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K,BigSe 3 belongs to a class of complex chalcogenides that shows potential for superior thermoelectric
performance. This compound forms in two distinct phaaesnd 8. The 8 phase, which has several sites with
mixed K/Bi occupancy, is a better thermoelectric. To understand the origin of this difference between the two
phases we have carried out electronic structure calculations veithinitio density functional theory using the
full potential linearized augmented plane waW¥ APW) method. Both the local spin density approximation
(LSDA) and the generalized gradient approximati@GA) were used to treat the exchange and correlation
potential. The spin-orbit interactigi®Ol) was incorporated using a second variational procedure aTjiiease
is found to be a semiconductor with an indirect LSDA/GGA band gap of 0.38 eV/0.46 eV compared to
0.76 eV for the observed direct optical gap. For thphase we have chosen two different ordered structures
with extreme occupancies of K and Bi atoms at the “mixed sites.” The system is found to be a semimetal for
both the ordered structures. To incorporate the effect of mixed occupancy we have chosé&x& supercell
with an alternative K/Bi occupancy at the mixed sites. The system is a semiconductor with an indirect
LSDA/GGA band gap of 0.32 eV/0.41 eV. We find that the mixed occupancy is crucial for the system to be
a semiconductor because the Bi atoms at the mixed sites stabilize dHgtals of the nearest-neighbor Se
atoms by lowering their energy. We also find a strong anisotropy in the effective mass near the conduction band
minimum, with the smallest effective mass along the mixed K/Bi chgiasallel to thec axis). This large
anisotropy suggests th@tK,BigSe ; has a great potential for amtype thermoelectric.
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I. INTRODUCTION narrow-gap semiconductor and shows great promise for
The best known bulk materials for room- and high- room-temperature thermoelectric. One of the fascinating

temperature thermoelectric applications are binary chalcocharacteristics of the complex Bi-chalcogen systems is that

; o ; they are either charge compensatBdis 3+ andX=Se/Te
genides, specifically BTe;, PbTe, SkTe;, and their alloys. : .
These are doped narrow-gap semiconductors. During th@'® 27 or contain electron- or hole-doped Bi/Te frame-
past several years, complex chalcogenidesnaries and works. However, the systems are h|ghly|nhomogeneous with
quaternarieshave provided a promising avenue for search-/9ards to the local BX, Bi-Bi, and X-X bondings(can be

ing for new thermoelectric materials. These complex chalco€0Valent, ionic, or van der WaalsThis feature shows up

: ; : : o irectly in their crystal structures and local coordination. For
genides with their large unit cells containing weakly bondedd : . i .
atoms, called “rattlers,” have been studied to reduce the ph example, in BaBiTgwe have covalent Te-Te borfisnd in

non thermal conductivit without drastically affectin Q.‘,sBi4Te6 we have covalent Bi-Bi bondsThe latter is in fact
on thermal conductivityiipn, WIthout grastically atiecting quite unusual for Bi-chalcogen systems. The differences in
their thermopowefS and electrical conductivityr, the three

fund | ities d ing the fi ¢ mEfitof local bonding and coordination from one atom to another in
undamental quantities determining the figure of MEtOf e it cell give rise to dramatic differences in the nature of

a thermoelectrié. Some examples of such systems arejhe states near the top of the valence band and bottom of the

BaBiTe;, CsBjjTes, AgPhisSbTe, etc. In particular  conductions bands, states responsible for charge and energy

CsBisTes (Ref. 2 has been found to be the best known ther-transport in thermoelectric materials. As a result these com-

moelectric below 250 K. plex Bi-chalcogen systems show a wide range of thermoelec-
A promising complex chalcogenide,RigSe; has been tric behavior.

synthesized in our group and its thermoelectric properties In recent yearsb initio electronic structure calculations

have been investigatédThis compound occurs in two dis- using density functional theoffvithin local density (LDA)

tinct phases, denoted as-K,BigSe; and -K,BigSes  or generalized gradiehtipproximations GGA)] have been

These two phases represent an example where similar builéxtremely successful in unraveling the electronic structure of

ing blocks combine to give compounds with the same stomany narrow-band-gap semiconductors with complex crystal

ichiometry but different architectures. Whereas thehase  structures. Examples are skutterudit@sglatharate$, and

is a rather wide-band-gap semiconductéband gap ternary bismuth chalcogenide systef&aBiTe; (Ref. 10

~0.76 e\) and not a good thermoelectric, tiiephase is a and CsBjiTe; (Ref. 11]. In certain cases they have even
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been able to predict the band gaps and effective masses Bi2Testype Cdiztype
quantitatively in spite of the limitations of LDA and GGA. [0) 7 e
Although the basic reason for this is not known, the subtle
nature of the origin of gap formatiofi.e., hybridization in
these compounds may be responsible for the above-
mentioned quantitative agreeméft! Even in systems
where the quantitative predictions of LDA/GGA are not that
good, one has been able to understand the physics of gap
formation, the nature of bonding, and the parentage of states
contributing to the transport properties of these narrow-band-
gap semiconductorsS. Therefore, to gain a deeper under-
standing of the electronic structure of the promising thermo-
electric B-K,BigSe 5, to see how the difference in the crystal o © Ki
structures ofa and 8 phases shows up in their electronic ses 2
structures, and the role of K/Bi mixing we have carried out
detailed electronic structure calculations in these compounds. Se
The outline of the paper is as follows: Sec. Il gives the ° Sep B4 £ o502
crystal structures of the two phases, Sec. Il gives a brief (©] [0) ©
discussion of the method of electronic structure calculation,
Sec. IV gives the results, and finally in Sec. V we give a brief
summary.

Il. CRYSTAL STRUCTURE

K,BigSe; forms in two distinct phases-K,BigSe, 5 (tri- > X
clinic with space grougP-1) and B-K,BigSe 5 (monoclinic z
with space grougP 2,/m).% In the 8 phase, there are four - .
. ; : : : FIG. 1. Projection of the crystal structure af-K,BigSe 3
sites with mixed K/Bi occupancy. The phase contains viewed down thes axis (z axis). Bi,Te;, Cdl, and ShSe, building

BizTes-, .Cdl z-» and SbSey-type rod fragments parallel to the blocks in the structure are highlighted by the shaded areas.
c axis (Fig. 1) whereas thg8 phase possesses an architecture

made up of BjTes;-, Cdl,-, and NaCl-type rod fragments ) ) , , ,
(Fig. 2. The Cdi-type and BjTestype rods ine and B the mixed sites determined by x-ray powder diffraction are

phases are arranged side by side to form layers perpendicul§fMe average positions making the atomic distance of K1
to the y axis with tunnels filled along the axis with k*  ~>€9(2.85 A). and K3-Se42.84 A) too short as compared to
cations. Whereas in th phase the NaCl-type rod fragments the atomic distances betwe#2-Sesites(where there is no
connect the layers to build a three-dimensional frameworkdisordey ranging from 3.28 to 3.71 AThis large difference
in the & phase the small SBey-type rod fragments make a S d_ue to the fact that when Bi is present at the disordered _S|te
weaker connection between the layers. The inclusion of allt Will move closer to the Se4 and Se9 atoms, thereby making
kali atoms stabilizes the covalent bonding in the ;- the average distance between_the disordered sng and the Se
chalcogen framework. The width of the B, and NaCl- shqrter. Conseq_uently ther<_e will be local relaxations of the
type rods in theg-phase is three Bi polyhedra, while the K" ions at the disordered sites.
width of Cdlz—type_ rqd is only two Bi polyhedra. The dimen- IIl. METHOD OF CALCULATION
sions of these building blocks define the structural character-
istics of each structure type in these materials. Overallpthe  Electronic structure calculations were performed using the
phase is slightly more dense than th@hase, because in the self-consistent full-potential linearized augmented plane
latter 25% of the Bi atoms are found in a trigonal pyramidalwave methotf (FLAPW) within density functional theory
geometry, while in the former all Bi atoms are in an octahe-(DFT), using both the local spin density approximation
dral or greater coordination geometry. (LSDA) and the generalized gradient approximati@GA)
The a phase has no structural disorder. On the other handf Perdew, Burke, and Ernzerlidbr the exchange and cor-
the B phase has two sites with very similar coordinationrelation potential. The values of the atomic radii were taken
environment, which have K/Bi disorder. The Bi8/K3 site ~ to be 2.2 a.u. for K, 2.4 a.u. for Se, and 2.7 a.u. for Bi, where
the Bi,Te; block) contains 62% Bi and 38% K while the a.u. is the atomic unit0.529 A). Convergence of the self-
K1/Bi9 site(in the NaCl block contains 38% Bi and 62% K consistent iterations was performed fork foints inside the
(see Fig. 2 Those high coordinate disordered Bi/K atomsreduced Brillouin zone to within 0.0001 Ry with a cutoff of
and Cd)-type channels serve to stitch the fragments to—6.0 Ry between the valence and the core states. Scalar rela-
gether. Since Bi and K have similar sizes, this similarity tivistic corrections were included and spin-orbit interaction
in the coordination environment of the Bi8/K3 and K1/Bi9 (SOI) was incorporated using a second variational
sites explains the disorder between Bi and K atoms. Due tproceduré?® The calculations were performed usingeNg?
the K/Bi disorder the experimental positions of the atoms aprogram*’
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FIG. 2. Projection of the crystal structure @-K,BigSe 3
viewed down thec axis (z axis). Bi,Tes, Cdl, and NaCl building
blocks in the structure are highlighted by the shaded areas.

Before discussing the results of our calculations in detail,
we would like to comment on our attempts at optimization
(atomic positiongstudies. The full optimization calculations
including the shape and volume optimization and the internal
optimization of all atoms in the unit cell require a tremen-
dous amount of computational time in this complex com-
pound (many atoms in the unit cell Therefore, we have
performed only the volume optimization for tlaephase and
the supercell model of thg phase. To see the effect of
internal optimization(where positions of atoms inside the
unit cell are allowed to relgxon the band structure we chose
a simpler configuration of th@ phase. In this configuration
we ignore the mixing of K and Bi atoms at the mixed sites
(resulting in a unit cell with smaller number of atoyrend
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FIG. 3. Brillouin zone ofa-K,BigSe .

FIG. 4. Band structure of-K,BigSe 3 at Vip, (@) LSDA with-
out SOI, (b) LSDA with SOI, (c) GGA without SOI, andd) GGA
with SOI.

allow for relaxations of both these K and Bi atoms along
with their neighboring Se atom$e4 and Se9 For all the
calculations SOI was included. This partially optimized cal-
culation did not significantly change the band structure re-
sults; therefore for all other calculations we did not carry out
such partially optimized calculations, only volume optimiza-
tions.

085116-3



BILC et al. PHYSICAL REVIEW B 71, 085116(2005

TABLE I. Energy band gap values in eV corresponding to ex- TABLE Il. Effective mass parameters atV,, for
perimental volumeVe,,and optimal volume/q, for a-K;BigSe 5. a-K,BigSe .

LSDA GGA LSDA GGA
Vexpt  Vopt  Vexpt Vopt  Experiment VBM CBM VBM CBM
Without SOI 0.71 0.71 0.82 0.65 0.76 Ayx 1.78 6.16 1.31 5.57
With SOI 0.37 0.38 0.47 0.46 Ayy 0.98 1.15 0.99 1.16
Reforence 18 - 1.29 9.29 1.15 8.56
Az 0.71 0.13 0.84 0.25
IV. RESULTS
A. a-K,BigSe; the z direction (c axis). The differences in the effective mass

The unit cell parameters of-K,BigSey; (triclinic with parameter values within LSDA/GGA are less than 36% and
space group P-1 with 23 atoms/unitcell are a @S expected these values are larger than the differences in the

=26.108 a.u.,b=22.858 a.u.,c=7.872 a.u.,a=89.98°, g  €nergy gap value of-21% atVop ,
=98.64°, y=87.96°18 The corresponding Brillouin zone is ~ Orbital character analysis reveals that Sel-7 and Bi4 at-

shown in Fig. 3. The band structures along different symme®ms (see Fig. 1 for the numbering of different atoms in the
try directions at optimal volume ) are shown in Fig. 4. unit cell) contribute to the h_|ghest_ valence batVB). This
This compound is found to be an indirect band gap semiconsU99ests a nearly three-dimensional hole transport. On the
ductor. The effect of the SOI is to shift the conduction band®ther hand, SSestype fragments do not contribute strongly
down relative to the valence band and thereby decrease tfi@ the lowest conduction bari@CB), which consists prima-
band gap. rily of Bil-3 p orbitals. This leads to a two-dimensional

The optimal volumeV,, for GGA calculations is 6% charge transport of the eI_ectrons confined to thgl_'Esl- and _
larger than the experimental volurNg,,, whereas for LSDA Cdl,-type layers, suggesting better thermoelectric properties
calculationsVy, is 2% smaller tharVe,,, The values of the for the electron-doped systertis.
band gap without and with SOI for LSDA/GGA calculations
are given in Table I. Except for GGA without SOI, the band B. B-K,BisSas
gap values changed by less than 3%. ) i o

The thermoelectric properties of this material may also be The unit cell parameters ¢-K;BigSe 5 (monoclinic with
influenced by anisotropic effective masses, which can lead tsPace group P2;/m with 46 atoms/unit cejl are a
a high ZT value®l1 The effective masses for both LSDA =33.055 a.u.b=34.886 a.u.c=7.946 a.u., andy=90.49°2
and GGA atV,,; were obtained by calculating values of en- The corresponding Brillouin zone is shown in Fig. 5. A
ergy close to conduction band minimu@BM) and valence Proper electronic structure calculation for this compound
band maximum(VBM) while moving from the extremum Should in principle incorporate the Bi8/K3 and K1/Bi9
points along the three orthogonal directions to the followingMixed ~occupancy. However, our electronic structure
values of the reciprocal lattice vectors: 0.08250.062%,,, ~ Progrant’ cannot treat sites as partially occupied. Therefore
and 0.0312K;, wherek,, ka,, andks, are the magnitudes of We have chosen two different confl_gurgtlons W|_th extreme
the primitive reciprocal lattice vector projections along the ~occupancy of the Bi8/K3 and K1/Bi9 sites: configuration |
Y, andz directions. The energy values were fitted to a qua_ContainS a Bi8 atom at the Bi8/K3 site and a K1 atom at the
dratic polynomial. In generaé; can be expanded about an
extremum point as

2 .
h—rzeegzz)\ijkikj; ihj=XY,Z (1)
i
Nij :m%' 2

1]
where);; are the effective mass parametérs/erse propor-
tional to the effective magandm, is the free electron mass.
In the present case the anglasand y are close to 90°
whereas angl@ differs appreciably from 90°. Thus we can
assume\,, and \,, to be small and drop them from the
expansion. The four remaining;’s are given in Table II.

As can be seen in Table Il the effective masses of the
VBM are fairly isotropic whereas the effective masses of the
CBM are anisotropic with the smallest effective mass along FIG. 5. Brillouin zone of-K,BigSe;s.
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FIG. 6. Band structure of
B-K,BigSe 3 configuration | with
SOl. Orbital character ofa) Se9
p, (b) Sel0p, (c) Bi8 p, (d) Se4p.
Band structure of B-K,BigSe 3
configuration | with SOI for par-
tially optimized calculations. Or-
bital character of(e) Se9 p, (f)
Se4 p. The size of the circles is
directly proportional to the
strength of the orbital character.

K1/BI9 site, whereas configuration Il contains a K3 atom atbands along th&'Y and ABI" (see Fig. 8, i.e., in the plane
the Bi8/K3 site and a Bi9 atom at the K1/Bi9 site. Configu- perpendicular to the axis also called the needle axis. Single

ration | is closer to the structure seen experimentally.

crystal conductivity measurements show either a semimetal-

Both before and after the inclusion of the SOI configura-lic or a narrow-gap semiconducting behavidtowever, the

tion | yields a semimetallic behavior with several very flat measured optical gap of 0.59 eV does not appear to be con-

085116-5



BILC et al.

L PR T N \-"vz-
NN PN ) e N l-‘\\l“

(a)
%
&
g
[*8]
1.0
(b) Pt
N
s
L
&
8 0.0
5|
frt—to}
Y/
/J
-1.0 £
TY CZDE

ABI"

FIG. 7. Band structure of3-K,BigSe 3 configuration Il with
SOl. Orbital character ofa) Se4p, (b) Bi9 p.

PHYSICAL REVIEW B 71, 085116(2005

sistent with the band structure results. An orbital analysis
shows that the top of the “valence band” consists of §e9
and Sel( bandgFigs. §a) and Gb)] while the lowest two
conduction bands have Big8 and Se4p hybridized orbital
charactef{Figs. gc) and Gd)]. Se9 lies at the edge of the
NaCl fragment next to the K1 atom occupying the K1/Bi9
site, whereas the Se4 lies at the edge of thd&ifragment

next to the Bi8 atom at the Bi8/K3 site. In this configuration
Se9 atom has two K1 atoms as nearest neighbors, whereas
Se4 atom has two Bi8 atoms as nearest neighbors. As a result
the Se9p orbitals are not very well stabilized in energy and
they float to the Fermi energy to give a semimetallic behav-
ior.

Since the experimental positions of the atoms at the
mixed sites are some average positions, we performed vol-
ume optimization and internal optimizatig¢oarried out only
for this configuratioh of the atoms at mixed sites and their
nearest neighboréSe4 and Se9 atomdn order to see the
impact of the relaxation effects on the band structure results.
Vopt for GGA calculations correspond to 4% increase
from Ve, The internal optimization calculation increases
the K1-Se9 atomic distance to 3.21 A whereas the Bi8
-Se4 atomic distance of 2.88 A is almost unchanged. In spite
of the above changes, the partially optimized calculations
[Figs. Ge) and Gf)] show the same semimetallic behavior
with band structure results very similar to those of the unop-
timized calculatior{Figs. 6a) and &d)]. Therefore, our fur-
ther calculations did not include such partial optimizations
since the band structure results of configuration | were not
significantly changed.

In the case of configuration Il, before the inclusion of
SOl, there is a direct gap of 0.38 eV. But after its inclusion,
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Q
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'y C€zDbE ABL 2 ry ZDE ABLI Z percell atVy (@) LSDA without SOI, (b) LSDA
1.0 — 1.0. with SOI, (c) GGA without SOI, and(d) GGA
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TABLE lIl. Energy band gap values in eV corresponding to (a)
experimental volumeVeg,, and optimal volumeV,, for the ~

B-K,BigSe 3 supercell. Bit
LSDA GGA
Vexpt  Vopt  Vexpt Vot Experiment Bi1 | '
Without SOI 058 056 0.63 0.66 0.59
With SOI 033 032 039 041

aReference 3.

the gap disappears and the band structure looks very simila(®)
to that of configuration I. Orbital character analysis shows g,
that in this case the top of the valence band hasiSerbital
charactefinstead of Se9 in configuration[IFig. 7(a)], while
the lowest two conduction bands have Bi%nd Se% (in-
stead of Bi8p and Se4p) hybridized charactdiFig. 7(b)]. In
this configuration Se4 atom has two K3 atoms as nearesgis
neighbors. As a result Sed orbitals float up to the Fermi
energy giving rise to a semimetallic character.

Since both configurations with the extreme occupancy of
the atoms at the mixed sitésonfigurations | and )ishow a
semimetallic behavior, the observed semiconducting behav

ior of B-K,BigSe; has to originate from the mixed site oc-
cupancy. In order to incorporate the mixed occupancy wesis §
have chosen a X 1Xx2 supercell(92 atoms/ce)l with an
alternative occupancy of K and Bi atoms at the mixed sites.
In this ordered model both Se9 and Se4 atoms have one
and one Bi atoms as nearest neighbors. The LSDA/GGA My
band structure results show that the system is an indirect gaBi3 §
semiconductokFig. 8). The effect of SOI is to decrease the
energy band gapV,, for LSDA calculations correspond to
~4% decrease fro,,,, whereas/,, for GGA calculations

Se4 @ Sebe

@ Se4@ Sebe
(=4

Bi4

Bi4

correspond to-5% increase fronV,,,, The VBM occurs at

the A point (located af0.5,0.5,Q in fractions of the primitive  (d) 7

reciprocal lattice vector lengthsshereas the CBM is located S ”)V
el10 )

at[0.4,0.55,0 for LSDA and at(0.375,0.575,pfor GGA in ,
the Brillouin zone. The values of the energy band gap are ”’/\f/\
given in Table Ill. As before the effect of volume relaxation @ ’””\
on the band gap is quite small. ' e

Orbital character analysis reveals that the states near th ‘&

)

mixed sites whereas the states near the VBM have mostly '@
hybridized Sel0 and Bip orbital character. The states near & 3
the VBM have small contribution from Sg®orbitals and no IO
contribution from Se4 orbitals since they are better stabi-

bottom of the CBM consist of Bi9 and Big orbitals highly  seto
hybridized with the Se and Ri orbitals of atoms close to the

PHYSICAL REVIEW B 71, 085116(2005

Se1

lized in energy. Bi atoms at mixed sites stabilize pherbit- FIG. 9. Charge density g8-K,BigSe 3 supercell in planes par-
als of Se4 and Se9 atoms by lowering their energy. Theredllel to thec axis corresponding téa),(b) CBM states andc),(d)

fore, this alternative K/Bi order at mixed sites along the VBM states. The charge density is represented by closed lines from
axis (needle axisis crucial for the gap formation. In order to low charge density regions to high charge density regions in steps

better understand the nature of the states near the CBM arffi 5> 10°* electrons/&.
VBM we plot the charge density in planes parallel to the
axis containing atoms, which have the highest contributions

to these states. The charge densities were calculated fér theVBM is given in Figs. 9c) and 9d). In the case of the CBM

point in the Brillouin zone within small energy windows of the charge is distributed around Bi and Se atoms, away from
0.2 eV around CBM and VBM. The charge density for the K atoms, suggesting that the charge transport is mostly per-
CBM is given in Figs. @a) and 9b) whereas that for the formed along the axis through the Bi-Se framework since

085116-7
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TABLE IV. Effective mass parameters af,, for the g X point in the Brillouin zone, in good agreement with the
-KBigSe 3 supercell. observed optical gap of 0.76 €¥.0n the other hand, in
B-K,BigSe; the atoms at the mixed sites are found to be
LSDA GGA very important in determining the electronic properties of
this material. When the mixed sites are treated as fully occu-
VBM CBM1 CBM2 VBM CBM1 CBM2 pied by K or Bi atomgconfigurations | and )Ithe system is
a semimetal. Incorporation of mixed occuparisypercell

Mo 366 163 535 275 222 93 results in an indirect gap semiconductor with a LSDA/GGA
Ayy 073 108 062 033 09 2.31  band gap of 0.32 eV/0.41 eV &k, Although the indirect
oz 877 515 1186 7.62 6.01 12.37 gap(relevantin transpoythas not been measured experimen-

()\ZZ/)\XX)\W)UZ 181 171 1.89 29 1.74 0.76 tally, we find two flat bands alongY direction separated by
~0.49 eV for LSDA and~0.53 eV for GGA, which may
explain the observed direct gap of 0.59 &ptical).
in the plane perpendicular to theaxis the charge density It is of interest to discuss the effect of disorder between K
around the K atoms is extremely small. The plot of chargeand Bi atoms at the mixed sites on the electronic band struc-
density through the same plane as in Figh)or the VBM  ture of 8-K;BigSes. It is possible, that in the real system
stateq Fig. 9(c)] shows that the atoms included in this planethere exist regions close to configurations | and II, which
have very small contributions to these states. The states ne@ay create in-gap states. These states will contribute to the
the VBM are antibonding, mostly localized around Sel10,charge transport raising the value of electrical conductivity.
Bi3, Se3, and Se9 atorfiBig. Ad)]. The charge density plots This may be the reason for a higher observed value of elec-
reveal that the electron and the hole transport regions argical conductivity(250 S/cm in 8-K,BigSe;; as compared
separated in space. to the low value of electrical conductivity2 S/cm in

The effective masses of the two LSDA/GGA CBM at a-K,BigSe .
[0.4,0.55,0[0.375,0.575,ppoint (called CBMJ and at the The ability of the mixed K/Bi sites to achieve various
A point (called CBM2 in the Brillouin zone together with degrees of ordering is deduced from samples of
the effective masses of VBM at the point were calculated 3-K,BigSe; with different preparation and cooling history.
by dropping thex,, term in Eq.(1), since the angle/is very ~ Rapidly cooled samples exhibit a high enough K/Bi disorder
close to 90°. The results are given in Table IV. Asiphase, to mask the presence of the band dajpe to the in-gap
the LSDA/GGA differences of the effective mass parameterstate$ and they also exhibit very high room temperature
are larger than difference in the energy band g&8% at  electrical conductivity (more than 1200 S/cm Slowly
Vopr The effective mass calculations show strong anisotropyooled samples on the other hafat annealing the rapidly
in both the hole and electron effective masses with the smalleooled samplgshave considerably fewer defects associated
est effective mass along the needle axis. It is well known thawith the K/Bi disorder that result in a readily observable
the value of ZT increases with the dimensionless parametdrand gap of 0.59 eMspectroscopicand significantly re-

B:1° duced electrical conductivity. Therefore a full exploration of
32 3 112 the thermoelectric properties of this system will have to in-
B= i[ ZKBT] ( Me ) Ke Ttz (3) volve a careful control of the degree of disorder in the mixed

37?2 h? Modyhzz/  EKpn K/Bi sites coupled with judicious doping. In addition, the

calculations suggest thattype samples could also be very
interesting in that regard since they give the very high
[Nz (\ohyy) V2 ratio associated with the holes in this sys-
tem. To date we have not observedtype doping in
B-K,BigSe 3 but the results reported here give plausible jus-
tification to pursue ways to achieve it.

The thermoelectric properties gFK,BigSe ; are also en-
nced by the K/Bi disorder, which reduces the lattice ther-
al conductivityx,p, a value less than 1.28/mK has been

where \,,, \,,, and \,, are the effective mass parameters
along the principal directionsy,, is the mobility along the
current flow(chosen to be the axis), which is proportional
to A\, kg is the Boltzmann constant, ang,, is the lattice
thermal conductivity. As can be seen from HS) the B
factor is directly proportional to the fractidit,,/ (A eAyy) 142

of the effective mass parameters. The values of this fractioH a
are also shown in Table IV. These values are greater tha]q]

unity (except CBM2 within GGJA, suggesting that
. ! seed compared to 1.31 W/mK for BTe;_,Sg alloys. The
B-KBigSa has a great potential for bothandn type ther- . strong anisotropy in the electron effective mass combined

moelectrics. The high effective mass anisotropy in the vicini-_ . .
. : with the low value ofk,, make 8-K,BigSe ; to be a good
A ph 2Dlgob3

ties of t_he VBM and CBM _explams the strong charge trans candidate for room- and high-temperature thermoelectric
port anisotropy found in this systetf.
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