PHYSICAL REVIEW B, VOLUME 63, 085112

First-principles electronic structure and its relation to thermoelectric properties of Bi,Te;
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The electronic structure of Bl'e;, which is a major constituent of the best thermoelectric material operating
at room temperature, was calculated by using the first principles full-potential linearized-augmented-plane-
wave method with spin-orbit interaction included by a second variational method. A search of the whole
Brillouin zone shows that the band edges are located off the symmetry lines, with locations that are in accord
with the phenomenological six-band model. In dopedTBi, Fermi surfaces near the band edges show a
nonparabolic behavior. At a high doping concentration, the Fermi surfaces display elongated features, i.e., a
knifelike Fermi surface for the valence band and spoonlike Fermi surfaces for the conduction band, which can
be attributed to the layered structure o Bé;. The effect of the anisotropic electronic structure combined with
a low lattice thermal conductivity of Bie; gives a large figure of merit.

DOI: 10.1103/PhysRevB.63.085112 PACS nunider71.18+y, 72.15.3f, 71.26:-b

Bi,Te; is a narrow-gap semiconductor which attractedmost phenomenological models assume quadratic bands, i.e.,
considerable attention in the 1950s and 1960s due to its pra&~k?, nonquadratic behavior was observed.
tical applications as a thermoelectric devi¢eBoday, it is Whereas there are several electronic structure calculations
one of the major constituents in the best thermoelectric mafor Bi,Te; by various methods like pseudopotential;®
terial with the highest figure of merit for use near room tem-tight binding’* linear augmented plane waV, linear
perature. A dimensionless figure of merit for thermoelectricmuffin-tin orbital® and very recently by full-potential lin-
materials is defined as earized augmented plane waVeshenomenological six-band
model have not yet been confirmed. Recent first-principles
) studies of the electronic structure by Mistetal 1° and Lar-
ZT=S"0T/(ket K1), (D sonetall gave only two conduction-band valleys, while
both gave six valleys for the valence band. Mislataal.
whereSis the thermopowelry is the electrical conductivity, ascribed their failure in finding the six valleys to their atomic
T is the temperature of the sample, ardand «, are the sphere approximation. However, Larsenal. could not find
thermal conductivities due to the electron and lattice, respecsix valleys for the conduction band, although they used a
tively. Whereas much effort has been made to improve théull-potential method. This may be due to different approxi-
ZT of materials based on Bie; by doping or alloying other mations for the exchange-correlation potential or by different
materials,ZT is not much improved, and is not much more linearizations of the wave function. They utilized the gener-
than ZT~1, which is still not high enough compared to alized gradient approximation, while our uses are the local-
compressor-based refrigerators. These days, the demand fdensity approximatiolLDA). Also, they set the energy cut-
an efficient thermoelectric material is increasing due to itoff between the core and valence states—#& Ry where
need in electronics and out of environmental condefis.a  Te 4p electrons are treated as the valence states while ours is
result, thermoelectric materials have begun to receive reset at—1.8 Ry, where Te @ electrons are treated as the core
newed attention. Several theoretical concepts were propose&tiates.
to increase the efficiency of the materidl®ne idea to im- In this paper, we confirm the six-band model for both
prove the figure of merit is to use superlattice or quantum<onduction and valence bands from a search for global ex-
well structures* a preliminary report indicated thatzT of ~ trema through the whole Brillouin zone. We find that the
about 3 can be obtained at 300 K in a,Bé/ShTe; band edges are located at points off the symmetry lines. In
superlatticé, which is comparable to that of compressor- previous calculations, electronic energy bands were studied
based refrigerators. along symmetry lines connecting two symmetry points in the
In developing materials with a higher figure of merit, it is mirror plane. Since the energy differences between band
crucial to understand their electronic structure, especiallygdges and other local extrema are very small, it is important
around the energy gap, as this determines the performance f use accurate potentials. For this reason, we have obtained
the material. Several phenomenological models were prothe electronic structure by employing the highly precise first-
posed to explain experimental observations involving theprinciples local-density FLAPW methdd,which makes no
Fermi surface of doped BTe;. Six valley models for both shape approximations to the charge density or the potential.
conduction and valence bands with high anisotropy in transFrom the calculated electronic band structure, we give sev-
port properties are generally accepted in which both loweseral reasons for the large figure of merit of,Bé;.
conduction band and highest valence band have six valleys Bi,Te;, a naturally layered material, has a trigonal crystal
in the mirror plane of the Brillouin zonéBZ).° In addition to  structure with space groUi)gd. The crystal structure can be
these six-valley models for band edges, second band edggssen in a hexagonal unit cell as three sets of hexagonal
are needed to explain the experimeffisturther, whereas layers where each set consists of five atoms,
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FIG. 2. Band structure of BTe; (a) along the high-symmetry
lines and(b) along the lines connecting band extrema.

miss the band edges. Figuréb? shows the energy-band
structure of BjTe; along the lines connecting the band
edges. The energy gdpf 61 me\) is smaller than the 120
FIG. 1. Brillouin zone of BjTe; according to Ref. 16. The meV found in experiment. This is in keeping with the well-
points in parentheses are not points of symmetry because whosgown fact that the LDA usually gives smaller energy gaps
symmetry is not higher than the neighbor. than experiment.
Figure 3a) shows a contour plot of the eigenvalues of the
Tel-Bi-Te-Bi-Tel. The bonding within the higshest vale.nce bgnd in the mirror plane whei_er iZ, 74
=3Z, anda is a point located at 0.435 of the distance from
Z to U. The contour lines in Fig. (8) can be regarded as
eshowing the cross section of the hole Fermi surface with
Ivarious doping concentration since the Fermi level will be
IIocated at an energy level of the contour lines for a given
doping concentration. In Fig.(&), the VBE is located at
interaction, which plays an important role in the electronicb(0'546'0‘383’p'383)’ Wh'Ch IS off the symmetry lines. The
structure of BjTe;, was included self-consistently by a sec- threefolq rotation and Inversion symmetry of the crysta]
gives six valence-band valleys in agreement with experi-

ond variational method The Hedin-Lundqvist form of the . .
exchange-correlation potential was employed for thement. However, there is a second-highest valence-band edge

exchange-correlation energyIn all, 60 specialk points? (SYBE) at 0(0'665’0'586’]9'586) Wh'cu differs in energy by

are sampled for th&-space integration, which is sufficient ?ny 3t'8 mtt;V(olr24|§ K)'.l W]? count tk ?se two FE:(I‘I’T:I sur—t .

for an electronic structure calculation for a semiconductor. |2c€S 109€tner, ermi surface pockets can exist at a certain
Figure 1 shows the Brillouin zone of a trigonal crystal hole doping concentration, which may give rise to a better

structure'® Some points are not symmetric points, since the
symmetry of the point is not higher than its neighbor’s.
Three mirror planes containing tHe I', and Z points are
parallel to thez axis, whereas the basal plane passing through
theI" point is perpendicular to theaxis. Figure 2a) shows
the energy bands plotted along the symmetry lines. Overall,
the band structure shows similarity to that of Misletzal, '
except for small differences caused by the different poten-
tials employed; Mishrat al. used the atomic sphere approxi- *
mation for the potential in their linear muffin-tin orbital cal- @) (b)

C?U|atlon' If we See. the band structure along the symmetry FIG. 3. (a) Contour plot of eigenvalues of the highest valence
lines, the conduction-band edd€BE) qnd valence-band (24th) band in the mirror planéh andc represent the location of the
edge(VBE) are located bgtwee_m_andF, with an energy g_ap valence-band edge and the second-highest valence-band edge, re-
of 106 meV. However, since it is necessary to check if thegpectively. The solid line represents a cross section of the Fermi
CBE and VBE on the symmetry line are true extrema, Wesface at a hole doping concentration of1em 2. (b) Contour
sampled 100& points randomly in the irreducible Brillouin piot of eigenvalues of the lowest conducti¢25th) band in the
zone. As a result, we were able to confirm that the CBE anéhirror plane.d ande represent the location of the conduction-band
VBE lie in the mirror plane. However, their locations are off edge and the second-lowest valence-band edge, respectively. The
the symmetry line. Thus if one looks only at the band alongsolid line represents a cross section of the Fermi surface at an elec-
the symmetry lines connecting symmetry points, one canron doping concentration of 3¥®cm™2.

Te!-Bi-Te?-Bi-Te! layer is considered to be covalent, while
the bonding between layers (f@e') is of weak van der

Waals type. We have used a trigonal lattice where only fiv
atoms are contained in a primitive unit cell. Hereafter al
coordinates refer to the trigonal unit cell. An experimental
lattice constarif is used in the calculation. The spin-orbit
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efficiency of BpTe; since the figure of merit is a monotonic
increasing function of the number of Fermi surface, as will
be shown in Eq(2). The SVBE and VBE can be connected
to give a combined Fermi surface when it is doped with more
than 1.0< 10" cm 2 acceptors. Since BTe; is used as a
thermoelectric device with heavy doping like#@m3, one
would observe only one Fermi surface comprised of the two
Fermi surfaces ab andc. The solid line with the shape of a
knife in Fig. 3a) represents the cross section of the Fermi
surface at a doping of #®cm™3. Thus at high doping, the
Fermi surface cannot be described as an ellipsoidal surface.
The knifelike Fermi surface is tilted by about 42° with re-
spect to the basal plane, which is larger than the experimen-
tal value of 31.5% This difference between theory and ex- FIG. 4. Density of states near the energy gap.
periment can be ascribed to the simplifying assumption in

experiment that the energy changes quadratically, ke pand edge can be found e{0.273,0.273,0.273), which is
~k?, near the band edge. However, this quadratic assumpbout halfway betweelr and Z. If the electron doping is
tion cannot be applied at doping concentrations greater thajlow, only the Fermi surface ad is observed. The Fermi
1.0x 10" cm™2, as we can see from the combined two Fermisurface atd gives six valleys by crystal symmetry, which
surfaces in Fig. &). Thus it follows that more sophisticated confirms the six-valley model for the conduction band. The
experimental analyses are required to check the topology afhape of the Fermi surface dtis like a lens, and does not
the Fermi surface. change much from the shape of low doping up to a moderate
This knifelike Fermi surface gives rise to a large anisot-doping concentration, which means that the effective mass is
ropy in the electronic transport properties. If we denote thenearly constant with respect to doping. However, if it is
most elongated direction of the Fermi surface’aghe elon-  doped heavily(like 10*° cm™3) the two Fermi surfaces at
gated Fermi surface is due to a very flat band aroundzthe and e become connected to give one Fermi surface with a
axis which can be seen in the highest valence band in Figcomplicated effective mass, as seen from the solid line in
2(b) betweenb and d. The elongated Fermi surface also Fig. 3(b), which is the Fermi-surface cross section at an elec-
gives a large effective mass for electronic transport inzthe tron doping of 16° cm™3. This Fermi-surface cross section
direction, which makes the mobility in this direction very has the shape of a spoon which is tilted 31° with respect to
small. The large anisotropy in the effective mass can be aghe basal plane, in excellent agreement with the experimental
cribed to the layered structure of Bie,, since cylinderlike value of 33.5°°
Fermi surfaces elongated in a direction are usually observed Again, at high doping an elongated Fermi surface in one
in layered materials like graphite or layered superconductordirection can be ascribed to the quasi-two-dimensional na-
However, the length of the knifelike Fermi surface in ttie  ture of the crystal. The six Fermi surfaces are not indepen-
direction is finite, which is different from other layered ma- dent, since each group of three Fermi surfaces meets at a
terials with infinite length. A finite length means that the point e or —e. The combined Fermi surfaces atand —e
two-dimensional layered structure is not complete, and has have the shapes of tripods, whose arms are open todard
moderate bonding between layers. If we describe the bonddue to the crystal symmetry, the tripodlike Fermi surfaces at
ing between layers as covalent bonding, we can see that thee and e are point-inverted images of each other with re-
bonding between layers has a mixed covalent and weak vaspect toZ. In this heavy doping case (focm™2), a simple
der Waals character. In order to increase the mobility ofsix-valley model may not work for the conduction band. The
holes, charge transport should be made within the basanergy difference betweahande is 53 meV, which corre-
plane or along trigonal axes in order to avoid the large efsponds to a doping of 4:810% cm 3 or 8.2<10°*
fective mass in the’ direction. electrons/f.u. Thus the conduction band can be modeled as
We can see a third VBE in Fig.(8 betweenl’ andZ.  the six-band model at low doping concentratior 4.8
However, the energy difference between the third VBE andx 10'° cm™3), while they become connected to give two
the VBE is 228 meV, which corresponds to a very high holetripodlike Fermi surfaces at a high doping concentration.
doping of 6.5¢10?°° cm 3 or 0.11 electrons/f.u., which is  Figure 4 shows the density of statd30S) around the
higher than the usual doping concentration. Hence the Ferng@nergy gap. We can see a steep increase in the DOS at
surfaces of hole-doped Bie; can be effectively modeled by around 50 meV, which is due to the second conduction-band
combining the two Fermi surfaces latandc. This is similar ~ edge. Hence if one were to measure the DOS by a suitable
to the phenomenological two-band model for the valenceexperiment like inverse photoemission spectroscopy, the
band® but the energy separation between the VBE ancpeak structure in the DOS would be observed.
SVBE is found to be very small in the calculation. From our results we can think of several reasons why
Figure 3b) shows a contour plot of the energy eigenval- Bi,Te; has a large thermoelectric figure of merit: Mafan
ues of the lowest conduction band. The CBE is located ashowed thaZT is a monotonic increasing function of tie
d(0.663,0.568,0.568), and the second-lowest conductionzoefficient, where

Total DOS (States/eV)

-0.2 -0.1 0 0.1 02
Energy (eV)

085112-3



S. J. YOUN AND A. J. FREEMAN PHYSICAL REVIEW B53 085112

Bj=Te,unj(T)(kB/e)2/(4KL), 2) In conclusion, we have calculated the electronic structure
using the first-principles local-density FLAPW method. By
n;(T)=N;(27m} kgT/h?)%72, (3)  globally searching throughout the whole BZ, we have found

) , - , , that the valence- and conduction-band edges are located off
Here e is the chargey is the mobility, x is the lattice  he symmetry lines. The Fermi surfaces show high anisot-
thermal cpnductlwty, andy; is the degeneracy of f[he .band. ropy in the effective mass, which is due to the quasi-two-
The density of statlcl—:‘s effective mass of ftle band is given  gimensional nature of the layered structure. The incomplete
by mi = (m;m,mz)**, wheremy, my, andm are the effec-  yo-dimensional nature of the Fermi surface also reveals that
tive masses along the principal axes of the constant energye bonding between layers is not only of van der Waals type
surface of thejth band. Although Mahan’s calculation as- pyt is also covalent. The valence-band Fermi surface of
sumes a parabolic band, his results suggest important qualieavily hole doped BiTe; can be modeled by six knifelike
tative features for improving T. Obviously, to increas&T,  Fermi surfaces, where each Fermi surface is made of two
we should increasB; . Thus a high carrier mobility, a large merged Fermi surfaces. The conduction band @TBj with
density-of-states effective mass, a large multiplitity, and  |ow electron doping has six lenslike Fermi surfaces. How-
a low lattice thermal conductivity are required for a goodever, if it is heavily doped with electrons, the six-valley
thermoelectric material, which generally agrees with the obmodel does not work, since two tripodlike Fermi surfaces are
served properties of good thermoelectric materials. As foformed. From an analysis of the electronic structure, we have
BizTe3, there are several factors that can contribute to afound that BiTe3 has several good reasons to have a high
increase ofB. First the band edges are locatedkapoints  figure of merit, since it has many Fermi surfaces due to the
with very low symmetry, which gives a high multipliciy};  Jow symmetry of the position of the band edges, a large
of the equivalent Fermi surface; thekepoints only have density-of-states effective mass due to the quasi-two-
mirror reflection symmetry, so that as many as six equivalengimensional layered structure, and a low mobility due to the
Fermi surfaces can be generated. Second, the quasi-twWirge anisotropy of the Fermi surface. In addition to these
dimensional character of Bie; gives a large anisotropy in electronic properties, the combined effect with a low lattice
the effective mass, and hence a large density of states masgermal conductivity can yield a high figure of merit.
m; . Third, whilem; is large, we can choose a direction with
a small effective mass due to the large anisotropy of the
Fermi surface, and a good mobility can be obtained. Aside
from these electronic properties, ,Be; has a low thermal This work was supported by DARPADAAG55-97-
conductivity due to the large atomic mass of its constituen0130 and by a grant of computer time at the San Diego
elements. The combined effect of electronic structure an&®upercomputer Center supported by the National Science
lattice effects can give rise to a large figure of merit. Foundation.
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