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Electronic structure of CsBi4Te6: A high-performance thermoelectric at low temperatures
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Recently, a novel narrow-gap semiconductor CsBi4Te6 has been discovered with greater potential for low-
temperature applications than the best existing high-performance thermoelectrics, Bi2Te3 and its alloys. Elec-
tronic structure calculations in this bulk system display reduced dimensionality of hole transport whose origin
can be traced to the presence of Bi-Bi bonds~instead of Bi-Te and Te-Te bonds!, unique for bismuth chalco-
genide systems. This reduced dimensionality of charge transport along with the low thermal conductivity of
this compound can explain the observed large thermoelectric figure of meritZT in hole doped CsBi4Te6 .

DOI: 10.1103/PhysRevB.65.045205 PACS number~s!: 72.15.Jf, 71.15.Ap, 71.15.Mb
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I. INTRODUCTION

In recent years, there has been renewed interest in dis
ering new materials with better room and low temperat
thermoelectric~TE! characteristics1 compared to the cur
rently used narrow-gap semiconductor Bi2Te3 and its alloys.
Since bulk materials are more easily amenable for fabrica
in electronic circuitry and superconducting devices, clas
of materials such as skutterudites,2 half-Heusler alloys,3

clathrates,4 and pentatellurides5 are being studied both ex
perimentally and theoretically for their potential thermoele
tric properties. These systems are investigated for large
rier effective masses, high carrier mobility, large degener
of the conduction and valence band extrema, and low lat
thermal conductivity to enhance the thermoelectric figure
merit ZT5sS2T/(kL1ke). ~Heres is electrical conductiv-
ity, kL and ke are, respectively, the lattice and electron
contributions to thermal conductivity,S is thermopower, and
T is temperature.! Based on a rather different idea, Hicks a
Dresselhaus~HD! argued that systems displaying large a
isotropy or reduced dimensionality~quantum confinement!
in their charge transport can also exhibit a significant
hancement in their thermoelectric figure of merit.6 Mahan
and Sofo also predicted that in good thermoelectric mater
the energy distribution of carriers should be narrow and h
a high carrier velocity in the direction of the applied field7

which is possible in a highly anisotropic system. Con
quently, nanofabrication of one- and two-dimensional arr
of materials have been attempted, and high values ofZT have
been reported in PbTe-PbSeTe quantum-dot superlattice
Harman et al.8 and in p-type Bi2Te3 /Sb2Te3 superlattice
films by Venkatasubramanian.9 The major reason governin
the observed enhancedZT in these superlattice systems a
pears to be in their reduced thermal conductivity rather t
an increase in the power factor (sS2).

In contrast to the above superlattice systems, a new
ered compound CsBi4Te6 , has been recently discovered a
it has a larger figure of merit~ZT;0.8 at 225 K! than con-
ventional optimized Bi22xSbxTe32ySey alloys at these tem
peratures (ZT;0.6).10 The thermal conductivities of thes
two materials are comparable, which suggests that the
0163-1829/2002/65~4!/045205~5!/$20.00 65 0452
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proved figure of merit for the former may be of electron
origin. In this paper we discuss the results ofab initio elec-
tronic structure calculations in this rather complex mater
We find a large anisotropy in the carrier effective mass
which can explain the large value ofZT seen in the hole
doped systems. Our electronic structure calculations sug
that the holes near the top of the valence band~responsible
for thermoelectric properties ofp-doped samples! move in
quasi-two-dimensional layers which are separated by po
conducting regions of about 13 Å width. Surprisingly, th
layers in which the charges are confined to move are alm
perpendicular to the crystallographic layers formed by Bi-
slabs separated by layers of Cs ions. This, as we will show
due to the presence of Bi-Bi bonds which is unique for s
tems consisting of Bi/Te networks. Indeed, the novel qu
tum architecture of CsBi4Te6 provides the possibility of us-
ing a bulk material for fabrication while the reduce
dimensionality of the charge transport enhances the ther
electric properties.

II. STRUCTURE AND METHOD OF CALCULATION

The unit cell of CsBi4Te6 is c-centered monoclinic~Space
group:C2/m! with 88 atoms/unit cell. The lattice paramete
are A597.425 a.u., B58.264 a.u., C527.424 a.u., b
5101.438°, where a.u. is the atomic unit~1 Bohr!.10 Figure
1 gives the crystal structure of CsBi4Te6 where the coordi-
nates of all the 88 atoms have been projected onto the
plane. Also different atoms in the cell have been numbe
for later reference. This compound has a layered anisotro
structure with anionic@Bi4Te6# laths connected through
Bi-Bi bridges to form two-dimensional slabs, and these Bi/
slabs are separated by layers of Cs1 ions. It should be noted
that Bi-Bi bonds have not been found in chalcogenide co
pounds before. The axis of the laths~normal to the plane of
the paper! is the direction of highest charge mobility and
usually referred to as the needle axis. There is a gross s
tural resemblance of this compound with Bi2Te3 and
BaBiTe3 where the Bi/Te slabs are separated by a Van
Waals gap and a Ba11 ion layer respectively.11 In the latter
compound there is also a lath structure but the laths are
©2002 The American Physical Society05-1
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nected by Te-Te bonds. We will show later that the Bi-
~Bi7 and Bi8 atoms in Fig. 1! bonds in CsBi4Te6 are very
important in understanding the anisotropy of the electro
structure and charge transport in this material.

As discussed above the unit cell isc-centered monoclinic
and has 88 atoms/unit cell. Since the compound cont
heavy atoms and has many more atoms per unit cell than
two compounds Bi2Te3 and BaBiTe3 that we have studied
before, the computation time is considerably more. To red
the computation time we have chosen a smaller unit cell
with lower symmetry. Thec-centered monoclinic unit cell is
replaced by a triclinic unit cell~space group:P21! with 44
atoms/unit cell. The unit vectors of the triclinic unit cell a
A85(A2B)/2, B85(A1B)/2, C85C, where A,B,C are
the unit cell vectors of the monoclinic cell. The lattice p
rameters of the triclinic unit cell used in the present calcu
tion areA8549.233 a.u.,B8549.233 a.u.,C8527.424 a.u.,
a85101.438°,b85101.438°,g859.693°. These values ar
slightly different from what would have been obtained
using the values ofA, B, C, and the angleb for the mono-
clinic structure reported earlier in Ref. 10. The Brillou
zone for the triclinic unit cell is given in Fig. 2.

Electronic structure calculations were performed using
full-potential linearized augmented plane wave~FLAPW!
method12 within density-functional theory~DFT!13 using the
generalized gradient approximation~GGA! of Perdew,

FIG. 1. Monoclinic crystal structure of CsBi4Te6 . Filled dark
circles: Bi; open circles: Te; Filled light circles: Cs.

FIG. 2. Brillouin zone of alternative triclinic representation
CsBi4Te6 .
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Burke, and Ernzerhof14 for exchange and correlation poten
tial. The calculations were carried out with theWIEN97

package.15 The muffin tin radii were taken to be the same f
all the three types of atoms and were chosen to be 2.8 a.
minimize the regions between the atomic spheres. For
computation of the self-consistent charge density we used
k points in1

4 of the Brillouin zone. The number of plan
waves used in the interstitial region is characterized b
parameterRKmax5Rmt*Kmax, whereRmt is the smallest muf-
fin tin radius andKmax is the maximum plane wave vecto
Typically RKmax is chosen between 7 to 9, and we have us
a value of 8 in our calculation. The convergence in the to
energy was found to be of the order of 0.0001 Ry. Sca
relativistic corrections were included in the calculation alo
with spin-orbit interactions which were included in a seco
variational procedure.16 As has been noted in our previou
electronic structure calculations in the related systems Bi2Te3
and BaBiTe3 , spin orbit interaction plays a significant role i
determining the gap structure and should be included in
serious calculation of the electronic structure of Bi and
containing compounds.11,17

III. RESULTS AND DISCUSSION

The band structure calculations show that CsBi4Te6 is a
narrow-gap semiconductor with a band gap of approxima
0.04 eV ~Fig. 3!, comparable to but smaller than the me
sured value of 0.05–0.11 eV.10 A preliminary version of this
work has been reported earlier.18 This is not surprising be-
cause a smaller band gap is usually obtained in LDA/G
calculations for many semiconductors.19 In the absence of
spin-orbit interaction, the band gap is 0.37 eV. The introd

FIG. 3. Band structure of CsBi4Te6 ~a! before adding spin-orbit
interaction and~b! after adding spin-orbit interaction.
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tion of spin-orbit interaction produces a shift of the condu
tion band toward the valence band, changing both the b
gap and also the band curvature. Clearly the effect of s
orbit interaction is to reduce the band gap and bring it t
much better agreement with experiment. A similar shift
the conduction band was also seen in BaBiTe3 and Bi2Te3 ,11

but in the latter compound the shift was so large that n
hybridization gaps formed, thereby giving completely diffe
ent positions for the valence and conduction band extre
Figure 3 shows that in CsBi4Te6 , the top of the valence ban
occurs at theG point while the bottom of the conductio
band occurs at a general point in the Brillouin zone~denoted
asC* !. @C* 5(0.881, 0.881, 0.175) in terms of the recipr
cal lattice vectors.# In addition, there are several local co
duction band minima appearing slightly above this po
~;0.1 eV above!, along GZ and RV directions of the Bril-
louin zone which can contribute to the transport. By a sim
argument,11 one can show that for the same carrier conc
tration the thermopowerS will increase for multiple hole or
electron pockets, which will then increase the dimensionl
figures of meritZT.

Although multiple conduction band extrema may be a r
son for anticipating a largeZT value in the electron-dope
CsBi4Te6 ~we note that large thermopower values inn-doped
systems have not yet been seen in this compound!, the single
maximum of the valence band at theG point requires anothe
explanation for the observed large values ofZT in the hole-
doped compound. In order to explore whether anisotropy
the charge transport~confinement idea of HD! may play a
role, we have computed the effective carrier masses a
different directions and also have analyzed the detailed
ture of the electronic states~orbital character and parentag
i.e., Bi-p or Te-p, etc.! associated with the valence ban
maxima ~holes! and conduction band minima~electrons!.
The value ofZT depends on a dimensionless parameter

B5
1

3p2 F2kBT

h2 G3/2

Amxmymz

kBTmx

ekph
.

@Heremx , etc., are the effective masses along three princ
directions,mx is the mobility along the direction of the cur
rent flow ~chosen as thex direction!, andkph is the lattice
thermal conductivity.#6 B is a material parameter and for
fixed B one can maximizeZT by changing the doping level
This optimized value ofZT is then found to increase withB.
Since the mobilitymx depends inversely onmx , the effective
mass dependence ofB is Amymz /mx5RAmx. For an isotro-
pic systemR51. For an anisotropic system we can assu
that the smallest effective mass is along thex axis, the direc-
tion of charge transport, while one or both of the effecti
masses associated with the other two directions are la
Considering two cases~i! mx5my5mz /g, ~ii ! mx5my /g
5mz /g, g.1, we find that the ratioR is larger than the
isotropic case by a factorAg for ~i! and by a factorg for ~ii !.
~When the three masses are different one has to gener
this slightly.! Thus the effective mass anisotropy can sign
cantly affectZT.

In CsBi4Te6 the effective masses along three specific
rections, i.e., the needle growth direction (GX), the direction
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of the Bi-Te slabs (GV), and through the Cs1 atom layer
(GZ) were computed. Since the calculated system is triclin
the full reciprocal mass tensor must be computed a
diagonalized.20 This has been done by choosing three
thogonal directions lying closest to the three directions m
tioned above, which we will denote asX, Y, andZ, respec-
tively. The effective masses obtained from the eigenvalue
the inverse mass tensor are given in Table I.21 The corre-
sponding eigenvectors define different directions in thek
space. For both the electrons and the holes the lightest e
tive mass direction makes an angle of about 12° with
needle axis while that with the intermediate mass direct
also makes an angle of 12° with the axis perpendicular to
Cs1 layers. The direction of heaviest carriers lie within 1–
of the Y axis, i.e., parallel to the Bi-Bi bonds. The heavie
valence band mass is a factor of 50 larger than the ligh
valence band mass while the heaviest conduction band m
is only a factor of 10 larger than the lightest conduction ba
mass. Thus the valence band holes are more spatially
stricted than the electrons, particularly along the direction
the Bi-Bi bonds. These results suggest that the effective h
transport take place not along Bi/Te slabs but in plan
nearly perpendicular to the slabs containing the needle a
A similar situation was also found in BaBiTe3 , but the de-
gree of anisotropy was much smaller.11 Also the effective
masses in BaBiTe3 were found to be about a factor 5–
higher leading to a lower mobility~lower conductivity!. The
transport in Bi2Te3 is different from that in CsBi4Te6 , the
effective carrier transport is primarily in the needle directi
and through the Bi2Te3 network. The effective masses in th
transport directions are, however, comparable to those
CsBi4Te6 .11

To understand the nature of the electron and hole st
near the respective band extrema further, we have analy
the wave functions in some detail. When the strengths of
orbital character associated with these states are studie
different atoms, it is seen that the valence band density fo
a quasi-two-dimensional layer lying almost perpendicular
the@Bi4Te6# slabs while the conduction band density is mo
three-dimensional, consistent with our effective mass ca
lations. We find the states corresponding to the valence b
maxima consist of Bi~Bi1, Bi6! and Te~Te1, Te3, Te6, Te8!
~Fig. 1! atoms and the charge density associated with th

TABLE I. Effective masses associated with the valence and c
duction band extrema along three principal axes and the an
these axes make with a set of three suitably chosen orthogonal
~see text!.

Valence band~G! Angle mii /me

X ~needle! 12.37° 0.02
Y ~Bi-Bi bonds! 0.97° 1.16

Z ~Cs layers! 12.35° 0.09
Conduction band (C* )

X ~needle! 12.38° 0.04
Y ~Bi-Bi bonds! 3.17° 0.47

Z ~Cs layers! 11.98° 0.16
5-3
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LARSON, MAHANTI, CHUNG, AND KANATZIDIS PHYSICAL REVIEW B 65 045205
atoms forms corrugated, two-dimensional sheets separ
by approximately 13 Å~Fig. 4!. There are very few atom
lying between the sheets with contributions to these st
~which would have allowed for transport in the direction
the Bi-Bi bonds!, consistent with the large effective ma
found in this direction. On the other hand, the charge den
associated with states near the conduction band minima
not show such two-dimensional sheetlike behavior,
shows a more or less isotropic behavior. The largest con
bution to the states near the conduction band minim
comes from the Bi-Bi~Bi7 and Bi8 atoms in Fig. 1! bonds, a
bonding not seen before in chalcogenides. These arise
the antibonding state of the Bi-Bi bond, the bonding st
lying below the valence band maxima. This may be und
stood from stabilization of the donor electron from Cs by t
Bi-Bi bond which is necessary for the formation of
semiconductor.10 ~The Cs atoms act primarily as electron d
nors with little contribution near the top of the valence ba
or the bottom of the conduction band.! The Bi-Bi bonds,
connecting the Bi/Te network together, have their antibo
ing states in the conduction band and their bonding state
the valence band but with only a small contribution fro
states near the valence band maxima. This implies that tr
port of holes near the valence band maxima taking pl
through the Bi-Bi bonds will be blocked in this direction
explaining their large effective masses in this direction. O
will see a two-dimensional sheetlike transport for the
holes.

FIG. 4. Quasi-two-dimensional sheets contributing to hole tra
port overlying the crystal structure of CsBi4Te6 . Filled dark circles:
Bi; Open circles: Te; Filled light circles: Cs.
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As discussed briefly at the beginning of this paper, s
tems with different structures have been synthesized to
ploit low-dimensional transport and have shown to give r
to an increase in the figure of merit.8,9,22The vast majority of
these attempts revolve around nanofabrication of quan
wells or multilayer films. CsBi4Te6 , on the other hand, quite
naturally displays quasi-two-dimensional hole transport w
regions of the crystal of several Å width participating ve
little in the charge transport. These ‘‘insulating’’ regions a
sandwiched between conducting regions, leading to st
tures similar to quantum wells or multilayers, but in abulk
material. The source of this anisotropic hole transport ari
from the Bi-Bi bonds, which are not seen in other bismu
chalcogenides. It is possible to take advantage of this no
quantum architecture in other Cs-Bi-Te compounds wh
the Bi-Bi bonds are closer together or further apart. Wh
the conduction band has several degenerate minima,
transport in this band is much more isotropic. However, la
values ofZT are still possible for the electron-doped syste
when several of these local minima get occupied. BaBiT3 ,
which has a strong structural similarity with CsBi4Te6 , does
not show as large an anisotropy as the latter compound.
thermore the effective mass along the optimum direct
~needle axis! is a factor of 10 larger in BaBiTe3 than
CsBi4Te6 . These two features combined are responsible
the low ZT values observed in BaBiTe3 .11

IV. SUMMARY

In summary, the novel quantum architecture of CsBi4Te6
involving Bi-Bi bonds lead to a reduced dimensionality f
hole transport in thisbulk material. This, along with a very
small effective mass along the needle axis, and overall
thermal conductivity, can explain the large thermoelect
figure of merit seen in this compound.10,23 The reduced di-
mensionality of the transport leads to an enhancement oZT
through theB parameter by a factor ofAg ~discussed in Sec
III ! for this quasi-two-dimensional system. The enhancem
seen in CsBi4Te6 suggests that for thermoelectric applic
tions, one should look for bulk materials which have high
anisotropic masses and reduced dimensionality in th
transport.
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