figure S5.

In general, for the intrinsic materials metric, quality fac-

tor B (u(m*/me)**/i;) was taken as reference to search
potential thermoelectric materials [55]. The room tempera-
ture 3 of BaxZny (x=0,0.25, y =0, 0.05,0.1, 0.15) is plotted
in Figure 5(c). A largest value of 82.4x 107*Km?V~'s™!
W is achieved in the x =0.25, y = 0.05 samples, which is
about two times higher than that of the Ba0 sample
(31.4x10*Km?* V's' W), Thus, with the help of Ba
and Zn dual doping, we could realize reduced lattice thermal
conductivity without serious compromises in electrical prop-
erties. As shown in Figure 5(d), the highest ZT value of ~1.25
is achieved for BaZn0.05 sample when it is higher than 823 K.

Snyder and Ursell [56] proposes that the compatibility
factor s=(v/1+ZT —1)/(ST) can be used to facilitate ratio-
nal materials selection and thermoelectric device design. An
optimal relative current density is essential for achieving
the maximum conversion efficiency. However, for the seg-
mented power generation modules containing different
materials, the electric current flowing in each part should
be the same. Thus, the maximum conversion efficiency of
each part could be achieved if the compatibility factor of
one segment is similar to one another [56]. The situation that
a single leg made of a single material is applied within a tem-
perature gradient can be analogous to the different-material
segments mentioned above. Each part of such a segment in
different temperature may not be capable of achieving the
largest conversion efficiency together unless the compatibil-
ity factor is independent of temperature. Figure S6 shows
that the compatibility factor of Ba and Zn doping are
almost temperature independence, which is conducive to
maximize efficiency in the whole application temperature
range.

Compared to other doped CaMg,Bi, compounds [33,
42-44], the ZT value of 1.25 for BaZn0.05 sample catches
up with the current highest level, as shown in Figure 6(a).
Besides the appreciable ZT, a record ZT,, of 0.85 is also
achieved for the same materials system (Figure 6(b)). The rel-
atively cost-effective, nontoxic, and abundant constituents
combined with the high thermoelectric performance makes
the present compound more attractive among all thermo-
electric material systems.

3. Conclusion

In this work, p-type CaMg,Bi, was transformed from an
uncompetitive thermoelectric material to an outstanding
one with record ZT,,, via Ba and Zn dual doping. High-
concentration point defects (Ba and Zn doping) play a crucial
role in obstructing phonon transport due to the large mass
and size difference between the host atom and guest atom.
An ultralow «; of 0.51Wm ™K' at 873K is obtained for
(Cag 75Bag 55). 995N 005M81 9521 05Bi; o5 sample. Further,
due to the weakly affected carrier mobility, the quality factor
B will be distinctly strengthened. Eventually, the enhanced
ZT ... of 1.25 at 873 K and the record ZT ,,, of 0.85 between

Research

300K and 873K are also obtained. Last but not least, just
this material also displays the temperature independent
compatibility factor. Taking into account the practical
design of thermoelectric device, high-performance thermo-
electric materials composed of cost-effective, environmen-
tally friendly, and plentiful elements are of greatly practical
significance for large-scale commercial applications.
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