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Thermoelectric materials provide a key solution to energy problems through the conversion of heat
into electrical energy. We report that the complex Zintl compound,sMhShi;, breaks a 2-decade
stagnation in high-temperature>900 K), p-type materials development for thermoelectric power
generation. This material achieves quadrupled efficiency and virtually doubled figure of merit over the
current state-of-the-art, SiGe, thus earmarking it superior for thermoelectric applications in segmented
devices. YhsMnShi; represents the first complex Zintl phase with substantially higher figure of merit
and efficiency than any other competing materials, opening a new class of thermoelectric compounds
with remarkable chemical and physical properties.

Introduction monly used material for over 2 decadésBreakthrough

The study of thermoelectrics has seen renewed interest inflgure_s of merit _have been regularly achieved in n-t)_/pe
aterials operative from 300 to 1272 K and p-materials

the past decade, spurred not only by increasing environmentaf"" _ )
and energy conservation issues, such as the necessity for th p (;retmve at I?Wer temperar:ures (t 5K); Eowe\:jer, the il
elimination of chlorofluorocarbons and the utilization of nlg -lemperature p-region has not seen such an advance unti
waste heat in automobiles, but also by the need for improved . . .
power sources for deep space probes. Improved efficiency Interestin Yl,MnShy (Figure 1) as a high-performance,
for applications such as spacecraft power requires thermo_h|gh—temperature thermoelectric was initiated because of its
. i a 17

electric materials that can operate at high temperatures (abov@xcept'_O nal electroplc prope_rt@% ' its complex §tructure_
975 K) and can be effectively incorporated into segmented consspng of a vangty of distinct structural units, and its
thermoelectric convertetsSeveral complex structure tyge% potential to be optimized because of the large array of

with recently discovered unexpected and exceptional ther—e_IementS fognd in this siructure type. This_report_ preser_lts a
moelectric properties have revived interest in the search forﬂgure of merit (zT) that has never been achieved In the high-

more efficient thermoelectric materials; however, the high- temperature p-type region, a 4-fold ad"anc‘?me”t Of_ conver-
temperature p-type region has lagged in materials develop-.Slon efficiency for. s_egmented thgrmoelectrlc maten_als and
ment, thus limiting attainable device efficiency. In fact, the |mproved comp§t|bll|ty 9. ltalso mtroducgs.a chem|c.ally
state-of-the-art material, SiGe, has remained the most com-”ch’, bulk material that can be furthc_er optlmlzed for _hlgher
efficiency segmented thermoelectric devices. Until now,
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I Materials included in the Zintl class are, in general,

. _ _ _electronically positioned betwee_n intermetallic_s and insulat-
Q.I - Ty i ing compound%? These materials are considered to be

AN ‘© valence precisé and form the requisite small band gap

semiconductors with complex structures. Often they contain
cationic sites that allow for the addition of disordered
scattering and the tuning of carrier concentration (and
therefore the electronic properties).

Yb;4MnShy;, even though considered to be a Zintl,
stretches the boundaries of the classical model. This material
is isostructural to the Zintl phase, GAISb,;, and maintains
valence precision (holding true to the Zintl definition). Each
formula unit of this structure type consists of one [A|Sb
tetrahedron, a [S)Y~ polyatomic anion, four Sb anions,
and 14 C&" where in the Zintl extreme these units would

e be considered as being held together through ionic faites.
Figure 1. Body-centered)4i/acd crystal structure of YbMnShy,. The Yb14MnShy; however, is not a typical semiconductor:
e S PUDle SEnereS epresenL b and o espectiel. TheMnSh x ray photoelectric spectroscopy (XPSShows a weakly
metallic or semimetallic Fermi edge while resistivity mea-
x7 is thermal conductivity (mW/crK);® AT = T, — Te surements below room temperature are indicative of a

whereT, is the hot side of the device afdis the cold side ~ Metal:® Clearly, the bonding in YaMnSh, is more complex

of the device). The temperature difference betw&and than that in CaAISb;;. X-ray magnetic circular c_ilchr0|sm
T. sets the upper limits of efficiency through the Carnot (XMCD)'’and XPS®measurements show that, indeed, the
efficiency, 7c = AT/T,.! The materials segmented in the Yiterbium is in the YB" valence state, replacing €a
device determine how close the efficiency will be to the however, the manganese has been shown to be in tfe Mn
Carnot maximum through zT. It is important to note that valence state, supplying one less electron thati.AThis
the efficiency of a thermoelectric generator depends on theShortage of electrons (1.8 10** holes/cnd) explains the
Carnot factor and the reduced efficiency which is a function Material’s p-type behavior and corresponds well to the
of zT. Therefore, for high efficiency, a large zT is required Measured carrier concentration by Hall effect (below).
throughout a large temperature range. Often, the electrical 1 he generic expression for this structure type g,

properties of a material are examined through the thermo-Where Ais a heavy or alkaline earth metal, M is a transition
electric power factorP = 02/p.20 or main group metal, and Pn is a pnicogen. The various sites

allow for the potential tuning of the electronic and thermal
properties through doping. Doping on the cationic metal site,
A, allows for possible tuning of the carrier concentration
and disorder scattering of phonons, while doping on the metal
site, M, enables possible tuning of the electronic parameters.

When materials are being segmented for high-efficiency,
large temperature gradient applications, thermoelectric com-
patibility factors 6 = [(1 + zT)2 — 1}J/aT) must be
considered because to maintain maximum efficiency the
same electrical current and similar heat must flow through
each segmerit!f the compatibility factors differ (by more Experimental Section
than about a factor of 2) not all the segments will perform
with the utmost effectiveness, such that the overall efficiency

WIH. .be substant_lal’ly less than that _pre_dlcted_ from the dendritic Yb metal (Alfa Aesar, 99.99%) was cut into small pieces
individual ma’FerlaI s average zT. This is particularly a and used as received. Mn chips (Alfa Aesar, 99.98%) were ground
problem for high-temperature p-type segments where then a powder. Sb chunks (Allied Chemical, 99.7%) and Sn granules
state-of-the-art high-temperature material, SiGe, has a muchmallinckrodt, 99.967%) were used as received . ¥nSh; was
lower compatibility factor than other good p-type materials, synthesized via a Sn flu:1626The elements, Yb:Mn:Sb:Sn, were
making it incompatible for segmentation. arranged in 2 cfhand 5 cni Al,O; crucibles in the ratios 14:6:

Good thermoelectric compounds have low electrical 11:86. The reactions were sealed in quartz ampules under 1/5 atm
resistivity, low thermal conductivity, and a large Seebeck argon atmosphere and placed in high-temperature programmable

coefficient’® Tvpically. small band-aap. semiconductin furnaces. The reactions were brought up to 130Gollowing the
ial " h yp . Y . 9 ph QL0 o3 9 heating procedure by Fisher et!&lOnce at 1100C the reactions
materials with carrier Concer_‘trat'ons within cm . were held fo 1 h and then cooled to temperatures between 700
work better than metals or |nsulat6FsAIsp, a large unit 5,4 800°C at a rate of 23 °C/h. Upon reaching final temperatures,
cell, heavy atoms, and structural complexity generally result
in good thermoelectric efficiency. Many Zintl materials fulfill  (22) Gascoin, F.; Ottensmann, S.; Stark, D.; Haile, S. M.; Snyder, G. J.
Aot . ; Adv. Funct. Mater.2005 15, 1860-1864.

_these,qua"flzcatlons’ however, relatlvely few have been (23) Kauzlarich, S. M., EdChemistry, Structure and Bonding of Zintl
investigated: Phases and lons/CH Publishers, Inc.: New York, 1996.
(24) Kauzlarich, S. M. Zintl Compounds. IEncyclopedia of Organic

Chemistry 2nd ed.; King, R. B., Ed.; John Wiley and Sons: New
(19) Disalvo, F. JScience (Washington, D. C1p99 285 703-706. York, 2005.
(20) Goldsmid, H. J.; Nolas, G. $it. Conf. Thermoelect2001, 20, 1-6. (25) Kauzlarich, S. MComments Inorg. Chemi99Q 10 (2—3), 75-88.
(21) Mahan, G.; Sales, B.; Sharp,Rhys. Todayl997 50 (3), 42—47. (26) Canfield, P. C.; Fisk, ZPhilos. Mag. B1992 65 (6), 11171123.

Single-Crystal Synthesis.All materials were handled in a
nitrogen-filled drybox with water levels below 1.0 ppm. Sublimed
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Figure 2. (A) Resistivity resulting in a high-temperature value of 5.@2rm at 1200 K. Double lines represent heating and cooling scans. (B) Seebeck
coefficient reaching a maximum value $fL85«V/K, indicating p-type behavior. Data presented for both heating and cooling. (C) Power fa#igrdlot
revealing 6uW/cm-K? at 1200 K. (D) Thermal conductivity (mW/ci), illustrating a low value ob~7 mW/cmK at 1150 K.

the reactions were inverted and spun in a centrifuge at 6500 rpmof 1.0 in a single-carrier scheme, with= 1/Rye, wheren is the
for 3—5 min to separate the products from the Sn flux. densities of charge carriers (holes) attie charge of the electron.
High yields of reflective, silver-colored single-crystal ingots were The Hall mobility (un) was calculated from the Hall coefficient
obtained. All reactions were opened and examined in a nitrogen and resistivity values withy = Ry/p. Data were measured to 1200
drybox equipped with a microscope and water levels below 1.0 K and extrapolated to 1300 K.
ppm. Purity was examined using X-ray powder diffraction. Thermal Conductivity. The thermal diffusivities were measured
Thermoelectric Properties Sample Preparation.To obtain for several samples using a flash diffusivity technigti@he heat
dense samples, finely ground polycrystalline powder was hot- capacity was estimated using the model of Dulong and Rfit;
pressed in high-density graphite dies (POCO). A cylindérs mm 3kg, for each atom. The thermal conductivity) (was calculated
long and 12 mm in diameter was obtained. Experimental density from the calculated heat capacity, experimental density, and
(calculated from measured dimensions and weight) was found to €xperimental thermal diffusivity values. Data were measured to
be ~95% of the theoretical density. Hot-pressing was conducted 1223 K and extrapolated to 1300 K.
at ~20000 psi and 1223 K for 1.5 h under argon. Seebeck CoefficientThe Seebeck coefficientf was measured
For electrical and thermal transport properties, disks (typically USing & high-temperature light pulse technique using W/Nb
1 mm thick and 12 mm diameter slice) were cut from the cylinder thermocouples? _ o _ N
using a diamond saw. Seebeck coefficient measurements were Efficiency Calculations. Exact, optimized, single p-leg efficien-
performed on the remaining cylinder. All physical properties were Cies are calculated according to Sny#8iGe refers to boron-doped
measured between room temperature and 1273 K. Reproducibility Sio.7€3&.22used in most recent NASA power sources (GPHS-RTG).
of the data was verified with two independently prepared samples. . )
Resistivity and Hall Effect. The electrical resistivity ) was Results and Discussion
measured using the van der Pauw technique with a current of 100
mA and a special high-temperature apparatd$ie Hall coefficient
was measured in the same apparatus with a forward and revers
magnetic field value 0/~10100 G. The carrier densityn( was
calculated from the Hall coefficienR(;) assuming a scattering factor

There is no significant change in the electronic or thermal
transport properties (Figures 2) of ¥MnSh; up to 1300
K. These data support the fact that ydnShy; does not

(28) Vandersande, J. W.; Wood, C.; Zoltan, A.; WhittenbergefT fizzrm.
Conduct.1988 19, 445-452.

(27) McCormack, J. A.; Fleurial, J. Rlater. Res. Soc. Symp. Prd@91, (29) Wood, C.; Zoltan, D.; Stapfer, ®Rev. Sci. Instrum1985 56 (5, Pt.
234 (Mod. Perspect. Thermoelectr. Relat. Mater.), $383. 1), 719-722.
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Figure 3. Figure of merit of YRsMnShi;. Maximum zT value of~1.0 at materials=975 K (TAGS: (GeTe)s{AgSbTe)oss.

1200 K. 50 — : : . : .

decompose or change phase within the temperature range 4.0 p-Type s

needed for deep space power generation. 2 e CeFeSb

Hot-pressed pellets of YMnSh; were used to analyze g 3.0 TAGS -

the electronic properties of the material. The resistivity N Yb, MnSb

(Figure 2A) linearly increases with increasing temperature ~ 22.0 f,—f—-*’-___“a

and reaches-5.4 mQ-cm at 1200 K. The values obtained 8 CuMo Se

for the polycrystalline pellets~2.0 mQ-cm at 570 K) are 8 e

slightly larger than that reported for a single crystall(2 5 SiGe Factor

mQ-cm) 24 This is likely due to anisotropy of the resistivity O10t of Twof |

(with higher resistance along the crystallographiexis) 83

rather than grain boundary resistance. The Hall effect 07 : : :
475 675 875 1075 1275

provides a constant carrier concentration of+.0.3 x 10°
carriers/cri throughout the entire measurement, correspond- Temperature (K)

ing to a mobility of about 3 cRiV-s that decreases with  Figure 5. Thermoelectric compatibility faqtor _(V-) of YbuNInSbll '

. - . . compared to other p-type materials. To maintain an optimally operating
Increasing temperature. The Seebeck coefficient (thermOpOW'device, the ratio of compatibility factors between two segmented materials
er) for YbisMnShy; (Figure 2B) reveals a positive increase is to remain below a value of 2. The segmentation of ¥mShy; with

with increasing temperature and reaches a maximutrl@s CeFaSh, results in a compatibility factor ratio of1.5.

#VIK at 1275 K. ‘The linear resistivity, constant carrier - o, freq path) and heavy atomic mass (reducing the fraction

conc_entration, anci linear thermopower are typical of a of atomic vibrational modes that carry heat efficiently) of
heavily doped semiconductor. The reduction in the slope of the crystal

the Seebeck vs temperature curve suggests that the ther- As expected, the figure of merit for YBMnShy; (Figure

mopower |s_ab0L_it tp p_eak due o _thermal activation of 3) sharply increases with increasing temperature and reaches
minority carriers, indicating an effective band gap-~e®.5 a maximum 2T of~1.0 at 1223 K. Figure 4 compares the

20 . i . .
teV. . The res:iltmg povr\]/er factor c.alculateg fr(\)/\r/? thferleC most competitive p-type materials, revealing superiority of
:gimcr p;ocper IeS reaches a maximum b pvvicm Yb1sMnSh; over the most widely used high-temperature
(Figure 2C). thermoelectric material, SiGe. At elevated temperatures

The thermai conductivity of Yh.MnSb“ (i:igure 2D) was (=900 K) p-SiGe used by NASA reaches a maximum figure
measured using a flash diffusivity techniqieThe values of merit of just over 0.5 at 1100 K. Our reported data for

e 1 e s e YELNSD has e e 21 of s SiGe
obsgr ed for several samples '(rhe low value is comparable Applying our results to realistic applications requires
v v ples). wvalue b segmenting materials in order to create an optimally per-

1,32 ; ikt ial’ i
tp a glass, _heavny contributing to the. mate”al s high forming thermoelectric device capable of operating over a
figure of merit. The low thermal conductivity may be due large temperature range (360275 K). The highest 2T

t? th? |on|gally connectgd _Icor?p%iénts prO\tng]ln?fa l?&: rigid materials up to 975 K, (GeTgy)(AgShTe)o.15 (TAGS) and
SHUCIIe, I a manner simrar to » exceptinatior Y- CeFaShi,, have compatibility factors of 34 V~1 (Figure

MnSbIll’ dbefec;:s't? F,’[pzir ?i? tto pla?/ a r@l?«le.'l'h'(:-. Iov;/hvaltaes 5). YbiMnShy; (2 V71 results in a smaller compatibility
can also be attributed to the complexity (limiting the phonon difference when compared to SiGe< 1 V1) and therefore

a more efficient system.

(30) Goldsmid, H. J.; Sharp, J. W. Electron. Mater1999 28 (7), 869

872. In addition, like all thermoelectric materials, for realistic
(31) zsgges, B. CCurr. Opin. Solid State Mater. Sc1997, 2 (3), 284~ applications, YkMnSh;; would need to be protected from

(32) Snyder, G. J.; Christensen, M.; Nishibori, E.; Caillat, T.; Iversen, B. the en_\”ronment d_urlng operation. ThIS. task would not be
B. Nat. Mater.2004 3 (7), 458-463. unachievable seeing as how even SiGe alloys and the
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tellurium and antimony rich materials (PbTe, TAGS, skut- material development was lacking and limiting optimum
terudites) react with air and moisture, as well as decomposeefficiency of thermoelectric generators. The largest high-
by sublimation above about 775 K and require encapsulation.temperature figure of merit measured thus far reaches zT
At 975-1275 K, Yh4MnShi; outperforms all reported  ~1.0 (1223 K); for a material that is at the boundary between
high-temperature p-type thermoelectric materials, thereby a Zintl and an intermetallic, this provides a first indication
earmarking this system for high-temperature thermoelectric of a potentially rich and exciting field of new thermoelectric
power generation. With a hot side of 1275 K, a cold side of compounds. Unlike SiGe, the compatibility factor of \¥b
975 K, and an average zT of 0.95, a 4.3% thermoelectric MnShy, is within the acceptable “factor of 2” range required
efficiency is achieved, whereas p-SiGe (average zT of 0.49) for effective performance of a segmented device, resulting
achieves only a 2.6% thermoelectric efficiency. Segmenting in a quadrupled efficiency improvement. That this progress
Yb1,MnShy; (1275 to 975 K) with CeRShi, (975 to 775 was achieved with a class of materials that has never had
K, maximum efficiency 3.4%) increases the efficiency by thermoelectric properties (zT) reported is truly a remarkable
3.9% to 7.3%, while that for SiGe/Cefsy, increases only  and significant advance. Additionally, the wide chemical
by 1.1% to 4.5%. As the cold side of the device is lowered variability of this structure type suggests that this material
to 300 K, the thermoelectric efficiency is enhanced further can be easily optimized and is worthy of further investiga-
to a value of 18.6% with the following p-segmentation:1¥b  tions; such ideas are currently under investigation.
MnShy,/CeFaSh/TAGS/(Bi,Sb}Te;. Additional improve-
ment of the thermoelectric efficiency should be possible
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