Cubic AgMnSbTesemiconductor with a high thermoelectric perfor-
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ABSTRACT: The reaction of MnTe with AgSbTén an equimolar ratio (ATMS) provides a new semiconductor, AgMngbTe
AgMnSbTe crystallizes in an average rosklt NaCl structure witthg, Mn, and Skcations statistically occupying the Na sites
AgMnShbTe is ap-type semiconductor with a narrow band gap@B3 eV. A pair distribution function analysis indicates that local
distoitions are associated with the location of the Ag atoms in the lattice. Density functional theory calculations suggést a speci
electronic band structureith multi-peak valence band maxima prone to energy convergence. In additidie, Aanograins precip-

itate at grain boundaries of AgMnSkT@&he energy offset of the valance band edge between AgMp&hdieAgTe is ~0.05 eV,

which implies that Agl'e precipitates exhibit a negligible effect on the hole transmission. As a result, ATMS exhibits a high power
factorof 41 2 . 2 -¥WKWat 823 K, ultralow lattice thermal conductivity of ~0.34 ! (823 K), high pealZT of ~146 at 823

K, and high averaggT of ~0.87 in the temperature range of 4823 K

dz INTRODUCTION atomic mass fluctuation, point defects, and other crystallo-
graphic defect§>*°

The thermoelectric technology can directly convert heat into  MnTe is ap-type chalcogenide semiconductor with a direct
electrical power and can enable energy savings by efficientlyband gap of 1.3 eV and indirect band gap of 0.8 eV at room
harvesting and managing waste héaterefore, thermoelectric  temperature, which hasttracted increasing attention among the
power generatoprototypeshave beerintensivdy explored in thermoelectric community as leadfree alternativé32 How-
recent year$involving many thermoelectric materialsuch as  ever, the low electricalonductivity of pristine MnTe owing to its
Bi.Tes,® PbTe!® Mg.Si,°” half-heuser® andGeT€. To enable  |ow carrier concentration (~¥0cnT®) and low hole mobility (~6
theirwidespread deployment, high energy conversion efficien- cn?v-1s?) severely restricts its thermoelectric performance, with a
ciesd of thermoelectric modules and thus high thermoelectric ZT value of only ~0.5 at 823 &.Therefore, it is of interest to en-
figures of meritZT of the employed materials are requir&d. hance its kectrical conductivity through substitution of monovalent
is defined aZT = S0 WGe+ Cu), whereS (i, &, &, andT are  metals (e.g., A§ CuLi,* Na®) for Mn and incorporation of in-
the Seebeck coefficient, electrical conductivity, electronic ther- clusions with high electrical conductivities (e.g., SATAQ,S®

mal conductivity, lattice thermal conductivity, and absolute Graphené?® ShyTes).*° Generally,MnTe crystallizes in a hexago-
temperature, respectively. The major challenge in enha@ding nal crystal structure with a space groupP6§/mmc(No. 194).

is to decouple the physical contraindicated interrelationship  However, it can also crystallize in the cubic NaCl structure under
S (i, andS. Over the past two decades, through theoretical andspecific preparation methods. For example, cubic MnTe films can
technological innovations, superidT values have been ob-  pe obtained on (001) GaAs substrates by molecular beam ébitaxy
tained for several systems, such as PHRHSe!* GeTe;** or on a cleaved sodium chloride by vapor dejuosf

AgSbTe,""* Cu:Se;° SnSe,"*° CulnTe,***! and halfHeusler In this study, we introduce a direct route to stabdizeic MnTe

2 4 ;
alloys?? Recently, entropy engineering of such matetfafs by entropydriven alloying of AgSbTe AgSbTe exhibits a

has been used to stabilize higlsgmmetry crystal structures in .
. . 5 - i rock-salt crystal structure wita space group &fm-3m(No. 225)
thermoelectric materials (e.g., GeS&nSe? GeTer’ AgSnS andultrahighZT of ~1.5 at room temperature and ~2.6%8 K by

bSe®). The entropy engineering also reduceslittice ther- : L 15 _
mal conductivity owing to the strengthened lattice distortion, cadmium doping (i€, AGEBChosTe:)- ™ AGMNmSbTGwz (M =



1i 10) samples €., MnTe matrix an&i 50% AgSbTe) were syn-
thesized by melting and quenching (sgperimentalsectionin
theSupporting information for detajlsPhase and microstructure
analyses show that the sample witkr 1 AgMnSbTe), i.e., the
equimolar mixture of AgSbkeand MnTe, is composed of
AgMnSbTe (main phase) andig.Te (impurity). To distinguish
the AgMnSbTe sample from the proper AgMnShiaeom-
pound, we refer to the AgMnSb3dsample as antimony tellu-
rium manganese silver (ATMS). The AgMnShTempound
exhibits the same roesalt structure. Density functional theory
(DFT) calculations suggest that it is a narfoandgap semi-
conductor witha speific electronic structure with multiple va-

compared to that of the MnTe and ATMS samples, which im-
plies that these materials are a mixture of MnTe and
AgMnSbTe. Our Rietveld refinements show that the cell pa-
rameters of AgMnSbTeare similar for the samples with= 2,

4, 6, and 10; the cell parameters of MnTe are also similar (Table
S1 in the Supporting Information). Therefore, a single
AgMnSbTe can only be formeavhenMnTe and AgSbTere-

act in an equimolar ratid.o better analyze this new compound,
AgMnSbTe, we mainly focused on the microstructure, elec-
tronic structure, and thermoelectric performance of ATMS.

We performed a synchrotron-pdy total scattering analysis
using the atomipair distribution function (PDF) analysis tech-

lence band peaks near the Fermi energy. These features result fjgue at 300 Kto understand the crystal structure of

superior electrical transport properii@TMS, including a power
factorofl 2 . 2 -“WK¥\at 823 K compared to 5.4 Wc 1?2
for MnTeat 823 Kand 8. 5K? foMAgShTe at 723 K
The uniquecomposite arrangemeocdmbined with local distor-

AgMnSbTe. The longrange Xray PDF peaks (e.g., withof
14i 28 A) of AgMnSbTefit well with the cubic rocksalt struc-
ture model (Figure S1), which wasfined to a weightedR,
value of ~7.9 % (Figure 1C). However, the sharige Xray

tion created by disordered Ag, Mn, and Sb cations strengthenppr peaks (with of 2.55.0 A) had a poor fit with the cubic

the phonon scattering KTMS, resulting in an ultralow lattice
thermal conductivity of ~0.34 WK at 823 K The superior

rock-salt structure, witlR, as high as 15.1%. The good fit in
the long range and poor fit in the short rairgcate local non-

electrical and thermal transport properties to those of MnTe Pro-periodic lattice distortion in the cubic AgMnShT&herefore,

vide a peakZT of ~1.46 at 823 Kfor ATMS combined with a
high averageZT of ~0.87 @00 823 K), thus a high potential
for thermoelectric powegeneration.

dz RESULTS AND DISCUSSION

1. Phase formation, crystal structure, and microstructure

We prepared th&gMnSbTew. (M1, 2, 4, 6, 10) series of sam-
plesby melting stoichiometric quantities of elemental Ag, Mn,
Sh, andTe at 1173 K for 20 h followed by water quenching (see
experimentakectionin the Supporting Information for details).
Figure 1A showpowder Xray diffraction (PXRD) patternsf
MnTe andAgMn,SbTew. (m= 1, 2, 4, 6, and 10). The Bragg

peaks of MnTe are indexed to the NiAs structure with hexago-

nal symmetry P6/mmgq. With the AgSbTe alloying, new

Bragg peaks at 29.6, 30.2, 60.8, and 70.0° emerged, which beg

long to the rock salt structure. For= 1 (i.e, ATMS), all Bragg
peaks belong to #irock salt structure, while the peaks of

we used a distorted model shown in Figure 1E to fit the short
range %ray PDF peaks (2i%.0 A) and obtained a reasonable
description of the local distortion witR, = 4.7 % 6ee Figure
3F). The distorted model requires-a#ntering of the Ag atoms
toward the <100> direction with a displacement of ~0.12 A un-
der P1 symmetry (cell parameteas= 5.996 (5) Ab = 5.776

(2) A, c=6.278 (3) AU=b=2= 9(). The oftcenteringof the

Ag atoms leads to statistical disorder along all possible <100>
directions, as observed in SGeTe’® AgPbBiSe,*
GeShTes,*® and PbhSe&?° and is expected to contribute to the
low lattice thermal conductivity of AgMnSbT.e

To understand the microstructure of ATMS, we performed a
backscattered electron (BSE) imagiagalysisusing scanning
electron microscopy to investigate the polishedazeafof the
ATMS sample. The BSE image (Figure 2A) shows that ATMS
is composed of two phases. The corresponding chemical com-
positions were analyzed by enerdigpersiveX-ray spectros-
copy (Figure 2B). The main phase (dark contrast) was the
AgMnSbTe compounl, whose grain sizes tens of microme-

MnTe are undetectable. Rietveld refinement (Figure 1B) on theters while Ag;Te was a secondary phase (light contrast), dis-

PXRD pattern of ATMS yielded a cubic cell parameter
6.0198(4) A, smaller than that of AgSbTa = 6.0677 (93)*
owing to the smaller atomic radius of Mn (1.32 A) than those
of Ag (1.44 A) and Sb (1.60 A)n this cubic structure, the Ag,
Mn, and Sb cationare believed to bstatistically disordered at
the (0.5, 0.5, 0.5) sités anidealstructure(Figure S1, Support-
ing Information) This indicates that theexagonal MnTe can be
destabilized and converted to a cubic strucpesumably by en-
tropy-driven alloying otheequimolar fraction of AgSbThéo form
anew phase &gMnSbTe. Such a chemicahodification route
was also used to convert GéSend SnS#¥ to a NaCl structure
by the entropydriven alloying ofAgBiSe and AgSbSe, re-
spectively In addition, according to the Rietveld refinement, a
small amount of Agle (~3 mol%) was indexed ithe PXRD

of ATMS, which is often observed in AgShHeased materi-
als#+%> The presence of Afje was confirmed byransmission
electron microscopyTEM), as discussed below.

In addition, the Bragg peaks of MnTe and reeit
AgMnSbTe simultaneously exisfor the samples witim = 2,
4, 6, and 10, without Bragg peak shift of MnTe and AgMnSbTe

tributed dispersedly at the grain boundaries of AgMnShita
nanoscale grain sizes (Figur@ $ the Supporting Infor-
mation).

Furthermore, we performestanning transmission electron
microscopy energydispersive Xray spectroscopy (STEM
EDS) elemental mapping of ATM&igure 2C, D), whichre-
vealed that Ag, Mn, Sn, and Te were distributed uniformly
throughout thédAgMnSbTe grains In addition, submicron pre-
cipitates were observed at the grain boundariésgMnSbhTe
(Figure 2E) Clear lattice fringes of the precipitate are observed
in the highresolution TEM image (Figure 2F). The correspond-
ing fast Fourier transform pattern of theecipitate is presented
in the inset of Figure 2F. The bright dots of the pattern can be

indexed tathe (102), 213), and (1.1) planes of the monoclinic
Ag.Te alongts [211] zone axis. Therefore, our XRBSE, and
STEM-EDS resultsconfirm thatATMS is composed of m
croscale AgMnSbTsand nanoscale A@e gatherdat the grain
boundaries of AQMnSbTge



2. Electronic band structure of AgMnSbTe (Figure 3F), which shows a good band alignment betw

We performed firsprinciple DFT calculations on the special AgMnSbTeandAgT e . Thi s i mpieéesaac é@dao
quasirandom structure (SQS, Figur@ B the Supporting In-  hole transmission between these two phases.
formation}*52 of AgMnSbTe, because the standard DFT cal-
culations are not directly applicable to random alloys expressec3 Thermoelectric performance
by average occupancies of constituent atdiriBhe SQS leads _ )
to the best periodic supercell approximation for a trigpd Figure 4 shows the thermoelectric properties of Ag8in
dered statewhichcanmimic the electronic properties of disor- bTém2, (M= 1, 2, 4, 6, and 10), along with those of MnTe an
dered systems to a reasonable extimtis widely used to as- ~ AgShTe for comparison. As mentioned above, MnTe has a low
sess the electronic structure of disordered solid solution sys-<€lectrical conductivity of ~7.1 S/cm at room temperature owing
tems* The SQS structuref AQMnSbTe is different from the ~ to its low hole concentration and mobility. The poor electrical
distortedoneshown in Figure 1E and average rock salt structure conductivity is largely enhanced by the AgSpatoying and
shown in Figure ST° Additional details for these calculations ~reaches-158.4 S/cm at room temperature for ATMS. Hall co-
are provided irthe Supporting Information. Considering that ~efficient measurements (seeperimental section ithe Sup-
the Mr?* centers are paramagnetic witb®zelectronic configu- porting Information for details) reveal that the increase in elec-
ration, Figure 3a and 3b show the calculated-spimnd spin trical conductivity is attributed to the simultaneous enhance-
down electronic band struces of AgMnSbTe respectively. ~ ments in Hallcarrier concentration (e.g., ~1.5 x'16m?) and
The Fermi level is at 0 eV iMobigydG4en\c's)obAIMS. The gbgepvadreahansement e v a
band maximum (VBM) from theonduction bandinimum in mObI'Ity is very im_porta_mt for the thermoelec_trlc community,
(CBM). The absence of electronic state in both spin channels ags point defect engineering and nanostructuring commonly re-
the Fermi level reflectsthe semiconductor structure of sult in a reduction in Ubl'lty We attribute the enhancement in
AgMnSbTe, which hasa direct band gap of ~0.10 eV in the the mobility of MnTe to the large chang_e in_ the electronic band
spirrup dhannels and indirect band gap of ~0.12 eV in the-spin Structure by the AgSbtelloying, resulting in a smaller band
down channels. The DFT calculations undstimated the band ~ effective mass in ATMS. In addition, the high mobility implies
gap ofAgMnSbTe, which islower than the measured optical that the highly ord_eredél'atoms_ over the CI SIte_S of the NaCI
band gap (~0.36 eV, FiguB#). lattice are conducive to the maintenance ofa hlgh electr_lc con-
Notably, thecalculations indicate that AgMnSby@as a ductivity in AgMnShTe, although its cations are highly disor-

8
complex multiplepeak valence band structure. For the gn deredt!
channels, the first and second VBMs are located at the Q and F The electrical conductivity of ATMS exhibits a heavily
points, respectively, and there is third VBM along thez@i- doped semiconductor behavinrthe temperature range of 300
rection with an energy difference between the first and third 623 K, which is reduced from 158.4 S/cm at ~300 K to a mini-
VBM of ~0.07 eV. For the spidown channels, the first VBM  mum value of 91.1 S/cm at 623 K. It then increases tcS2¢i
is located at point F, the second and third VBMs are along theat 823 K with the further increase in temperature, owing to the
Q-Z and QF directions, respectively, and the energy difference well-known intrinsic excitation for meow-bandgap semicon-
between the first and third VBM is ~0.06 eV. Such small energy ductos. In addition, the AQMRSbTew2s amp | es m@i t h 2
differerces are promising for multiple valence band conver- 10 are mixtures of MnTe and AgMnShJas reflected by the
gence resulting (upon hole doping) in high Seebeck coefficientXRD pattern. Thus, the electrical conductivity increases with
and power factor, as observed for other thermoelectric materi-the decrease imas a consequence of the increasimgpant of
als 5557 the AgMnSbTe phase.

The total density of states (DOS) (Figure 3C) reveals similar The Seebeck coefficients (Figure 4B) of AghBbTen2 (m
results, as for the electronic band structure profile, with the= 1, 2, 4, 6, and 10) are positive, which implies that holes are
Fermi level remaining in the gap in both spip and spirdown the majority carriers in these samples, in good agreement with
states, indicating its semiconducting structure. The total DOSthe Hall measurements. The Seebeck cdeffts decrease with
also shows a slight difference between the -spirand spin the decrease im as a result of the increase in the amount of
down gates, particularly near the Fermi level. This difference AgMnSbTe, i.e., hole concentration, as shown in Table S2 in
is attributed mainly to the difference in M 8r spinup and the Supporting Information. ATMS has the lowest Seebeck co-
spinrdown channels, as shown by the partial densities of states f f i ci ent, which increases from
in Figure 3D. In addition, the main valence band peaks aroundmum value of ~288 V /ak573 K and exhibits a heavily doped
the Fernnlevel in both spirup and spirdown states originate  semiconductor behavior. The Seebeck coefficient then de-
from the strong hybridization between Ad,4Mn 3d, Sb P, creases t o 3Rdhgtathe/inkinse excitdtidn
and Te P orbitals. (i.e., bipolar carrier diffusion). We estimated the Goldsmid

Figure 3E shows ultraviolet photoelectrapectroscopy — Sharpband gap of ATMS usinBgs= 26|SmaxTmax, WhereTmaxis
spectra of AYInShTe and AgTe measured at 300 K. The on- the temperature at which the Seebeck coefficient is maximized
set edge alues of AQINShTe and AgTe are estimated to be &t Smax™ Egsis estimated to®~0.33 eV, very close to the opti-

0.10 and 0.25 eV, while the cutoff edge values ofGbTe cal value obtained using Fourigansform infrared spectros-
and AgTe are estimated to be 17.3 and 17.4 eV, extracted fromcopy (~0.36 eV, Figure S4).

theultraviolet photoelectrospectroscopgpectra, respectively. The power factof of AgMNnmSbTen. (M= 1, 2, 4, 6, and
Therefore, the valence band values oAb Te and AgTe 10) increases with the decreasemnas shown in Figure 4C.

are-4 and-4.05 eV, respectively. Thus, the energy oftsehe ATMS has the lghest power factor in the system, which in-
valance bandetween AYInSbTeg and AgTe is only 0.05 eV creases frokifat+6 ~130Wecmd K2t 12. 2


https://www.sciencedirect.com/topics/physics-and-astronomy/conduction-bands

823 K. The average power factors of MnTe and AgMn$bTe practically useful for midemperature thermoelectric applica-
are ~2. 4 atKdinth8tenfperatuvéaamge of 400to tions.
823 Krespectively, which shows an increase of4%5

Figure 4D shows the thermal conductivities of Aghdn
bTen. (m=1, 2, 4, 6, and 10) and MnTe for comparison. The dz CONCLUDING REMARKS

thermal conductivity of MnTe increases from ~1.2 YAKrt at This study proposes a new route to achieve cubic MnTe through
~300 K to 1.38 WK™ at ~323 K owing to the transition be- entropydrivenalloying of AgSbTeand reveals a promising
tween antiferromagnetism to paferromagnetisni®*¢ Similar type thermoelectric material AgMnSbhTe (ATMS, i.e.,
tendencies are observed for the samples mith10 andm= 6 equimolar mixture of AgSbkeand MnTe). Our phase and mi-

with dominant MnTe. With the further increase in the content crostructure analyses revealdtht ATMS was composed of

of AgMnSbTe, e.g., aim = 4, 2, and 1, such tendency disap- AgMnSbTegand AgTe compounds, where AgMnSkslexhib-

pears. ATMS exhibits a low thermal conductivity of ~0.7 W m ited a rocksalt crystal structure with Ag, Mrand Sb cooccu-

1K1 at 300 K,D40% lower than thaf1.2 Wnm*K 1) of MnTe. pying the Na sites and had local lattice distortion. In addition,

With the increase in temperature, the thermal conductivity of AQMnSbTeis a narrowbandgap semiconductor with an opti-

ATMS decreases to 0.57 WHK'* at 623 K.Figure 4E shows  cal band gap of ~0.3 eV and has a specific multiple valence

the lattice thermal conductivities of tAgMn,SbTen.. samples bandstructure with a low energy separation between the top

obtained byextracting the electronic thermal conductivay three VBMs. AgTe with an amount of 3 molSasdistributed

(Figure S in theSupporting Information), which was estimated at the boundaries dhe AgMnSbTe grains, which acted as

using the Wiedmanri Franz relationge= L (.The tempera-  transmission channels for holesATMS. As a consequence,

ture-dependent Lorentz number, was estimated by the meas- ATMS exhibited better ektrical and thermal transport proper-

ured Seebeck coefficient according to a sempirical equa-  ties than those of pristine MnTe and AgShTehich provided

tion, L = 1.5 + exp{§/116)5° The lattice thermal conductivity ~ an ultralow lattice thermal conductivity of ~0.3¥m*K*at

of AgMn.SbTe., decreases ith the decrease im, i.e.,ATMS 823 K, peakZT of ~146 at 823K, and high average power

exhibits the lowest lattice thermal conduitijivin the system,  factor of~ 8 . 5 Ke?Whd averag&T of 0.87 in the tem-

which is only slightly higher than that of AgShTét 300 K, perature range af00 823 K This showshe high potential of

the lattice thermal conductivity of ATMS is ~0.62 WHi?, the leadfree ATMS for mediumtemperature thermoelectric

compared to 0.55 WK™ for AgSbTe and ~1.2 WK for power generators.

pristine MnTe. The low value continually decreases to ~0.34

WmK? at 823 K, which issmong the lowest values for well

known thermoelectric semiconductors (e.g., 18T&,Cu,Seb!

SnSet® 2 and AgSnSe).®® We attribute the ultralow lattice dz ASSOCIATED CONTENT

therma conductivity inATMS to the synergy of local distortion  Supporting Information

of Ag, high anharmonicity, and high cation disorder in the lat-

tice. Notably, the level of phonon scattering at the

AgMnSbTe/Ag.Te interface is more challenging to assess be-

cause these precipitatese generally large (hundreds of na-

nometers) and occur sparsely in the grain boundaries of th

sample The strong phonon scattering in ATMS is also reflected

in the mean sound velocity of 1792 m/s at room temperature

(seeexperimental section ithe Supporting Information for de-

tails), which is lower than those of B{2128 m/s)SnTe(2066 .

m/s), GeTe(2190 m/s) InSb(2062m/s), FeNbSb (3473 m/s)  * Junyouyang

and PbS€1963m/s).53 State Key Laboratory of Materials Processing and Die &
Figure 4F shows the thermoelectric performances of Mold Technology, Huazhong University of Science and Tech-

AgMnSbTewz (M= 1, 2, 4, 6, and 10). The high power factor Nology, Wuhan, 430074, P. R. China

and low thermal conductivity of ATMS lead to the highg$t Email: jyyang@mail.hust.edu.cn

in the AgMnSbTew, system, which is ~0.27 at 300 K and

reaches a mamum of ~146 at 823 K, higher than those of , ..

MNnTe ZTnax~ 0.6 at 823 K) and AgSbT & Trax~ 1.0 at 673 2IN9yu Yan

K). Furthermore, the averag&T (ZTag (4001823 K) of School of Materials Science and Engineering, Nanyang Tech-

ATMS is ~0.87, compared to ~0.2 for MnTe (4823 K) and nplogical University, 50 Nanyang Avenue, Singapore 639798,

~0.85 for AgShTe (4001 723 K). Such a high averagfT is Singapore.

comparable to those of other wkhown thermoelectric mate-  Email: AlexYan@ntu.edu.sg

rials (e.g, SnS&* SnTe® and BiCuSe®). In addition, the

ATMS hasa Vickers microhardnesfardnes®f ~190 Hy (see . . )

experimental section in tf&upporting Information for detai), D_epa_lrtment of Chemistry, Northwestdsniversity, Evanston,

which ishigherthan that of statef-the-art thermoelectric ma- lllinois 60208, USA.

terials®” including Bi,Tes (~64 Hy), PbTe (=35 H), PbSe (~59  Email: m-kanatzidis@northwestern.edu

Hv), CwS (~92 H)), GeTe (~145 K). Suchhigh thermoelectric Notes

performance and hardneseply that AgMnSbTe should be  The authors declare no competing financial interest.

Experimental and computational details, including Hall carrier
concentration and mobility, thermal properties, sound velocity,
ultraviolet photoelectron spectroscopy spectra, Vickers micro-
ehardness and Fourier transform infraspectrum.

dz AUTHOR INFORMATION

Corresponding Author

* Mercouri G. Kanatzidis


mailto:AlexYan@ntu.edu.sg
mailto:m-kanatzidis@northwestern.edu

(20) Tan, G.; Shi, F.; Hao, S.; Zhao;D.; Chi, H.; Zhang, X;

dz ACKNOWLEDGMENT Uhe.r., C Wolverton., C.; Dravid, V. P, Ka.nat2|d|s, M. G, Nor)
. . equilibrium processing leads to record high thermoelectric fig-

This study was supported by tBepartment of Energy, Office  ure of merit in PbTieSrTe.Nat Commun2016,7, 12167.
of Science, Basic Energy Sciences under granSioB014520, (11) Zhou, C.; Lee, Y. K.; Cha, J.; Yoo, B.; Cho;F5; Hyeon,
DOE Office of Science (sample preparation, synthesis, XRD, T.; Chung, I., Defect engineering for higlerformance ftype
thermoelectric measurements, TEM measurements, DFT calcuppSe thermoelectricd. Am Chem Soc 2018,140(29), 9282
lations). The User Facilities are supported by tffe®of Sci- 9290.

ence of the U.S. Department of Energy under Contract Nos. DE (12) Perumal, S.; Samanta, M.; Ghosh, T.; Shenoy, U. S.; Bohra,

AC02-06CH11357 and  DEAC02-05CH11231. We A. K.; Bhattacharya, S.; Singh, A.; Waghmare, U. V.; Biswas,

acknowledge the access to facilities for hggrformance com- K. Realization of high thermoelectric figure of merit in GeTe

putations at Northwestern University, Singapore MOE ACRF py complementary cdoping of Bi and inJoule2019,3 (10),
Tier 2 under Grant No2018-T2-1-010, Singapore A*STAR 2565-2580.

Pharos Program SERC 1527200022, Singapore A*STAR pro-(13) Xing, T.; Song, Q.; Qiu, P.; Zhang, Q.; Xia, X.; Liao, J.;
ject A19D9a0096, support from FACTs of Nanyang Techno- Lju, R.; Huang, H.; Yang, J.; Bai, S., Superior performance and

logical University for the sample analysiational Natural Sci- — high service stability for GeTeased thermoelectric com-
ence Foundation of China (Grant Nos. 52002137, 51802070 poundsNatl. Sci. Rev2019,6 (5), 944954,

51572098, and 51632006), National Basic Research Program of14) Hong, M.; Chen, Z. G.; ahg, L.; Liao, Z. M.; Zou, Y. C

China (Grant No. 2013CB632500)he Fundamental Research Ch e n Y. H.; Matsumura, S.
Funds for the Central Universities under Grant No. AgSbTe: S Alloys via Exploring the Extra L|ght Valence
2021XXJS008 and 2018KFYXKJCOpRatural Science Foun-  Band and Introducing Dense Stacking Faul$v Energy Ma-
dation of Hubei Province (Grant N@015CFB432), Open Fund ter. 2018,8 (9), 1702333.
of State Key Laboratory of Advanced Technology for Materials (15) Roychowdhury, S.; Ghosh, T.; Arora, R.; Samanta, M.; Xie,
Synthesis and Processing, Wuhan University of TechnologyL.; Singh, N. K.; Soni, A.; He, J.; Waghmare, U. V.; Biswas, K.,
(No. 2016KF-5), and Graduates' Innovation Fund, Huazhong Enhanced atomic ordering leads to high thermoelectric perfor-
University of Science and Technology (No. 2019ygscx@y03  mance in AgSbTe Science2021,371(6530), 722727.
We gratefully acknowledge the technical assistance from the(16) Nunna, R.; QiuP.; Yin, M.; Chen, H.; Hanus, R.; Song, Q.;
Analytical and Testing Center of HUST. Zhang, T.; Chou, MY.; Agne, M. T.; He, J., Ultrahigh thermo-
electric performance in G8ebased hybrid materials with
highly dispersed molecular CNTEnergy EnvironSci 2017,

dz REFERENCES 10(9), 19281935.

(1) He, J.; Tritt, T. M., Advances in thermoelectric materials re- (17) Lee, Y. K.; Luo, Z.; Cho, S. P.; Kanatzidis, M. G.; Chung,
search: Looking back and moving forwaBtience2017,357 ., Surface oxide removal for polycrystalline SnSe reveals near
(6358). singlecrystal thermoelectric performancéoule 2019, 3 (3),

(2) Tan, G.; OhtaM.; Kanatzidis, M. G Thermoelectric power ~ 719-731.
generation: from new materials to devic®ilos. Trans. A,  (18) Zhao, L:D.; Lo, S-H.; Zhang, Y.;Sun, H.; Tan, G.; Uher,
Math. Phys. Eng. Sc2019 377, 20180450. C.; Wolverton, C.; Dravid, V. P.; Kanatzidis, M. G., Ultralow

(3) Meroz, O.; Ayoun, D. B.; Beeri, O.; Gelbstein, V., thermal conductivity and high thermoelectric figure of merit in
Development of BiTe;.Se s Alloy for Thermoelectric Power ~ SnSe crystaldNature2014,508(7496), 373377.

Generation Apfications,J. Alloys Compd 2016 679,196 (19) Zhao, L:D.; Tan, G.; Hao, S.; He, J.; Pei, Y,; Chi, H.; Wang,
(4) Ayoun, D. B.; Sadia, Y.; Gelbstein, Y., High temperature H.; Gong, S.; Xu, H.; Dravid, V. P., Ultrahigh power factor and
thermoelectric properties evolution of RBnTe based alloys ~ thermoelectric performance in hed®ped singlecrystal SnSe.

J. Alloys Compd 2017, 722, 33. Science2016,351(6269), 141144,

(5) Jood, P.; Ohta, M.; Yamamoto, A.; Kanatzidis, M. G., Ex- (20) Luo, Y,; Yang, J.; JiandQ.; Li, W.; Zhang, D.; Zhou, Z;
cessively doped PbTe with Geduced nanostructures enables Cheng, Y.; Ren, Y.; He, X., Progressive regulation of electrical
high-efficiency thermoelectric modulesloule 2018, 2 (7), and thermal transport proxper
13391355. thermoelectric materialshdv Energy Mater 2016, 6 (12),

(6) Liu, W.; Yin, K.; Zhang, Q.; Uher, C.; Tang, X., Etendly 1600007.

high-performance silicide thermoelectric materiaiatl. Sci.  (21) Xie, H.; Hao, S.Cai, S.; Bailey, T. P.; Uher, C.; Wolverton,

Rev.2017 4 (4), 611. C.; Dravid, V. P.; Kanatzidis, M. G., Ultralow thermal conduc-
(7) Goyal, G. K.; Dasgupta, T., Fabrication and testing of tivity in diamondoid lattices: high thermoelectric performance
Mg:Sii«Srk based thermoelectric generator modMater. Sci. in chalcopyrite Cbls+Agdo.2n1 1 Tex. Energy EnvironSci 2020,
Eng. B.2021, 272, 115338. 13(10), 36933705.

(8) Kang, H. B.;Saparamadu, U.; Nozariasbmarz, A.; Li, W.; (22 Fu, C.; Bai, S.; Liu, Y,; Tang, Y.; Chen, L.; Zhao, X.; Zhu,
Zhu, H.; Poudel, B.; Priya, S., Understandmg Oxidation Re- T, Reallzmg high flgure of merit in hea@and ptype halt
sistance of HaiHeusler Alloys for irAir High Temperature Heusler thermoelectric materialat Commun2015 6(1),
Sustainable Thermoelectric Generatk&S Appl. Mater. In-  7-

terfaces202Q 12 (32), 36706. (23) Liu, R.; Chen, H.; Zhao, K.; Qin, Y.; Jiang, B.; Zhang, T
(9) Madar, N.; Givon, G.; Mogilyansky, D.; Gelbstein, Y., High Sha, G. ; Shi, X.; Uher, C.;
thermoelectrlc potential of Bie; alloyed GeTmch phasesj performance indicator promoting thermoelectric materisdis.

Appl. Phys2016 120, 035102. Mater 2017,29(38), 1702712.

Zou,

Zha



(24) Jiang, B.; Yu, Y.; Cui, J.; Liu, X.; Xie, L.; Liao, J.; Zhang,
Q.; Huang, Y.; Ning, S.; Jia, BHigh-entropystabilized chal-
cogenides with high thermoelectric performar®eence2021,
371(6531), 836834.

(25) Roychowdhury, S.; Ghosh, T.; Arora, R.; Waghmare, U. V.;
T y lectric, Magnetic, and Mechanical Characteristics of Antifé@rp-i v e n

Bi swas, K., Stabilizing n
Alloying of AgBiSe: Ultralow Thermal Conductivity and
Promising Thermoelectric Performanéagew Chem Int. Ed.
Engl. 2018,130(46), 1538715391.

(26) Wang, H-X.; Mao, L-S.; Tan, X.; Liu, GQ.; Xu, J.; Shao,
H.; Hu, H.; Jiang, J., Nontrivial thermoelectric betwa in cu-

bic SnSe driven by spiarbit coupling.Nano Energy018,51,
649-655.

(27) Samanta, M.; Ghosh, T.; Arora, R.; Waghmare, U. V,;
Biswas, K., Realization of bothand ptype GeTe thermoelec-
trics: electronic structure modulation by AgBiSsloying. J.
Am Chem Soc 2019,141(49), 1950519512.

(28) Luo, Y.; Hao, S.; Cai, S.; Slade, T. J.; Luo, Z. z.; Dravid, V.
P.; Wolverton, C.; Yan, Q.; Kanatzidis, M. G., High Thermoe-

lectric Performance in the New Cubic Semiconductor AgSnS-

bSe by High Entropy Engineeringd. Am Chem Soc 202Q
142 (35), 1518715198.
(29) Hu, L.; Zhang, Y.; Wu, H.; Li, J.; Li, Y.; Mckenna, M.; He,

(38) Dong, J.; Pei, J.; Hayashi, KSaito, W.; Li, H.; Cai, B.;
Miyazaki, Y.; Li, J-F., Enhanced thermoelectric performance in
MnTe due to doping and 4situ nanocompositing effects by
Ag.S additionJ. Materiomics202Q 7 (3), 577584.

(39) zZaferani, S. H.; Ghomashchi, R.; Vashaee, D.rmbe-

magnetic Manganese Telluride Reinforced with Graphene Na-
noplaes.Adv. Eng. Materr021, 23 (2), 2000816.

(40) Basit, A.; Yang, J.; Jiang, Q.; Xin, J.; Li, X.; Li, S.; Li, S.;
Long, Q., Simultaneous regulation of electrical and thermal
transport properties in MnTe chalcogenides via the incorpora-
tion of ptype ShTes. J. Mater. Chem. 2018 6, 23473.
(42) Janik, E.; Dynowska, E.;Badi si uk, J. ;
Szuszkiewicz, W.; Wojtowicz, T.; Karczewski, G.; Zakrzewski,
A.; Kossut, J., Structural properties of cubic MnTe layers grown
by MBE. Thin Solid Films1995,267 (1), 7478.

(42) Griffiths, C. H.,Cuibcmanganous telluride). Mater. Sci.
1978 13, 513.

(43) Quarez, E.; Hsu, KFE.; Pcionek, R.; Frangis, N.; Polychro-
niadis, E.; Kanatzidis, M. G., Nanostructuring, compositional
fluctuations, and atomic ordering in the thermoelectric materi-
als AgPR.SbTe.m The myth of solid solutionsl. Am Chem
Soc 2005,127(25), 91779190.

J.; Liu, F.; Pennycook, S. J.; Zeng, X., Entropy Engineering of (44) Xu, J.; Li, H.; Du, B.; Tang, X.; Zhang, Q.; Uher, C., High

SnTe: Mul t i Principal
Lattice Ther mal
lectric Perfomance Adv. Energy Mater. 2018,8 (29), 1802116.
(30) Qiu, Y.; Jin, Y.; Wang, D.; Guan, M.; He, W.; Peng, S.; Liu,
R.; Gao, X.; Zhao, :-D., Realizing high thermoelectric perfor-

E | e me nthermadiettra figura @f mekitarsd canostgucturirg in bulkiAgSa | o w
Conducti vi t yTealnMhter Ehem 040,20 (9), 6UBRE14A r t

(45) Wu, H:j.; Chen, Sw.; lkeda, T.; Snyder, G. J., Reduced
thermal conductivity in Plalloyed AgSbTethermoelectric ma-
terials.Acta Mater2012,60 (17), 61446151.

mance in GeTe through decreasing the phase transition tempef46) Banik, A.; Ghosh, T.; Arora, R.; Dutta, M.; Pandey, J.;

ature via entropgngineeringJ. Mater Chem A 2019,7 (46),
2639326401.

(31 Xin, J.; Yang, J.; Jiang, Q.; Li, S.; Basit, A.; Hu, H.; Long,
Q.; Li, S.; Li, X., Reinforced bond covalency and multiscale hi-
erarchical architecture to high performance-&@ndly MnTe-
based thermoelectric materiadano Energy 019,57, 703710.
(32) Xu, Y.; Li, W.; Wang, C.; Li, J.; Chen, Z.; Lin, S.; Chen, Y.;

Acharya, S.; Soni, A.; Waghmare, U. V.; Biswas, K., Engineer-
ing ferroelectric instability to achieve ultralow thermal conduc-
tivity and high thermoelectric performance in;$S&eTe. En-

ergy EnvironSci 2019,12 (2), 589595.

(47) Dutta, M.; Pal, K.Waghmare, U. V.; Biswas, K., Bonding
heterogeneity and lone pair induced anharmonicity resulted in
ultralow thermal conductivity and promising thermoelectric

Pei, Y., Performance optimization and single parabolic band be-properties in rtype AgPbBiSe Chem Sci 2019, 10 (18),

havior of thermoelectric MnTe. Mater Chem A 2017,5 (36),
1914319150.

(33) Dong, J.; Wu, GF.; Pei, J.; Sun, fH.; Pan, Y; Zhang, B-
P.; Tang, H.; Li, 3F., Leadfree MnTe midtemperature thermo-
electric materials: facile synthesistype doping and transport
properties.J. Mater. Chem C 2018,6 (15), 42654272.

(34) Ren, Y,; Jiang, Q.; Yang, J.; Luo, Y.; Zhang, D.; Chéfg

49054913.

(48) Shamoto, SYamada, N.; Matsunaga, T.; Proffen, T.; Rich-
ardson Jr, J.; Chung,-H.; Egami, T., Large displacement of
germanium atoms in crystalline &d»Tes. Appl. Phys Lett
2005,86 (8), 081904.

(49) Cai, S.; Hao, S.; Luo, Z.; Li, X.; Hadar, |.; Bailey, T. P.;
Hu, X.; Uher, C.; Hu, ¥Y.; Wolverton, C., Discordant nature

Zhou, Z., Enhanced thermoelectric performance of MnTe via of Cd in PbSe: oftentering and cofshell nanoscale CdSe

Cu doping with optimized carrier concentratidnMateriomics
2016,2(2), 172178.

(35) Zheng, Y,; Lu, T.; Polash, M. M.; Rasoulianboroujeni, M.;
Liu, N.; Manley, M. E.; Deng, Y.; Sun, P.; Chen, X.; Hermann,

precipitates lead to high thermoelectric performarkergy
Environ Sci 2020,13(1), 206211.

(50) Luo, Z. Z,; Cai, S.; Hao, S.; Bailey, T. P.; Spanopoulos, |.;
Luo, VY.; Xu, J.; Uher, C.; Wolverton, C.; Dravid, V. P., Strong

R. P., Paramagnon drag in high thermoelectric figure of merit Valence Band Convergence to Enhance Thermoelectric Perfor-

Li-doped MnTeSci. Adv2019,5 (9), eaat9461.
(36) Ren, Y,; Yang, JJiang, Q.; Zhang, D.; Zhou, Z.; Li, X.;

Xin, J.; He, X., Synergistic effect by Na doping and S substitu-

tion for high thermoelectric performance ottype MnTe.J.
Mater Chem C 2017,5 (21), 50765082.

(37) Deng, H.; Lou, X.; Lu, W.; Zhang, J.; Li, D.; L$.; Zhang,
Q.; Zhang, X.; Chen, X.; Zhang, D., Realizing ultrahigh perfor-
mance in ecdriendly MnTe thermoelectrics by manipulating
band structure and introducing SnTe nanocrydidso Energy
202Q 73, 104832

mance in PbSe with Two Chemically Independent Contéals.
gew Chem Int. Ed. Engl. 2021,133(1), 272277.

(52) Scanlon, D. O.; Walsh, A., Bandgap engineering of ZaSnP
for high-efficiency solar cellsAppl. Phys Lett 2012,100(25),
251911.

(52) Ektarawong, A.; Simak, S.; Hultman, L.; Birch, J.; Alling,
B., First-principles study of configurational disorder inBus-

ing a superatorspecial quasirandom structure methBtys
Rev B 2014,90(2), 024204.

(53) Zhang, J.; Su, C.; Liu, Y., Firgirinciples study of bcc Fe

Leszc.

Ther moe-



Cr-Si binary and ternary random alloys from special quais suppressed Cu vacancy formation by overstoichiometric Cu ad-
dom structure.Physica. B, Condensed matt&020, 586, dition. Chem Mater. 2018,30(10), 32763284.

412085. (62) Luo, Y.; Cai, S.; Hua, X.; Chen, H.; Liang, Q.; Du, C,;

(54) Soderlind, P.; Zhou, F.; Landa, A.; Klepeis, J., Phonon andZheng, Y.; Shen, J.; Xu, J.; Wolverton, C., High Thermoelectric

magné i ¢ st r-plutohiunt frem densitfliinctional the- Performance inrPol ycrystalline SnSe Via
ory. Sci. Rep2015,5 (1), 1-6. Ag/Na and Nanostructuringith AgsSnSe. Adv Energy Mater

(55) Tian, F.,A Review of SolidSolution Models of HigFEn- 2019,9 (2), 1803072.
tropy Alloys Based on Ab Initio CalculationEront. Mater. (63) Li, W.; Lin, S.; Ge, B.; Yang, J.; Zhang, W.; Pei, Y., Low

2017 4, 36 sound velocity contributing to the high thermoelectric perfor-

(56) Kim, H.-S.; Heinz, N. A.Gibbs, Z. M.; Tang, Y.; Kang, S. manceof AgsSnSe. Adv Sci. 2016,3 (11), 1600196.

D.; Snyder, G. J., High thermoelectric performance in (64) Chen, Z-G.; Shi, X.; Zhao, L-D.; Zou, J., Highperfor-

(Bio.2sShy 75)2Tes due to band convergence and improved by car- mance SnSe thermoelectric materials: Progress and future chal-

rier concentration controMater. Today2017,20 (8), 452459. lenge.Prog. Mater. Sci 2018 97, 283.346.

(57) Slade, T. J.; Bailey, T. P.; Grovogui,A.; Hua, X.; Zhang, (65) Tan, G.; Hao, S.; Hanus, R. C.; Zhang, X.; Anand, S.; Bai-

X.; Kuo, J. J.; Hadar, I.; Snyder, G. J.; Wolverton, C.; Dravid, ley, T. P.; Rettie, A. J.; Su,.XUher, C.; Dravid, V. P., High

V. P., High thermoelectric performance in PbSaSbSealloys Thermoelectric Performance in SiFgSbTe Alloys from

from valence band convergence and low thermal conductivity. Lattice Softening, Giant Phonbvacancy Scattering, and Va-

Adv. Energy Mate2019,9 (30), 1901377. lence Band ConvergencACS Energy Lett2018,3 (3), 705

(58) Goldsmid, H.; Sharp, J. VEEstimation of the thermal band  712.

gap of a semiconductor from seebeck measureméridec- (66) Lan, J. L.; Liu, Y. C.; Zhan, B.; Lin, Y. H.; Zhang, B.; Yuan,

tron. Mater. 1999 28, 869. X.; Zhang, W.; Xu, W.; Nan, C. W., Enhanced thermoelectric

(59) Kim, H.-S.; Gibbs, Z. M.; Tang, Y.; Wang, H.; Snyder, G. pr operti es of Pb dAdp Bater 13Cu Se O
J., Characterization of Lorenz number witleBeck coefficient ~ 25(36), 50865090.

measuremenfAPL Mater 2015 3 (4), 041506. (67) Suwardi, A.; Lim, S. H.; Zheng, Y.; Wang, X.; €h, S.

(60) Jana, M. K.; Pal, K.; Waghmare, U. V.; Biswas, K., The W.; Tan, X. VY.; Zhu, Q.; Wong, L. M. N.; Cao, J.; Wang, W.,;
Origin of Ultralow Ther mal Crann@; Tam,tCi Kv li; XuyJEfeative énhafeementlofdhermo-P a i r
Induced Anharmonic RattlingAngew Chem Int. Ed. Engl. electric and mechanical properties of germanium telluride via

2016 128(27), 79237927. rheniumdoping J. Mater Chem C 202Q 8,16940.

(61) Tak, J:Y.; Nam, W. H.; Lee, C.; Kim, S.; Lim, Y..SKo,

K.; Lee, S.; Seo, WS.; Cho, H. K.; Shim, &., Ultralow lattice

thermal conductivity and significantly enhanced rream:

temperature ther moe iCaSetthmough fi gure of merit in

e



Figure captions

Figure 1. Crystal strucure of AQMnSbTes. (A) Powder Xray diffraction (XRD) patterns of MnTe and AgM8bTen:2, (m=1, 2,
4, 6 and 10). (B) Rietveld refinement of the powder XRD pattern of m=1 sample (ATMS). (C) kegigm fit using disordered
cubic AgMnSbTe (Figure S1). (D) Low r region fit using cubic disordered AgMnSk(Fegure S1). (E) Fitting crystal structure of
distorted AgMnSbTewith off-centered Ag atoms (cations red, anions blue) under P1 symmetry.v{F)region fit using distorted
AgMnSbTe (panel E).

Figure 2. Microstructure of ATMS. (A) Backscattered electron image and (B) enedigpersive Xray spectroscopic analysaf

points 1, 2, 3, 4 marked in panel A. (C) Scanning transmission electron ooigiogSTEM) imageand (D) EDS mapping for
AgMnSbTe grains. (E) transmission electron microscopic (TEM) image of ATMS, (F) high resolution TEM image of the area marked
in panel E, the inset of panel F is theurier Fast Transformagptern of AgTe.

Figure 3. Electronic profile of AgMnSbTes. Spin-polarized electronic band structure for AgMnShihespin up A) and spin down
(B). (C) Total density of state (DOS) for spin @pd spin dowrthannels of AgMnSbTkg(D) orbital projected DOSor spin up and
spin down channelsf AgMnSbTe. (E) Ultraviolet photoelectron spectrosgogpectra oAgMnSbTe (blue curve) and Ade (red
curve). (F) Schematic diagram of the valence band alignment in ATMS.

Figure 4. Thermoelectric performance of AgMmSbTen+2 (M=1, 2,4, 6 and 10).Temperature dependent (A) electrical conduc-
tivities, (B) Seebeck coefficients, (C) power factors, (D) thermal conductivities, (E) lattice thermal conductivities faguie e
merit ZT values.
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Figure 1. Crystal strucure of AgMnSbTes. (A) Powder Xray diffraction (XRD) patterns of MnTe and AgM8bTen.,, (m=1, 2,

4, 6 and 10). (B) Rietveld refinement of the powder XRD pattern of m=1 sample (ATMS). (C) Long r region fit using disordered
cubic AgMnSbTe (Figure S1). (D) Low r rgion fit using cubic disordered AgMnShiTgigure S1). (E) Fitting crystal structure of
distorted AgMnSbTewith off-centered Ag atoms (cations red, anions blue) under P1 symmetry. (F) Low r region fit using distorted
AgMnSbTe (panel E).
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Figure 2. Micro structure of ATMS. (A) Back-scattered electron image and (B) enedigpersive Xray spectroscopic analysaf

points 1, 2, 3, 4 marked in panel A. (C) Scanning transmission electron microscopic (STEM}imda(ig) EDS mapping for
AgMnSbTe grains. (E) tansmission electron microscopic (TEM) image of ATMS, (F) high resolution TEM image of the area marked
in panel E, the inset of panel F is theurier Fast Transformgptern of AgTe.
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Figure 3. Electronic profile of AQMnSbTes. Spin-polarized electronic band structure for AgMnShihespin up A) and spin down
(B). (C) Tatal density of state (DOS) for spin up and spin dewannels of AgMnSbTkg(D) orbital projected DOSor spin up and
spin down channelsf AgMnSbTe. (E) Ultraviolet photoelectrospectroscopgpectra of AYInSbTe (blue curve) and Age (red
curve). (F) Schematic diagram of the valence band alignment in ATMS.



Figure 4. Thermoelectric performance of AgMmSbTen+2 (M=1, 2, 4, 6 and 10)Temperature dependent (A) electrical conduc-
tivities, (B) Seebeck coefficients, (C) power factors, (D) thermal conductivities, (E) lattice thermal conductivitiesfanae ey
merit ZT values.



