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SYNTHESIS OF N-TYPE THERMOELECTRIC MATERIALS, INCLUDING Mg-Sn-
Ge MATERIALS, AND METHODS FOR FABRICATION THEREOF

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] This application claims priority to U.S. Prov. App. No. 62/113,655, “New N-Type
Thermoelectric Material Mg,(Sn, Ge, Si) and Method for Synthesis Thereof,” filed February 9,
2015 and U.S. Prov. App. No. 62/166,887, “Synthesis of N-type Thermoelectric Materials,
Including Mg-Sn-Ge Materials,” filed May 27, 2015, both of which are incorporated by

reference herein in their entirety.

STATEMENT REGARDING FEDERALLY SPONSORED

RESEARCH OR DEVELOPMENT
[0002] This work is partially supported by “Solid State Solar-Thermal Energy Conversion
Center (S'TEC)”, an Energy Frontier Research Center funded by the U.S. Department of
Energy, Office of Science, Office of Basic Energy Science under award number DE-
SC0001299/DE-FG02-09ER46577 (materials synthesis and characterizations), and partially
by “Concentrated Solar Thermoelectric Power (CSP)”, a DOE SunShot CSP grant, under
award number DE-EE0005806 (leg efficiency and output power density calculation). The
work is also supported in part by U.S. Air Force Office of Scientific Research Grant No.
FA9550-09-1-0656.

BACKGROUND
[0003] Over the past decades, thermoelectric materials have been extensively studied for
potentially broad applications in refrigeration, waste heat recovery, solar energy conversion,
etc. The efficiency of thermoelectric devices is governed by the materials' dimensionless figure
of merit ZT = (S%0/k)T, where S,0,T, and k are the Seebeck coefficient, electrical

conductivity, absolute temperature, and thermal conductivity, respectively.

BRIEF SUMMARY OF THE DISCLOSURE
[0004] In an embodiment, a method of manufacturing a thermoelectric material comprising:
hot-pressing a powder comprising a first component (W) and a second component (X) into a
pressed component, wherein the pressed component comprises a Z7 value of at least 1.0 at

about 450 °C.
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[0005] In an embodiment, a thermoelectric device comprising: a thermoelectric material
comprising a first component W, a second component X, a third component Y, and a fourth
component Q, according to the formula W»+5X1.x4YxQy, and comprising a Z7 of about 1.4 at
about 450 °C.

[0006]  In another embodiment, thermoelectric device comprising: a thermoelectric material
comprising: magnesium (Mg), a second component (X), and a third component (Y), according

to the formula WaXgY ¢ and a Z7 value of at least 1.0 at about 450 °C.

BRIEF DESCRIPTION OF THE DRAWINGS
[0007] For a detailed description of the exemplary embodiments disclosed herein, reference
will now be made to the accompanying drawings in which:
[0008] FIGS. 1A and 1B are x-ray diffraction (XRD) patterns of a plurality of Mg,Sn samples
fabricated according to certain embodiments of the present disclosure.
[0009] FIGS. 2A-2D are images of the microstructures of Mg,Sng 75Gey»s in an as-fabricated
state for samples fabricated according to certain embodiments of the present disclosure.
[0010] FIGS. 3A and 3B are a scanning electron microscopy (SEM) image and an energy-
dispersive X-ray spectroscopy (EDS)-measured composition of Mg;o6Sng728Geo 25Sbo 022
fabricated according to certain embodiments of the present disclosure.
[0011] FIGS. 4A-4D are graphs of temperature dependent thermoelectric properties of
samples of Mg,Sn and Mg,Sng 75Gey s fabricated according to certain embodiments of the
present disclosure.
[0012] FIGS. 5A-5D are graphs of temperature dependent thermoelectric properties of
samples of Mg,Sn and Mg,Sng 75Gey s fabricated according to certain embodiments of the
present disclosure.
[0013] FIGS. 6A-6F illustrate thermoelectric temperature-dependent properties of a plurality of
MgSnGe-based samples fabricated according to certain embodiments of the present disclosure
as compared to conventional samples.
[0014] FIGS. 7A-7F illustrate shows the temperature dependent thermoelectric properties of
the Mg»+3Sn1.x,GexSby samples fabricated according to embodiments of the present disclosure.
[0015] FIG. 8 shows a graph of the relationship between the carrier concentration and the Sb
content in the Mg»+sSn;.«yGe,Sby fabricated according to embodiments of the present

disclosure.
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[0016] FIGS. 9A-9J show the three batches of samples of Mg»+3Sng 754Geo2sSby at two
different carrier concentration, i.e. 2.7x10*° ¢cm™ (FIGS. 9A-9E) and 3.0x10% c¢m™ (FIGS. 9F-
9)), respectively.

[0017] FIGS. 10A-10D are graphs illustrating the comparative temperature-dependent
thermoelectric properties for a reference sample as compared to samples of thermoelectric
materials fabricated according to embodiments of the present disclosure.

[0018] FIGS. 11A-11D graphs illustrating the temperature-dependent thermoelectric properties
for samples of thermoelectric materials fabricated according to embodiments of the present
disclosure.

[0019] FIGS. 12A-12E are graphs of temperature-dependent thermoelectric properties of
Mg>+5Sn1.xy-2GexS1,Sb, with varying amounts of Si and Sb content, fabricated according to
certain embodiments of the present disclosure.

[0020] FIGS. 13A-13E are graphs of temperature-dependent thermoelectric properties of
Mg>+5Sn1.xy--GexS1,Sb, samples comprising varying amounts of Si and Ge, fabricated
according to certain embodiments of the present disclosure.

[0021] FIGS. 14A-14E are graphs of temperature-dependent thermoelectric properties of
Mg>+5Sn1.xy--GexS1yB1, samples comprising varying amounts of Bi and Ge, fabricated
according to certain embodiments of the present disclosure.

[0022] FIG. 15 is a flow chart of a method of manufacturing thermoelectric materials and
thermoelectric devices according to certain embodiments of the present disclosure.

[0023] FIGS. 16A-16F are graphs of temperature-dependent thermoelectric properties of
Mgo(Sng.765Geo22Sb0.015)1-x(SNo 685810, 35b0 015)x fabricated according to certain embodiments
of the present disclosure.

[0024] FIGS. 17A-17F are additional graphs of temperature-dependent thermoelectric
properties of Mgy (Sng.765Ge0.22Sbo.015)1-x(SN0 685810.3Sbg015)x fabricated according to certain
embodiments of the present disclosure.

[0025] FIGS. 18A-18F are graphs of temperature-dependent thermoelectric properties of
Mg,Sng.95.xPbxSbyg o2 fabricated according to certain embodiments of the present disclosure.
[0026] FIGS. 19A-19F are graphs of temperature-dependent thermoelectric properties of
Mg,Sng.95.xSixPbg0sSbo g, fabricated according to certain embodiments of the present

disclosure.
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[0027] FIGS. 20A-20F are additional graphs of temperature-dependent thermoelectric
properties of Mg,Sng.9s.xSixPbo.0sSbo g, fabricated according to certain embodiments of the

present disclosure.

DETAILED DESCRIPTION OF THE DISCLOSED EXEMPLARY EMBODIMENTS
[0028] The following discussion is directed to various exemplary embodiments. However,
one of ordinary skill in the art will understand that the examples disclosed herein have broad
application, and that the discussion of any embodiment is meant only to be exemplary of that
embodiment, and not intended to suggest that the scope of the disclosure, including the claims,
is limited to that embodiment.

[0029] The drawing figures are not necessarily to scale. Certain features and components
herein may be shown exaggerated in scale or in somewhat schematic form and some details of
conventional elements may not be shown in interest of clarity and conciseness.

[0030] In the following discussion and in the claims, the terms "including" and
"comprising" are used in an open-ended fashion, and thus should be interpreted to mean
"including, but not limited to... ."

[0031] Thermoelectric (TE) materials are useful for power generation and/or cooling
applications because of the electric voltage that develops when a temperature differential is
created across the material. TE cooling systems operate on the principal that a loop (circuit) of
at least two dissimilar materials can pass current, absorbing heat at one end of the junction
between the materials and releasing heat at the other end of the junction, and TE power
generators enable the direct conversion from heat to electricity. As such, TE materials may be
fabricated so that, when heat is applied to a portion of the TE material, the electrons migrate
from the hot end towards a “cold” end, e.g., a portion of the TE material where heat is not being
applied. The electrical current created when the electrons migrate may be harnessed for power,
and the amount of electrical current (and resultant power generated) increases with an
increasing temperature difference from the hot side of the TE material to the cold side.
However, when a TE material is heated up, if it is heated for a long enough time period, held at
a temperature over a time period, and/or heated to a high enough temperature, the cold side
may actually heat up, so the thermoelectric devices in which the TE materials are employed
may also use various methods to pull heat away from the cold side.

[0032] In an embodiment, materials for thermoelectric generators are fabricated to possess
high dimensionless figure of merit Z7 = [SZO'/(K‘eJrK‘L)]T " where S, 0, k., xi., and T are the
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Seebeck coefficient, electrical conductivity, electronic thermal conductivity, lattice thermal
conductivity, and absolute temperature, respectively. The thermoelectric effect is a combination
of phenomenon including the Seebeck effect, Peltier effect, and Thomson effect. The Seebeck
coefficient is associated with the Seebeck effect, which is the name of the effect observed when
an electromagnetic effect is created when a structure (loop) is heated on one side. The Peltier
effect is the term used to explain heating or cooling at a junction between two different TE
materials when a current is generated in a circuit or other loop comprising the two different TE
materials. The Thomson effect occurs when a Seebeck coefficient is not constant at a
temperature (depending upon the TE material), so when an electric current is passed through a
circuit of a single TE material that has a temperature gradient along its length, heat may be
absorbed, and the temperature difference may be redistributed along the length when the
current is applied. Thus, higher Z7 values for TE materials across a variety of temperature
ranges may continue to become increasingly valuable for applications at least across the fields
of TE power generation and cooling.

[0033] Thermoelectric power generation and the related efficacy refers to the use of a
thermal gradient formed between conductors that generates a voltage. The temperature
gradient formed results in a heat flow, and some of the heat generated associated with the head
flow may not be converted into voltage. The Seebeck coefficient may be employed to
determine the effectiveness of a material for thermoelectric applications including cooling or
power generation. In order to develop more thermoelectrically efficient materials, it may be
desirable to fabricate materials with a high Seebeck coefficient and a high power factor, which
is the ability of a material to produce electric power. As discussed herein, for a given Z7,
higher power factor ($°) instead of lower x should be pursued for achieving more power since
power is determined by (7)-T, )2(S°6)/L, where T), T., and L are the hot and cold side
temperatures, and leg length, respectively. A new material Mg,Sng 75Gey 15 is fabricated herein
comprising both a high Z7 and a high power factor.

[0034] Thermoelectric power generation is one of the most promising techniques to utilize
the huge amount of waste heat and solar energy. Traditionally, high thermoelectric figure-of-
merit, Z7, has been the only parameter pursued for high conversion efficiency. A high power
factor (PF) is equivalently desirable for high power generation, in addition to high efficiency. A
new n-type Mg,Sn-based material Mg,Sng75Gepas 1s a good example to meet the dual
requirements in efficiency and output power. It was found that Mg,Sny 75Geg 25 has an average
ZT of 0.9 and PF of 52 uW cm™ K2 over the temperature range of 25-450 °C, a peak Z7 of 1.4

5
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at 450 °C, and peak PF of 55 uW cm™ K™ at 350 °C. By using the energy balance of one-
dimensional heat flow equation, leg efficiency and output power were calculated with 7}, = 400
°C and 7,,= 50 °C to be of 10.5% and 6.6 W cm™ under a temperature gradient of 150 °C mm™,
respectively.

[0035] Technology: Thermoelectric power generation from waste heat is attracting more
and more attention. Potential fuel efficiency enhancement by recovering the waste heat is
beneficial for automobiles and many other applications. In addition, solar thermoelectric
generators (STEG) provide an alternative route to convert solar energy into electrical power
besides the photovoltaic conversion. Thermoelectric generator (TEG) is similar to a heat engine
using electrons/holes as the energy carrier. The conversion efficiency of a TEG is related to the
Camot efficiency and the material’s average thermoelectric figure of merit Z7,

U_Th—TC[ NI j

T, \N1+2Z7 +T.T,

h

[1]

where ZT = (S°0/k)T, and S, o, k, and T are Seebeck coefficient, electrical conductivity, thermal
conductivity, and averaged temperature between 7, and 7}, respectively. For practical
applications of thermoelectric materials, efficiency is not the only concern, high output power
density is also desirable when the capacity of the heat source is huge (such as solar heat), or the
cost of the heat source is not a big factor (such as waste heat from automobiles, steel industry,
etc.). The output power density @ is defined as the output power # divided by the cross-
sectional area 4 of the leg, i.e., @ = W/A, which is related to power factor PF' = o by

2

o= %@ PF [2]
[0036] Eq. 2 contains two main parts: square of the temperature difference divided by leg
length, and material power factor PF = S%. In order to achieve a higher power density for a
given heat source the power factor P/’ may be increased and/or the leg length may be
decreased. However, in some applications, decreasing the leg length could cause severe
consequences such as increase of large heat flux that will increase the cost of the heat
management at the cold end, increase of percentage of contact resistance in the device that will
increase the parasitic loss and consequently decrease the energy conversion efficiency, increase

of the thermal stress due to the larger thermal gradient leading to device failure, etc. Therefore,

in some embodiments, it may be prudent to increase the power factor PF. Since PF is a pure
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material parameter, it may be used as a criterion in searching for new thermoelectric materials
for high output power.

[0037] A “useful” (e.g., a material comprising properties desirable for end power/heat
generation/cooling or other applications) thermoelectric material is one which possesses a high
ZT value for high efficiency, and also a high PF for high output power. Ideally, the
temperature-independent Z7 and PF over the whole temperature range from cold side to hot
side are desired. However, both the Z7" and PF of all materials show strong temperature
dependency, usually increasing first with temperature due to the phonon-phonon scattering and
then decreasing when the bipolar effect starts to play a role. Since both efficiency and output
power may be desirable properties of a thermoelectric material, new n- and p-type materials
that can work up to 400 °C are more desirable for thermoelectric power generation.

[0038] Discussed herein is the fabrication of a new MgySn-based n-type thermoelectric
material operable for thermoelectric applications below about 400 °C for power generation due
to the narrow band gap of about 0.26 eV. The challenges in preparing and handling
conventionally employed materials include the high vapor pressure and chemical activity of
Mg. Mg,Sn-based materials with Z7 values that are desirable in thermoelectric application
were fabricated by ball milling and hot pressing as discussed herein. An Sn dominated
composition Mg,Sng75Gegrs was manufactured through ball milling and hot pressing to
achieve a ZT of about 1.4 at about 450 °C and power factor PF of about 55 pW cm™ K2 at
about 350 °C. Calculations show that these could yield a leg efficiency # of 10.5%, and output
power density @ of 6.6 W cm™ at 7),= 400 °C and 7,.= 50 °C, which will be very useful for the
vast amount of waste heat sources at up to 400 °C as well as concentrated solar energy
conversion applications. The composition of Mg,Sng75Geg»s shows an average Z7 of 0.9 and
an average PF of 52 uW cm™ K over the temperature range of 25-450 °C, and also a peak ZT'
of 1.4 at 450 °C and peak PF of 55 uW cm™ K™ at 350 °C. Theoretically, Mg,SnosGeo2s leg
could have an efficiency n of 10.5%, and an output power density ® of 6.6 W cm™ under a
temperature gradient of 150 °C mm™ for 7, = 400 °C and 7, = 50 °C. Compared with the
reported Mg,Si;Sny system, the higher power factor obtained in Mg,Sn;.,Gey is associated
with the increased S°x attributable to the band convergence and higher carrier mobility, which
in turn are due to the smaller size difference between Sn and Ge than between Sn and Si.
Furthermore, coherent nano inclusions were identified in the Mg,Sn;.,Ge, materials.

[0039] MATERIAL FABRICATION
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[0040] Elemental powders, including magnesium (Mg, 99.98%, Alfa Aesar), tin (Sn, 99.8%,
Alfa Aesar), and germanium (Ge, 99.999%, Alfa Aesar), were weighed according to the
stoichiometric Mg,Sn and Mg,Sng 75Geg »s. Here, antimony (Sb, 99.99%, Alfa Aesar) and slight
extra magnesium was used to adjust the carrier concentration. The element mixtures were then
subjected to mechanical ball milling for up to 20 hours. The ball-milled powders were then
loaded into a graphite die with an inner diameter of 12.7 mm and hot pressed into bulk samples
by direct current induced hot pressing at 600-750 °C for 2 minutes. Depending on the
embodiment, the hot pressing time, temperature, and pressure (e.g., 80MPa in some cases), may
vary.

[0041] MATERIAL CHARACTERIZATION

[0042] Crystal structure. X-ray diffraction measurements were conducted on two systems:
PANalytical multipurpose diffractometer with an X celerator detector (P ANalytical X Pert Pro)
and a Brucker D2 PHASER system. The lattice parameters of MgSn;..,GesSby were
calculated by the Rietveld refinement method, which was done in Fullprof suite by using a

cubic structure (space group: Fm3m, No. 225) as the starting structure. The microstructures
of the samples were studied by a JEOL 6340F scanning electron microscope (SEM) and a
JEOL 2010-F transmission electron microscope (SEM). The composition analysis was
conducted by energy-dispersive X-ray spectroscopy (EDS) inside the SEM.

[0043] Thermoelectric transport properties. The electrical resistivity was measured by a
reverse dc-current four-point method, while the Seebeck coefficient was determined by the
slope of the voltage difference versus temperature difference curve based on a static
temperature difference method. The simultaneous measurement of electrical resistivity and
Seebeck coefficient was conducted on a commercial system (ZEM-3, ULV AC). The thermal
conductivity was calculated from the relationship x = DC,d, where D, C,, and d are the thermal
diffusivity, specific heat, and volumetric density, respectively. The thermal diffusivity was
measured by the laser flash method with a commercial system (LFA447, Netzsch). The specific
heat capacity was determined by a differential scanning calorimeter (DSC 404 C). The
volumetric density was measured by the Archimedes method. The Hall coefficient, Ry, was
carried out on a commercial system (PPMS, Quantum Design), with a magnetic field up to 6T
and an electrical current of 10-20 mA.

[0044] Referring now to FIG. 1A, the figure that illustrates patterns of Mg,Sn,.,Ge fabricated

according to certain embodiments of the present disclosure. FIG. 1A is an XRD pattern of ball



WO 2016/130205 PCT/US2015/065119

milled powders of Mg,Sng73Gep25Sbogo. which matches the standard cubic Mg,Sn phase
(PDF# 03-065-2997), and FIG. 1B is an XRD pattern of the hot pressed bulk polycrystalline
Mg,Sn with Rietveld refinement. The inset of FIG. 1A is the schematic figure of cubic Mg, X
(X' =8n and Ge) crystalized in the space group of Fm3m (No. 225).

[0045] Selecting and/or controlling the particle size of the starting materials contribute to the
fabrication of phase-pure samples. Since both the major starting materials Mg and Sn are very
soft, they easily stick on the wall of the stainless steel jar. Luckily, the reacted product Mg,Sn is
brittle, which can be ball milled into nanopowders. Only a cubic phase was observed in the ball
milled Mg,Sn nanopowders, as shown in FIG. 1A., which also demonstrates that a small stress
was left in ball milled nano powders. FIG. 1B illustrates that the hot pressed bulk material has
the same cubic Mg,Sn phase as the ball milled powders in FIG. 1A. No oxide impurity was
identified, as shown FIG. 1B. In an embodiment, a milled powder comprises particles having
diameters less than or equal to 10 micrometers.

[0046] Referring now to FIGS. 2A-2D that illustrate images of the microstructures of the as-
fabricated Mg,Sng 75Geg»s. The SEM image of the freshly fractured surface, as shown in FIG.
2A, shows the grain size distribution ranges from about 0.5 um to about 2 um. Smaller grains
of about 300 nm were also identified in the TEM image, as shown in Fig. 2B. Furthermore,
some nano-inclusions of 5-10 nm in diameter were observed in the HR-TEM images, as shown
in Fig. 2C-D. Such nano inclusions are most likely due to stress caused by the slightly
composition fluctuation within the single crystalline grain. These nano- inclusions are the
active phonon scattering centers. It is noted that the observed nano-inclusions have coherent
boundaries within the matrix, which should have less impact on the transport of the electrons.
[0047] Tuming now to FIGS. 3A and 3B, FIG. 3A is an SEM image of
Mg» 06S10.728Geo 25Sbo o2z and FIG. 3B is an energy-dispersive X-ray spectroscopy (EDS) image
taken from the section 302 in the SEM image of FIG. 3A. The EDS results indicate that the
composition of the sample was about 66.6 at.% for Mg, about 21.9 at.% for Sn, about 9.9 at.%
for Ge, and about 1.6 at% for Sb, which are substantially similar to that of the nominal
composition.

[0048] Tuming now to FIGS. 4A — 4D, the carrier concentrations of Mg,Sn and
Mg»Sng75Geg s are 1.8 x10%° em™ and 3.0 x10%° cm”, respectively, are shown. The net carrier
of each Sb atom is estimated to be ~1 carrier/atom, which is independent of Ge content in the
Mg,Sn;.xGey system. The electrical resistivity (FIG. 4A) and Seebeck coefficient (FIG. 4B)
increase almost linearly below 300 °C, demonstrating degenerate semiconductor behavior. The

9
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Fermi energy (E#/ksT) calculated from the Seebeck coefficient is 0.031-0.049 eV, equal to 1.2-
1.9 kT. Above 300 °C, the Seebeck coefficient of Mg,Sn tends to saturate, which results from
the onset of the bipolar effect due to the narrow band gap. However, Mg,Sng75Gegos still
follows the linear increase above 300 °C, which suggests widening of the band gap. This is
consistent with the earlier reported result: Ge continuously increases the band gap from 0.26 eV
for x = 0 to 0.41 eV for x = 0.4 in reference material Mg,Sn;..Ge,. One of the advantages
associated with the alloying effect of Ge is the higher power factor of 45 uW cm™ K™ near
room temperature, as shown in FIG. 4C. As used herein, “near” room temperature refers to a
temperature range from about 10 °C (283.15K) to about 100 °C (383.15 K). This value is even
higher than that of the textured BiTe,-Se3 polycrystalline sample (~39 uW cm™ K*?). The
maximum power factor of Mg,Sng75Geg2s has reached 55 uW cm! K2 at 350 °C. Due to the
weak temperature dependent behavior, the Mg,Sng 75Gep2s sample also has a higher average
power factor of ~52 pW cm™ K over the temperature range of 25-450 °C, which is 13%-16%
higher than that of the conventionally employed Mg,Sn;Six samples [~46 uW cm™ K™ for
Mg»Sng7Sig 3, ~45 uW cm™ K for MgySngeSigs]. FIG. 4D shows the power factor of three
batches of Mg,Sny 75Geg s samples.

[0049] Mg, X (X = Si, Ge, Sn) are indirect semiconductors, in which the top of valence band is
located at I' point while the bottom of the conduction band is located at X point. For Mg,Sn, the
lowest conduction band is unoccupied Mg(3s) band (identified as Xy-band), followed by a
hybridized Mg(3s)-Sn(5p) band (identified as X;-band) that is slightly higher than the lowest
band with band edge difference of £,=0.16 eV. In the Mg,Sn;.xGey system, the contribution of
the additional band (Xp-band) to the total electronic transport significantly increases with the
increasing of Ge content. A direct result of the band convergence effect is the increased 7
from 2.45 x 10" V2 K? m™ for x = 0 to 5.40 x 10" V> K m™ for x = 0.25 in Mg,Sn, «Gey. The
increased S is confirmed by the increased carrier effective mass from m* = 2 my for x = 0 to
m"=3.5 my for x = 0.25. Here, the carrier effective mass was estimated from the measured Hall

carrier concentration and the Seebeck coefficient,

__k_B (r+5/2)E+3/2(§)_

5= e[(r+3/2)Fr+l/2(§) ‘5}’ Bl
2 (22mbe, 7Y

s I i
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p :EFuz(g)El/z(f)
T4 B

where F,(&) is the Fermi integration, £ is the Fermi energy, and r is the scattering factor in the

[3]

relaxation time approximation. The increased carrier effective mass m* could be direct

evidence for the increased contribution of the additional X;-band to the main Xy-band owing

to the shrinkage of the band edge difference £.

[0050] However, only increased S’ cannot guarantee the improvement of the power factor if
carrier mobility is decreased too much due to the addition of Ge. A decrease in carrier
mobility from 86 cm”® V' s for x =0 to 46 cm” V™' s for x = 0.25 was observed, which is
considered as the result of the alloying scattering. However, the ratio of decreasing u is less
than that of increasing S°n in Mg>Sn;«Gey system, which therefore leads to a raised PF. The
alloying scattering to charge carriers was mainly resulted from the lattice deformation due to
alloying atoms. Physically, the effect of lattice deformation on the carrier mobility is
quantified through the term of deformed potential energy fluctuation U, on the basis of the
relaxation time approximation,

B eh N, Fy (&)
Ha = 9\/§7z5x(1 —)C)(KBT)U2 U? (m*)S/2 (&)

b

[6]

where N, is the atomic number in unit volume; x the fractional concentration of the alloy

atom at a given lattice site; and mb the average single valley density of states effective mass,

related to the effective mass through m" = N”m, . Chemically, the lattice deformation, due

to the alloying atom or impurity atom, is connected to the change of the chemical bonding
strength and length. Here, the potential energy fluctuation Uy is estimated by first extracting
the u,; from the measured carrier mobility 4. The acoustic phonon scattering needs to be
taken into account in addition to the alloying disorder scattering for electrons through the
Matthiessen’s rule as following,

I -

Ho ol My
Upn 18 the carrier mobility with only acoustic phonon scattering. Here, the measured x of
Mg,Sn (~86 cm V' s™) was used as an approximation for the Upn 10 Sn-enriched Mg»Sn;.
xGey. By applying Eq. 6 and 7 to the carrier mobility of Mg,Sn; ,Ge, (x = 0.01, 0.03, 0.05,
0.1, 0.15, 0.2, 0.25), the potential energy fluctuation U/; was determined to be about 0.07-0.2
eV.
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[0051] Thermal conductivity of as-fabricated Mg,Sn (FIG. 5A) and Mg;Sng75Gegos (FIG.
5B) were calculated from the measured density, thermal diffusivity, and specific heat (FIG.
5C), and is shown in FIGS. 5A-D. The measured specific heat is shown in FIG. 5C with the
reference data for comparison. At 450 °C, the specific heat of both samples is about 8%
higher than the Dulong-Petit value. The lattice thermal conductivity (FIGS. 5A and 5B) was

calculated by extracting both the contribution of charge carriers and bipolar effect,

K= Klat + Kcarr + Kbtpolar > [8]
K, =LoT 9]
GeG 2
Kbipolar = - (Se _Sh) T . [10]
Ge + Gh

[0052] Here, an equivalent two band model (one conduction band and one valence band) was
used to fit the temperature dependent electrical conductivity and Seebeck coefficient, and then
extract the band structure parameters for o, 05, S., and S, and finally the kpporr. A significant
reduction in lattice thermal conductivity from 5.13 W m™ K (MgSn) to 2.27 W m™ K™
(MgxSng 75Geg2s) at 25 °C was seen due to alloying scattering to phonons. A combination of
the increased power factor and the decreased thermal conductivity are shown in FIG. 5D, the
sample Mg,Sng 75Geo 25 has a Z7 value of at least 1.0 from about 200 °C to about 475 °C , and a
peak Z7T value of 1.4 at 450 °C, which is 130% higher than that of Mg,Sn. The Z7 value of the
best n-type Bi,Te,+Seq; is presented in Fig. 4D for comparison. Clearly, Mg,Sng75Geg s has
higher Z7 than Bi,Te;7Seps above 200 °C. Therefore, a segmented leg comprising both
BiyTe; 7Seg 5 and MgySng 75Geg 25 may result in a higher efficiency and output power density in
the temperature range of 25-450 °C.

[0053] In order to evaluate the thermoelectric performance of Mg,Sng75Geg s in terms of both
the conversion efficiency and output power, compare Mg,Sng 75Geg 25 with some of the reported
best Mg,Sn.Si, samples in FIGS. 6A-6F.

[0054] FIGS. 6A-6F illustrate comparisons between Mg,Sn ..Ge, .. with the state-of-the-art
Mg Sn,_Si, including the temperature dependent properties of the power factor (PF) (FIG.
6A), the ZT (FIG. 6B), the average PF versus average Z7 (FIG. 6C), and the Z7 (FIG. 6B) . In
addition, the leg output power density is shown as function of temperature gradient, (FIG. 6D),
the leg output power density is shown as a function of source heat flux (FIG. 6E), and the
output power versus efficiency is also shown (FIG. 6F). The samples in FIGS. 6A-6F

represented the filled circles (®) are Mg,Sn  _.Ge ,. were fabricated according to embodiments
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of the present disclosure, and the crosses (X) are reference material Mg Sn_ .Si .. Samples

made from melting route: unfilled squares ([J) are reference material Mg,Sn, GSiO' ,» unfilled

diamonds (<) are reference material Mg, Sn; Si ,. both O and <> reference the same

composition taken from different previous works, and the unfilled triangles (A) are reference

material Mg Sn _Si .. The slope of the dashed line in FIG. 6C is the /7’ g with k=0.5, 1, and

1A
2Wm K and Tan =225 °C. The slope of the dashed line in FIG. 6F is the efficiency # of 4%,
6%, 8%, 10% and 12%. The dashed line in figure FIG. 6F is heat flux at hot side Q, of 40, 60,

and 80 W cm-z.

[0055] First, the power factor (FIG. 6A) of Mg,Sng 75Geg s is almost three times higher than
that of Mg,Siy-Sng; made by ball milling and hot pressing. However, as shown in FIG. 6B,
most of the Mg,Sn;.,Si, samples synthesized by melting metallurgy showed Z7 higher than 1,
e.g., Mg,Sng+Sig ; showed a Z7 of 1.3 near 430 °C, but was almost 15 % lower in power factor.
To exemplify the role of PI in the performance of both efficiency and output power, the
temperature dependent thermoelectric transport properties was taken into account. The
numerical solution of temperature distribution 7{x) in the energy balance equation of one-

dimensional heat flow is

dT(x)

dx

ea%(T“(x)—T;):O, [11]

where €, o, w, J, and 7 are the emissivity, the Stephan-Boltzmann
constant, perimeter of a leg, current density, and the ambient temperature, respectively. The
parts on the left hand side represent the conduction heat, Joule heat, Thomson heat, and
radiation heat loss, respectively. Since the temperature is a function of position, x, 7j, at x = 0
and 7, at x = L (length of the leg) is assigned so that the temperature-dependent thermoelectric
properties are also a function of x. In order to solve this differential equation, a finite difference
model is developed, where a leg is divided into 7 nodes, and a central difference method is
applied to determine the relationship of adjacent nodes.
[0056] Here, a conservative temperature boundary of 7j, = 400 °C and 7. = 50 °C was used
considering the potentially thermal instability of Mg,Sng75Geg2s above 400 °C. For simplicity,
no radiation heat loss was considered here. FIG. 6D shows leg output power under different
temperature gradient, ie., (7)-1)/L. Under the same temperature gradient of 150 °C/mm
Mg,Sng75Geo s leg could have an output power density of ~6.6 W cm™ with a leg efficiency of
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10.5%, which is better than any of the reported state-of-the-art Mg,Sn;.,Six materials, as shown
in FIG. 6E. Based on the dual index of efficiency and output power, Mg;Sng 75Geg»s seems to
be the best material for power generation in the temperature range of 7, = 400 °C and 7. =
50 °C. It may be arguable that the same output power could also be achieved by using larger
temperature gradient for samples with smaller PF and smaller x. However, the main issue is
that a larger temperature gradient will result in a larger thermal stress at the contact interface
between thermoelectric legs and electrode, which will significantly shorten the lifetime of the
device. By comparing FIGS. 6C and 6F, it is clearly shown that the material with higher power
factor is preferred to achieve higher output power for the same Z75.

[0057] In an embodiment, FIG. 6C of “average Z7 versus average P/” could be new criteria
for exploring new thermoelectric materials, or for boosting the thermoelectric performance of
the known materials. Furthermore, for real applications, the price of the raw materials needs to
be taken into consideration. Presently, the estimated price of Mg,Sng7sGeys raw material is
~$190/kg according to the U.S. Geological Survey Data Series, 2013. It is comparable to the
conventional n-type BiyTe;7Seq; ($170/kg) and p-type Big4SbisTe ($209/kg) but cheaper than
Hfo 75Z19258n0.96Sbg o1 ($235/kg) and InsSe; ($580/kg). The cost of MgySng75Geprs can be
further reduced from $190/kg to $150/kg without reduction in ZT by partially replacing the
20% germanium with silicon.

[0058] Turning to FIGS. 7A-7F, all the samples of the Mg»+3Sn;...,GexSby show an almost
linearly increased electrical resistivity (FIG. 7A) and a Seebeck coefficient below 225 u V/K
below 300 °C, demonstrating a behavior of degenerate semiconductor. The Fermi energy
(ErkgT) calculated from the Seebeck coefficient is 0.031-0.049 eV, equal to 1.2-1.9 kpT.
Above 300 °C, the Seebeck coefficient (FIG. 7B) for the samples of Mgs5Sn;x.yGeSby with
x=0 and 0.05 shows saturated character while for the ones with x=0.25 and x=0.30 still follows
the linear temperature dependence. Among the samples, the Mg,.5Sng73Geg25Sbg.2 shows the
highest power factor (FIG. 7C), i.e. 43 uW m K™ near room temperature and over 50 uyW m’
'K? in a wide temperature range. Here, Sb was chosen as the donor to investigate the effect of
Ge on the thermoelectric transport properties of the Mg+5Sn;.x,GeSby alloy. FIG. 8 shows the
almost linear relationship between the carrier concentration and the Sb content in the Mg,5Sn;.
xyGexSby, which indicates a ~1 carr./Sb. One of the desirable features is the free charge transfer
from Sb atom is independent of the Ge content in a investigated composition range, i.e., x=0-

0.25.
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[0059] FIG. 7D is a graph of the Seebeck coefficient versus carrier concentration near room
temperature for the Mg»+3Sn;...,GexSby samples fabricated according to certain embodiments of
the present disclosure. At a Ge content of x < 0.1, the samples of Mg»3Sn;.«,Ge,Sb, with
similar carrier concentration from the same nominal Sb content of y = 0.01 show increasing
Seebeck coefficient from -116 puV/K for x=0 to -141 uV/K for x = 0.1, which suggests
increased effective carrier mass. At a Ge content within 0.1 <x <0.2, the samples of Mg;5Sn;.
«yGe,Sby have an increased carrier concentration from 1.68 x 10*° cm™ for x = 0.1 to 2.60 x
10* cm™ for x = 0.2 while only a gentle change in the Seebeck coefficient, which also
demonstrates an increased effective carrier mass. At a Ge content of x > 0.2, the samples of
Mg»+5Sn1.xyGecSby, with similar carrier concentration from the same Sb content of y=0.02,
exhibit a maximum Seebeck and also a highest power factor at x=0.25. The variation of
Seebeck coefficient with carrier concentration (FIG. 7D) in Mg»+5Sn;.x,Ge\Sby indicates that
the band structure significantly changes with the content of Ge, which will be discussed below.
Due to the decreased thermal conductivity (FIG. 7E), the thermoelectric Z7" (FIG. 7F) value is
significantly boosted from 0.6 for x=0 to around 1.4 for x=0.25.

[0060] FIGS. 9A-9J show the three batches sample for the Mg»+sSng75,Geo2sSby at two
different carrier concentration, i.e. 2.7x10%° cm™ (FIGS. 9A-9E) and 3.0x10% cm™(FIGS. 9F-
9J), respectively. The room temperature Seebeck coefficient is around -147 pV K™ for the
serial sample with carrier concentration of 2.7x10% ¢cm™(FIG. 9B), while around -137 pV K
for the serial sample with carrier concentration of 3.0x10” cm™ (FIG. 9G). A good (usable for
applications and manufacturing/manufacturability) reproducibility was achieved in the serial
samples with both concentrations (2.7x10%° cm™ and 3.0x10” cm™). The coefficients of
variation for the scattering data of thermoelectric transport properties from batch to batch are
less than 5%. The average Z7 for both serial samples, where FIG. 9E illustrates the 2.7x10%
cm” sample and where FIG. 97 illustrates the 3.0x10%° cm™sample is quite close to the 1.4 at
450 °C. The electrical resistivity of the 2.7x10% cm™sample is illustrated in FIG. 9A, and that
of the 3.0 x10”° cm™sample is illustrated in FIG. 9F. The power factor of the 2.7x10% cm’
‘sample is illustrated in FIG. 9C, and that of the 3.0 x10”° cm~sample is illustrated in FIG. 9H.
The thermal conductivity of the 2.7x10* cm™sample is illustrated in FIG. 9D, and that of the
3.0 x10°° em sample is illustrated in FIG. 9I.

[0061] Tuming to FIGS. 10A-10D, the “Ref.” sample comprises Mg o6Sng 7288bo.022Geo 25 hot
pressed at 750 °C. Sample 1 comprises Mg 06Sng728Sbo.022Gegrs hot pressed at 700 °C;
Sample-2 comprises MgySng728Sboo22Gegrs hot pressed at 750 °C; and Sample-3
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comprises MgySng 728Sb022Ge0208100s hot pressed at 750 °C. In an embodiment, one
advantage of materials fabricated according to the composition Mg»+sSng 75.,Geo25Sby 1s the
high power factor (FIG. 10B), which is desirable for thermoelectric power generation
applications. Among the various factors, the hot pressing temperature and extra Mg are two
sensitive factors to obtain the high power factor in materials of Mg»+sSng 75.4Geo 25Sby.  Around
an 8% decrease in the power factor (FIG. 10B) was observed while no notable decrease in the
density (<1%) when the hot pressing temperature of a composition of Mg ¢6Sng.728Geo 25Sbo 022
decreased from 750 °C to 700 °C. The grain boundary could play an important role to the
transport of the electrons. The Seebeck Coefficient (FIG. 10A) decreases almost linearly. The
as-fabricated material (“Ref.”) of Mg 06Sno.728Geo 25Sbo 022 hot pressed at 750 °C has quite large
grains of 0.5-2 um, which is much larger than conventional thermoelectric materials made by
similar technology, such as SiGe and half-Heusler. The extra Mg is factor found in the
composition of Mg 06Sng728Gep25Sbga22. If no extra Mg used, the power factor (FIG. 10B) of
the MgySng728GegoasSbory is around 10% lower than the reference composition of
Mg» 06S10.728Ge0 25Sbo o2, Similar conclusion was also draw from the comparison between
Mg».04S10.99Sbg.0; and Mg;Sng99Sbg; as shown in FIGS. 11A-11F.

[0062] Tuming to FIGS. 11A-11F, the small mass difference between Sn and Ge could be
another factor the higher power factor (FIG. 11C) of the Mg; 06Sng 72sGeo 25Sbo 022 as compared
with conventional Mg,Sn;Six. In order to confirm the effect of Si, 5 at.% Si was used to
substitute Ge of Mg; 6Sn9.728Geo2sSboozo. The electrical resistivity in FIG. A is illustrated to
be higher for The new material Mg» 065N 728Sbo 022Geo 2S10.05 (FIG. 10C) shows lower thermal
conductivity (FIG. 11D), but a lower power factor (FIG. 10 B compared to FIG. 11C), and an
even similar Z7' (FIG. 10D compared to FIG. 11F) of 1.4 at 450 °C as compared with
Mg» 06S10.728Ge0 25Sbo o2 (FIGS. 10A-10D). The lattice thermal conductivity in FIG. 11E did
not show a significant difference with temperature decrease for either sample.

[0063] Tuming to FIGS. 12A-12E, a plurality of temperature dependent thermoelectric
properties of Mg»+5Sn.xy.,GeS1,Sb, are illustrated, each sample has varying amounts of Si and
Sb where 6=0.04; x=0. In these examples, y is from about O to about 0.30, and z is from 0.01 to
about 0.02. FIG. 12A illustrates that the electrical resistivity of the samples increases with
temperature and increasing concentrations of Si and Sb, and FIG. 12B illustrates that values for
the Seebeck coefficient which trend correspondingly downward as the electrical resistivity

increases, but the sample with the lowest content of Si and Sb had the highest Seebeck
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coefficient above about 400 °C. In some embodiments, & may be from about 0 to about 0.1, y
may be from about 0 to about 0.5, and z may be from about 0.01 to about 0.05.
[0064] FIG. 12C illustrates the power factor, which seemed to peak for all sample around 400
°C, with the Siy15Sboo1s sample exhibiting the highest power factor and the Sig¢sSboo; sample
exhibiting comparatively the lowest power factor across the tested range. FIG. 12D illustrates
the thermal conductivity, which decreases with increasing temperature for all samples until
about 325 °C and then increases. The thermal conductivities decreased with increasing Si and
Sb content, the samples comprising contents of Sip 15Sbo.o1s, Sio 255b0.02, and Sio.30Sbo 02 exhibiting
comparable values across most of the temperature range. The figure of merit (Z7) is illustrated
in FIG. 12E, which shows a Z7 of above 1.0 above about 250 °C (from about 250 °C to about
475 °C) for the samples comprising contents of Sip15Sboo1s, Sio25Sbo.o2, and Sig30Sbo o2, and a Z7'
above 1.2 for those same samples above about 350 °C.
[0065] FIGS. 13A-13E show the effect of temperature and concentration of Ge and Si of
Mg2+58n1.x-,GeS1,Sb, samples, where 6=0.06 and z=0.02. FIG. 13A illustrates that the
electrical resistivity increases with temperature and is the highest for the Sigs0Gep 15 sample and
lowest for the Sip 15Gey 15 sample. The Seebeck coefficient (FIG. 13B) was similar for all of the
samples, in contrast to the power factor (FIG. 13C), which was the highest for the Sig0sGeg 15
sample, peaking at about 350 °C, and lowest for the Sip15Geo 15 sample across the temperature
range. The thermal conductivity is illustrated in FIG. 11D, where the highest comparative value
across the temperature range was observed for the Sigo15Gey.1s sample, about 2.75 Wm K™ at
about 350 °C, and lowest for the Sip.15Geo 15 sample, which was observed at about 2.35 Wm'K
! at about the same temperature. All of the samples exhibited a Z7 (FIG. 13E) of above 1.0 at
about 250 °C, and above about 375 °C.
[0066] Tuming now to FIGS. 14A-14E, the temperature-dependent thermoelectric properties
are 1llustrated for samples of MgrsSnixy..GeS1yB1, fabricated according to certain
embodiments of the present disclosure. In an embodiment, 6 =0.06 and y=0, x =0.20 and z =
0.05. In alternate embodiments, x may be from about 0.01 to about 0.50, and z may be from
about 0.01 to about 1.5, and in other embodiments, z is less than y, and in other embodiments z
is greater than y. FIG. 14A illustrates that the electrical resistivity of the x=0.20 and z=0.02
sample is higher than that of the sample comprising x=0.20 and 7=0.05, and the Seebeck
coefficient values of FIG. 14B are correspondingly inverted, with the higher value of the
Seebeck coefficient belonging to the Sig¢,Bigos sample. FIG. 14C illustrates the power factor,
which peaks for the Gey2Bigo, sample at about 50 um’lK'2 at about 350 °C and for the
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Gey20Bioos sample 50 um™K™ at about 300 °C. The thermal conductivity is illustrated in FIG.
14D, with the Gey0Big o, sample having a lower thermal conductivity across the temperature
range than that exhibited by the Geg,0Bigos sample. FIG. 14E illustrates the Z7 of each sample,
which is above about 1.2 the Gey»Biog, sample at about 400 °C and for the Geg,0Big o5 sample
is above about 1.35 at about 400 °C.

[0067] FIG. 15 is a flow chart of a method 1500 of fabricating thermoelectric materials for
thermoelectric devices. At block 1502, a plurality of elements (components) according to a
formula of WaXgY(1m), are balled-milled or otherwise reduced to a powder comprising a
plurality of particles with an average particle size of less than 10 micrometers. In some
embodiments, the thermoelectric material may comprise a fourth component according to the
formula WxXgY¢Zp, In an embodiment, the elements are mixed to comprise a ratio of
A/(B+C+D) is from about 1.4 to about 2.4, and in alternate embodiments, the ratio may be
from about 1.7 to about 2.7, and in still other embodiments the ratio may be from about 1.9 to
about 2.1. In some embodiments, B = 1-(C-D).

[0068] In an embodiment, W comprises magnesium (Mg), calcium (Ca), strontium (Sr),
barium (Ba), zinc (Zn), and/or ytterbium (Yb), and X comprises tin (Sn), germanium (Ge),
silicon (Si), and/or lead (Pb), and Y (which does not represent Yttrium in this formula but
rather a variable) comprises Si, Ge, Sn, Pb. In an embodiment, the first, second, and third
components comprise different elements. In an embodiment where a fourth component Z is
used, Z may comprise Bi, Sb, As, P, S, Se, Te, and is different than the first component, the
second component, and the third component.

[0069]In an embodiment, at block 1502 the element mixtures are subjected to mechanical ball
milling for up to 20 hours. At block 1504, the the ball-milled powders are hot-pressed, for
example, by direct current induced hot pressing at 600-750 °C for 2 minutes. In other
embodiments, hot-pressing the powder at block 1504 comprises milled holding the powder at a
temperature from about 500 °C to about 800 °C for a period of about 1 second to about 30
minutes. In some embodiments, subsequent to hot pressing, at block 1506, the pressed
component is further processed, which may comprise annealing the pressed component from
about 300 ° C to about 500 ° C from about 0.3 h to about 5h. The hot-pressed component may
be disposed in a thermoelectric device with or without the annealing or further processing at

block 1506. The hot-pressed device, prior to annealing, may comprise a Z7 of above 1.0
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[0070] FIGS. 16A-16F, 17A-17F, 18A-18F, 19A-19F, and 20A-20F illustrate temperature
dependent thermoelectric properties of thermoelectric materials fabricated according to certain
embodiments of the present disclosure.
[0071] FIGS. 16A-16F are graphs of temperature-dependent thermoelectric properties of
Mgy(Sng.765Geo22Sb0.015)1-x(SNo 685810, 35b0 015)x fabricated according to certain embodiments
of the present disclosure. In FIGS. 16A-16F, x= 0, 0.2, 0.4, 0.6, 0.8, and 1. FIG. 16A
illustrates the electrical resistivity (p), FIG. 16B illustrates the Seebeck coefficient (S) and an
inset of the Seebeck coefficient vs. composition at room temperature, FIG. 16C illustrates the
power factor (PF) and an inset of the PF v. composition at room temperature, FIG. 16D
illustrates the total thermal conductivity (x,,), FIG. 16E illustrates the lattice and bipolar
thermal conductivity (ks + Kpip), and FIG. 16F illustrates the figure of merit (Z7), which 1s
above about 0.6 from about 425 K to about 750 K (the measured temperature range) for all of
the samples.
[0072] FIGS. 17A-17F are additional graphs of temperature-dependent thermoelectric
properties of Mgy (Sng.765Ge022Sbo.015)1-x(SN0 685810.38bg015)x fabricated according to certain
embodiments of the present disclosure. In particular, FIGS. 17A-17F illustrate thermoelectric
properties from about 300K to about 775K for MgySngessGeorsSioosSboors,
Mg>Sng 735Ge0.15510.1Sbo.o1s,  MgaSng 685Geo.15810.15Sbo.o1s, and MgsSng 735Geo 05S10.2Sbo.o1s,
fabricated according to certain embodiments of the present disclosure. FIG. 17A illustrates
the electrical resistivity (p), FIG. 17B illustrates the Seebeck coefficient (S), FIG. 17C
illustrates the power factor (PF), FIG. 17D illustrates the total thermal conductivity (kio),
FIG. 17E illustrates the lattice and bipolar thermal conductivity (ks + K»;p), and FIG. 17F
illustrates the figure of merit (Z7). The PF shown in FIG. 17C was the highest for the
Mg,Sng 735Geo.15510.1Sbg 015 sample, and changed similarly across the temperature range for
the Mg,Sng 685Geg25810.05Sboo1s and the MgySng 735Geg 05810.2Sbo.o1s samples. The Z7' (FIG.
17F) is above about 0.6 from 425K to about 800K for all of the samples.
[0073] FIGS. 18A-18F are graphs of temperature-dependent thermoelectric properties of
Mg,Sng.95.xPbsSby o2 fabricated according to certain embodiments of the present disclosure. In
particular, the samples shown in FIGS. 18A-18F are those where x=0, 0.05, 0.1, 0.15, 0.2,
and 0.25. FIG. 18A illustrates the electrical resistivity (p), FIG. 18B illustrates the Seebeck
coefficient (S), FIG. 18C illustrates the power factor (PF), FIG. 18D illustrates the total
thermal conductivity (x;,,), FIG. 18E illustrates the lattice and bipolar thermal conductivity
(Kiat + Kpip), and FIG. 18F illustrates the figure of merit (Z7). The PF in FIG. 18C is the
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highest for the x=0.05 sample from about 475K-775K, with the x=0 sample exhibiting values
close to those values, and the lowest value of PF of the samples is for the x=0.25 sample. The
ZT, as shown in FIG. 18F, is above about 0.6 from about 575K to 775K for the samples x=0,
x=0.05, and x=0.1.

[0074] FIGS. 19A-19F are graphs of temperature-dependent thermoelectric properties of
Mg,Sng.95.xSixPbg0sSbo g, fabricated according to certain embodiments of the present
disclosure. In particular, the samples in FIG. 19A-19F comprise x=0, x=0.1, x=0.2, and
x=0.3. FIG. 19A illustrates the electrical resistivity (p), FIG. 19B illustrates the Seebeck
coefficient (S), FIG. 19C illustrates the power factor (PF), FIG. 19D illustrates the total
thermal conductivity (x;,,), FIG. 19E illustrates the lattice and bipolar thermal conductivity
(Kiat + Kpip), and FIG. 19F illustrates the figure of merit (Z7). The PF (FIG. 19C) is the
highest for the x=0.1 sample from about 375K to about 775K, and the Z7 is above about 0.75
for the x=0.1, x=0.2, and x=0.3 samples from about 525K to about 775K, and above 0.9 for
x=0.1, x=0.2, and x=0.3 above about 625K.

[0075] FIGS. 20A-20F are additional graphs of temperature-dependent thermoelectric
properties of Mg,Sng.9s.xSixPbo.0sSbo g, fabricated according to certain embodiments of the
present disclosure. In particular, the samples in FIGS. 20A-20F illustrate thermoelectric
properties for x=0, x=0.1, x-0.15, x=0.2, and x=0.25.  FIG. 20A illustrates the electrical
resistivity (p), FIG. 20B illustrates the Seebeck coefficient (S), FIG. 20C illustrates the power
factor (PF), FIG. 20D illustrates the total thermal conductivity (x,,), FIG. 20E illustrates the
lattice and bipolar thermal conductivity (xur + kpp), and FIG. 20F illustrates the figure of
merit (Z7). The PF, shown in FIG. 20C, is the highest for the x=0.1 sample from about
375K-775K, as in FIG. 19C, and the next-highest values are close between the x=0.15 and
x=0.2 samples. The Z7, shown in FIG. 20F, is highest for the x=0.25 sample, and is above
about 0.9 for the x-0.15, x=0.2, and x=0.25 samples from about 525K to about 775K.

[0076] In terms of TE material criteria of efficiency, (high Z7) plus effectiveness (high PF), in
some embodiments, it may be desirable to choose the narrow band gap compounds with high
symmetry crystalline structure for high degenerate energy valley values, and hence a high PF’
In one example, Mg,X (X=Si, Ge, Sn) holds the cubic structure with narrow band gap. In
another embodiment, which may be combined with other discussed embodiments, it may be
prudent choose a heavy atom (e.g., for doping or formulation) to obtain a low (application-
appropriate) xy. In one example, using the isoelectronic compounds Mg,Sn and Mg,Si, Sn is
heavier than Si, so Mg;Sn should have smaller phonon group velocity, and hence lower x,. In
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another embodiment, which may be combined with other discussed embodiments, it may be
desirable to choose a compound with a smaller electronegativity difference between anion and
cation for high carrier mobility as compared to other compounds. For this rule, Mg,Sn is
comparable with Mg,Si. In another embodiment, which may also be combined with other
discussed embodiments, it may be desirable to balance the effect of using an alloying element
on decreasing xj,; and x. In one example, desirable thermoelectric materials may comprise a
compound with a sublattice filled by two or three isoelectronic atoms, e.g., Te and Se in n-type
BiyTe;5Seys, Bi and Sb in p-type Big4Sbi¢Tes, Hf, Zr and Ti in n-type (Hf, Zr, Ti)NiSn.
Conventionally, Sn is added in the Mg,Si to optimize the Z7 value, while Ge is used in Mg;Sn
in the instant case. The atomic size of Ge is closer to Sn than that of Si, therefore it has less
impact on the carrier mobility, hence should be good for high power factor in Mg,Sn. In yet
another combinable embodiment, it may be desirable to utilize compositional band-crossing
effect to optimize the weight mobility u(m*)3/ ? and hence achieve high PF. This is a dominant
effect in Mg,Sng75Geg s to have both high PF and Z7. Additionally in another embodiment, it
may be prudent to apply the nano approaches to selectively scattering the phonons rather than
electrons. This effect is also a factor in TE material performance.

[0077] Where numerical ranges or limitations are expressly stated, such express ranges or
limitations should be understood to include iterative ranges or limitations of like magnitude
falling within the expressly stated ranges or limitations (e.g., from about 1 to about 10 includes,
2,24, 28, 3, 3.1, 3.5, 4, etc.; greater than 0.10 includes 0.11, 0.12, 0.13, etc., and in some
embodiments “about” may mean within a range such as +/- 5% or +/- 10%). For example,
whenever a numerical range with a lower limit, R;, and an upper limit, Ry, is disclosed, any
number falling within the range is specifically disclosed. In particular, the following numbers
within the range are specifically disclosed: R=R;+k*(R,-R;), wherein k is a variable ranging
from 1 percent to 100 percent with a 1 percent increment, i.e., k is 1 percent, 2 percent, 3
percent, 4 percent, 5 percent, ..., 50 percent, 51 percent, 52 percent, ..., 95 percent, 96 percent,
97 percent, 98 percent, 99 percent, or 100 percent. Moreover, any numerical range defined by
two R numbers as defined in the above is also specifically disclosed.. Use of broader terms
such as “comprises,” “includes,” and “having” should be understood to provide support for
narrower terms such as “consisting of,” “consisting essentially of,” and “comprised
substantially of.” Each and every claim is incorporated into the specification as further

disclosure, and the claims are exemplary embodiment(s) of the present invention.
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[0078] While exemplary embodiments of the invention have been shown and described,
modifications thereof can be made by one skilled in the art without departing from the scope
or teachings herein. The embodiments described herein are exemplary only and are not
limiting. Many variations and modifications of the compositions, systems, apparatus, and
processes described herein are possible and are within the scope of the invention.
Accordingly, the scope of protection is not limited to the embodiments described herein, but
is only limited by the claims that follow, the scope of which shall include all equivalents of
the subject matter of the claims. Unless expressly stated otherwise, the steps in a method
claim may be performed in any order and with any suitable combination of materials and

processing conditions.
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10.

CLAIMS
What is claimed is:
A method of manufacturing a thermoelectric material comprising:
hot-pressing a powder comprising a first component (W) and a second component (X)
into a pressed component, wherein the pressed component comprises a Z7 value

of at least 1.0 at about 450 °C.

The method of claim 1, wherein, prior to hot-pressing, the powder is formed using ball-

milling,

The method of claim 2, wherein the powder is ball-milled for a period from about 10

minutes to about 50 hours.

The method of claim 2, wherein the powder is hot-pressed between about 600 ° C and

about 800 °C from about 1 second to about 30 minutes.

The method of claim 1, wherein the powder further comprises a third component (Y).

The method of claim 1, wherein the powder has a formula of W,X.

The method of claim 1, wherein the Z7 value is about 1.4 at about 450 °C.

The method of claim 1, wherein a power factor of the pressed component is from about

45 uW cm™ K to about 55 uW ecm™ K™ from about 350 °C to about 450 °C.

The method of claim 5, wherein the powder has a formula of WAXgY (1.5).

The method of claim 5, wherein the powder further comprises a fourth component (Z),

and wherein the powder is according to the formula WxXgY ¢Zp.
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11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

The method of claim 10, wherein A/(B+C+D) is from about 1.4 to about 2.4.

The method of claim 10, wherein A/(B+C+D) is from about 1.9 to about 2.1.

The method of claim 1, wherein the first component is one of magnesium (Mg),
calcium (Ca), strontium (Sr), barium (Ba), zinc (Zn), and (ytterbium) Yb, wherein the
second component is one of tin (Sn), germanium (Ge), silicon (Si), lead (Pb), and

wherein the second component is not the same as the first component.

The method of claim 5, wherein the third component is one of Si, Ge, Sn, Pb and
wherein the third component is different than the first component and the second

component.

The method of claim 10, wherein the fourth component is one of Bi, Sb, As, P, S, Se,
Te, and wherein the fourth component is different than the first component, the second

component, and the third component.

The method of claim 1, wherein hot-pressing the powder comprises holding the powder
at a temperature from about 500 °C to about 800 °C for a period of about 1 second to

about 30 minutes.

The method of claim 1, wherein the powder is a pure phase powder.

The method of claim 1, further comprising annealing the pressed component from about

300 ° C to about 500 ° C from about 0.3 h to about 5h.

A thermoelectric device comprising:

a thermoelectric material comprising a first component W, a second component X, a
third component Y, and a fourth component Q, according to the formula W,5X .«
vYQy, and comprising a Z7 of about 1.4 at about 450 °C.

The thermoelectric device of claim 19, wherein x is from about 0.1 to about 0.4.
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21].

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

The thermoelectric device of claim 19, wherein 6 is from about 0 to about 0.1.

The thermoelectric device of claim 19, wherein y is from about O to about 0.5.

The thermoelectric device of claim 19, wherein z is from about 0.01 to about 0.05.

The thermoelectric device of claim 19, wherein the first component is one of
magnesium (Mg), calcium (Ca), strontium (St), barium (Ba), zinc (Zn), ytterbium (YD),
wherein the second component is one of tin (Sn), germanium (Ge), silicon (Si), lead

(Pb), and wherein the second component is not the same as the first component.

The thermoelectric device of claim 19, wherein the third component comprises Si, Ge,
Sn, or Pb and wherein the third component is different than the first component and the

second component.

The thermoelectric device of claim 19, wherein the fourth component comprises Bi, Sb,
As, P, S, Se, or Te, and wherein the fourth component is different than the first

component, the second component, and the third component.

A thermoelectric device comprising:
a thermoelectric material comprising:

magnesium (Mg),

a second component (X), and

a third component (Y), according to the formula WxXgY ¢, and
a ZT value of at least 1.0 at about 450 °C.

The thermoelectric device of claim 27, further comprising a power factor of about 45

uw cm™ K at near room temperature.

The thermoelectric device of claim 27, further comprising a fourth component (Z) and

fabricated according to the formula W, XgY ¢Zp
The thermoelectric device of claim 29, wherein B = 1-(C-D).

The thermoelectric device | of claim 29, wherein A=2.
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32. The thermoelectric device of claim 29, wherein A/(B+C+D) is from about 1.4 to about
24.
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