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Highly anisotropic crystal growth and thermoelectric properties
of K 2Bi8ÀxSbxSe13 solid solutions: Band gap anomaly at low x
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The thermoelectric properties of solid solutions of the typeb-K2Bi82xSbxSe13 (0,x,8) were
studied with respect to thermal behavior, band gap variation, and charge transport properties as a
function of x. At x values between 0 and 1.5, the energy band gap is observed to decrease
~anomalous! before it widens with increasingx values as would be expected. For selected members
of the solid solutions, the Bridgman technique was applied to obtain well-grown oriented ingots that
were used to measure the thermal conductivity and charge transport properties in different growth
directions. The measurements showed a strong anisotropy in thermoelectric properties with the
largest anisotropy observed in the electrical conductivity. Lattice thermal conductivities of the
selected solid solutions were observed to decrease when thex value increases. Preliminary doping
studies on thex51.6 member were carried out and it was shown that it is possible to significantly
increase the power factor. ©2002 American Institute of Physics.@DOI: 10.1063/1.1481967#
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I. INTRODUCTION

Candidate materials for thermoelectric applicatio
should possess high electrical conductivity, high Seebeck
efficient, and low thermal conductivity, so that the therm
electric figure of meritZT can be maximized.1 To increase
ZT, it is necessary either to increase the power factors
•S2), or decrease the thermal conductivity or both. As s
gested by the Mott formula,2 materials with electronic com
plexities near the Fermi level have a good chance to pos
high Seebeck coefficient. On the other hand, decrease o
lattice thermal conductivity can be accomplished with ma
rials that fit the concept of ‘‘phonon glass electron crystal3

through ‘‘rattling’’ atoms in cages or tunnels of the structu
or by materials with complex compositions, large unit ce
low crystal symmetry, and site occupancy disorder provid
The latter can be provided through the mixed occupation
different atoms in a series of solid solutions~e.g.,
Bi22xSbxTe3!.

Our investigations of ternary and quaternary compou
of bismuth chalcogenides4 have shown that several multinar
compounds containing alkali metals present promising th
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moelectric properties. Alkali metals tend to create structu
complexity in the crystal that can lead to complex electro
structure. Additionally, they reside between layers or in tu
nels created by covalent frameworks and because they
ionically interacting with the framework they tend to rattle
revealed by their high thermal displacement parameters.5 The
structure ofb-K2Bi8Se13 ~Ref. 6! presents several key cha
acteristics that include two different interconnected types
Bi/Se blocks, K ions positionally and compositionally diso
dered with Bi or other K atoms, over the same crystal
graphic sites, and loosely bound K atoms in tunnels. Th
features seem to be responsible for the low thermal cond
tivity of this compound~;1.3 W/m K!.6 Doping studies on
b-K2Bi8Se13 have shown that itsZT can be substantially
improved, mainly by raising the power factor.7

In this work,b-K2Bi8Se13 was alloyed with its isostruc-
tural K2Sb8Se13 analog6 to produce a series of compound
with the formula K2Bi82xSbxSe13. The Sb/Bi substitution
was performed in order to generate extensive mass fluc
tions in the lattice ofb-K2Bi8Se13 and to study the effect o
these fluctuations on the thermal and charge transport p
erties of these materials. We find that the band gaps and
melting points vary systematically as a function ofx. Various
K2Bi82xSbxSe13 solid solutions were prepared with th
Bridgman technique8 in order to grow large highly oriented
© 2002 American Institute of Physics
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ingot samples so we could study the effects of the cry
orientation and composition~i.e., value ofx! on the lattice
thermal conductivity and the power factor. Indeed, these
terials showed strong anisotropy in their thermoelectric p
formance. Doping studies using excess of Se were perfor
on selected solid solution members in order to study
variation of the thermoelectric properties. Preliminary do
ing studies using varying amounts of excess Se, Pb, an
were also performed on one solid solution member.

II. EXPERIMENTAL SECTION

A. Reagents

Chemicals used in this work were generously provid
by Tellurex Inc. as obtained: bismuth chunks~99.999%!, an-
timony chunks~99.999%!, selenium shots~99.999%!, and
potassium chunks~98% Aldrich Chemical Co., Inc., Milwau-
kee, WI!.

B. Synthesis and crystal growth

All manipulations were carried out under a dry nitrog
atmosphere in a Vacuum Atmospheres Dri-Lab glovebox

~1! b-K2Bi8Se13: A mixture of potassium metal~0.282 g.
7.2 mmol!, bismuth~6.021 g, 28.8 mmol!, and selenium
~3.697 g, 46.8 mmol! was loaded into a silica tube an
subsequently flame sealed at a residual pressure
,1024 Torr. The mixture was heated to 850 °C over
h and kept there for 1 h, followed by cooling to 450 °
and kept there for 48 h and cooling at 50 °C at a rate
;15 °C/h. The mixture was annealed at 450 °C for 48
in order to have pureb-K2Bi8Se13 phase products.

~2! K2Sb8Se13: A mixture of potassium metal~0.376 g, 9.6
mmol!, antimony ~4.686 g, 38.5 mmol!, and selenium
~4.938 g, 62.5 mmol! was loaded into a silica tube an
subsequently flame sealed at a residual pressure
,1024 Torr. The mixture was heated to 850 °C over
h and kept there for 1 h, followed by cooling to 50 °C
a rate of;15 °C/h. The desired phase was obtained w
.95% purity.

~3! K2Bi82xSbxSe13: Mixtures of b-K2Bi8Se13 and
K2Sb8Se13 in various proportions were loaded into
silica tube and subsequently flame sealed at a resi
pressure of,1024 Torr. The mixtures were heated t
850 °C over 12 h and kept there for 1 h, followed b
cooling to 50 °C at a rate of;15 °C/h. For example
K2Bi82xSbxSe13 (x51.6) was prepared by mixing 7
K2Bi8Se13 ~2.52 mmol! and 1.310 g K2Sb8Se13 ~0.63
mmol!. Some of the samples were prepared by mix
potassium metal, bismuth, antimony, and selenium.
example K2Bi82xSbxSe13 (x51.6) with 0.2% Se exces
was prepared by mixing 0.271 g K~6.9 mmol!, 5.086 g
Bi ~24.3 mmol!, 0.741 g Sb~6.1 mmol!, and 3.911 g Se
~49.5 mmol!.

Highly oriented crystal ingots of selected compositi
of K2Bi82xSbxSe13 were grown with modified Bridgman
technique. They were obtained by recrystallizi
K2Bi82xSbxSe13 in a vertical single-zone furnace, with
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a-
r-
ed
e
-
Sn

d

of

f
h

of

h

al

g
r

temperature gradient of;15 °C/cm. The material was place
in a rounded bottom silica tube and 9 mm outer diame
and flame sealed under vacuum (,1024 Torr!. The tube was
lowered through the temperature gradient profile with
dropping rate of;0.3 cm/h.

Scanning electron microscopy/energy dispersive sp
troscopy ~SEM/EDS! analysis on different spots along th
ingots showed that products were pure with no variation ox.
For example, analysis at different spots along the orien
ingot for member x54 showed 8.561.5 wt % K, 17.9
62 wt % Bi, 17.561.5 wt % Sb, and 5662 wt % Se.

C. Electron microscopy

Quantitative microprobe analyses and crystal imaging
the compounds were performed with a JEOL JSM-35C sc
ning electron microscope equipped with a Tracor North
EDS detector. Data were acquired using an accelerating v
age of 20 kV and a 1 min accumulation time. The compo
tions reported here are the result of averaging a large num
of independent measurements from a given sample.

D. Differential thermal analysis

Differential Thermal Analysis~DTA! was performed
with a computer-controlled Shimadzu DTA-50 thermal an
lyzer. The ground single crystals~;30 mg total mass! were
sealed in silica ampoules under a vacuum. A silica ampo
containing alumina of equal mass was sealed and place
the reference side of the detector. The samples were he
to 850 °C at 10 °C/min where isothermed for 5 min followe
by cooling at 10 °C/min to room temperature and finally th
cycle was repeated. The DTA sample was examined w
powder x-ray diffraction after the experiment.

E. Infrared and ultraviolet Õvisible spectroscopy

Optical diffuse reflectance measurements were car
out on finely ground samples at room temperature. The sp
tra were recorded, in the infrared region~6000–400 cm21!,
with the use of a Nicolet MAGNA-IR 750 Spectromete
equipped with a diffuse reflectance attachment from Spec
Tech. Inc. In the 200–2500 nm region, optical diffuse refle
tance measurements were also performed at room temp
ture in a Shimadzu UV-3101 PC double-beam, doub
monochromator spectrophotometer, equipped with
integrating sphere. The measurement of diffuse reflectiv
can be used to obtain values for the band gap that a
rather well with the values obtained by transmission m
surements from single crystals of the same material. Abso
tion (a/S) data were calculated from the reflectance d
using Kubelka–Munk9 function: a/S5(1-R)2/2R, whereR
is the reflectance at a given wavenumber,a is the absorption
coefficient, andS is the scattering coefficient. The scatterin
coefficient has been shown9 to be practically wave numbe
independent for particles larger than 5mm, which is smaller
than the particles size of the samples used in this work.
band gap was determined as the intersection point betw
energy axis at the absorption offset and the line extrapola
from the linear absorption edge in aa/S versusE ~eV! plot.
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F. Charge-transport and thermal conductivity
measurements

Electrical resistivity was measured using a Linear R
search ac bridge with 16 Hz excitation in a cryostat equip
with a magnet capable of fields up to 5.5 T. Thermal cond
tivity and Seebeck coefficient were determined using a l
gitudinal steady-state method over the temperature ra
4–300 K. In this case, samples were attached~using either a
low melting point solder or silver-loaded epoxy! to the cold
tip of the cryostat, while the other end of the sample w
provided with a small strain gauge resistor~thin film!, which
serves as a heater. The temperature difference acros
sample was measured using differential chromel-consta
thermocouple. The Seebeck voltage was measured with
copper wire the thermopower of which was calibrat
against a high-TC superconductor up to 134 K.

The samples for the charge-transport, thermal conduc
ity, and Hall effect measurements were cut in about 333
35 mm3 dimensions with the 5 mm length along the nee
direction, using precision saw ISOMET low speed saw,
tached with diamond blade of 10.2 cm diameter and 0.3
thickness.

G. Powder x-ray diffraction

The solid solutions were examined by x-ray powder d
fraction to assess phase purity, for identification and deter
nation of the lattice parameters. Powder patterns were
tained using a Rigaku Rotaflex powder x-ray diffractome
with Ni-filtered Cu Ka radiation operating at 45 kV and 10
mA. The data were collected at a rate of 2 °/min. The pu
of phases for the solid solutions was confirmed by comp
son of x-ray powder diffraction pattern to the calculated o
from single-crystal data forb-K2Bi8Se13 using Cerius2

software.10

III. RESULTS AND DISCUSSION

A. Sample preparation and thermal analysis

b-K2Bi8Se13 is formed as an ingot by reacting a st
ichiometric combination of potassium metal, bismuth, a
selenium at 850 °C. The products, however, tend to h
K2.5Bi8.5Se14 phase6 as an impurity~;20%! because these
two phases are closely related in composition and struc
and are both formed under similar conditions. A pure ph
of b-K2Bi8Se13 can be produced by annealing treatment
the mixed-phase product at 450 °C for more than 48
K2Sb8Se13 was easily formed as a single-phase product b
stoichiometric reaction at 850 °C.

To prepare the K2Bi82xSbxSe13 (0,x,8) solid solu-
tions b-K2Bi8Se13 and K2Sb8Se13 were mixed in various
proportions at 850 °C. Some of the samples were prepare
reacting a stoichiometric combination of potassium me
bismuth, antimony, and selenium at 850 °C. The solid so
tions were obtained as a pure phase, which was confirme
powder x-ray diffraction, making additional thermal trea
ments unnecessary. From these reactions, it appears tha
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introduction of Sb metal favors the formation of th
b-K2Bi8Se13 structure type and avoids the K2.5Bi8.5Se14

phase.
The melting points of the end membersb-K2Bi8Se13

and K2Sb8Se13 were found to be 700 °C and 460 °C, respe
tively. The solid solutions have melting points in betwe
with no eutectic composition present, see Fig. 1. The mo
tonic decrease of melting points indicates the incorporat
of Sb in theb-K2Bi8Se13 phase.

B. Energy gap dependence on concentration—
Anomalous behavior at low x

The semiconducting energy gaps,Eg , of the end mem-
bers and solid solutions were determined optically at ro
temperature using mid and near-infrared spectroscopy.
energy gaps were manifest themselves as well defined
abrupt changes in the absorption coefficient@Fig. 2~a! for x
51.6#. Given that energy gaps of the end membe
K2Bi8Se13 and K2Sb8Se13 are 0.59 eV and 0.78 eV
respectively,6 a gradual increase of the band gap of t
K2Bi82xSbxSe13 solid solutions with increasing Sb participa
tion would be expected. However, it is surprising to obse
that small amounts of Sb incorporation into the K2Bi8Se13

structure actually cause theEg to decrease, slightly but dis
cernibly, achieving a minimum of 0.57 eV atx;1.5, see Fig.
2~b!. The significant increase inEg actually starts when Sb
atoms replace.30% of Bi atoms. This implies that up to
30% Sb incorporation (x'2.5) does not disturb significantly
the energy bands close to Fermi level.

In order to understand the anomaly inEg variation with
x, it is essential to consider the crystal structure
b-K2Bi8Se13, which is made of infinite NaCl111-type rods
arranged side by side to form layers perpendicular to thc
axis, Fig. 3. Then infinite rods of NaCl-type connect t
layers to build a three-dimensional~3D! framework, which
creates the needlelike crystal morphology, with tunnels fil
with K1 cations. In a previous single-crystal analysis stu
of solid solution members withx54.0 and 2.4, we learned
that the Sb incorporation into this lattice is in fa
nonuniform.11 The most susceptible sites in the structure
accept Sb atoms are the potassiumK1 andM8 sites@here

FIG. 1. Melting points of the K2Bi82xSbxSe13 solid solutions vsx and
differential thermal analysis~inset! for memberx51.6 showing the melting
and crystallization events.
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fully occupied by Sb, Sb~8!# which appear to be the first t
fill with Sb, see Fig. 3. Therefore, the slight narrowing of t
energy gap may be due to the fact that Sb initially affe
sites occupied by K~i.e., K1 sites!. The K1 ions are simply
spectator ions not contributing significantly to the electro
structure at the Fermi level because they are only ionic
interacting with the@Bi8Se13#

22 framework. Their valences
andp orbital energies lie very high and away from those
Bi and Se atoms. This is not the case with Sb31 ions how-
ever, and any substitution on a K site will generate substan
tial covalent interactions with the@Bi8Se13#

22 framework
thus altering the electronic structure at the Fermi le
through band broadening consequently reducing the en
gap. On the other hand, substitution of Sb on a Bi site
b-K2Bi8Se13, which happens asx increases, has a com
pletely different effect. Antimony atoms are smaller than
atoms and possess lower-energy atomic orbitals, which
lead to wider energy gap by lowering the top of the valen
band and more importantly raising the bottom of the cond
tion band. In this case, the factors operating are the sam
those responsible for increasing theEg in going from Bi2Se3

FIG. 2. ~a! Representative infrared absorption spectrum of K2Bi82xSbxSe13

(x51.6) showing band gap of 0.58 eV.~b! Variation of the energy gap with
x in the K2Bi82xSbxSe13 solid solutions.
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(Eg;0.3 eV)12 to Sb2Se3 (Eg;1.1 eV),13 from Bi2Te3 (Eg

;0.13 eV) to Sb2Te3 (Eg;0.28 eV),13 or b-K2Bi8Se13

(Eg;0.59 eV) to K2Sb8Se13 (Eg;0.78 eV).

C. Lattice parameters

The lattice parameters of various members
K2Bi82xSbxSe13 solid solutions series were determined usi
the experimental powder diffraction patterns and were
fined with the programU-FIT.14 The composition dependenc
of the unit cell volume is shown in Fig. 4. The volume d
creases as Sb participation increases as expected due
smaller size. The slope of the variation seems greater for
Sb concentration (x,2) than for high Sb concentration i.e
x.2. Again, this change in slope is due to the preference
Sb atoms to occupy the high coordinated sites@M (8) and
K(1)# of the structure11 first. Thus, the concentration of th
unit cell is faster at the early stages of Sb substitutionx
,2). For x.2, Bi/Sb distribution is random on the othe
heavy metal octahedral sites. In this range the unit cell v
ume variation follows Vegard’s law, which is the typical b
havior for solid solutions.

FIG. 3. The crystal structure of K2Bi82xSbxSe13 ~x54.0 and 2.4! with atom
labeling showing theK1 andM8 sites. These sites are the first to be su
stituted with Sb.

FIG. 4. Variation of the volume of the unit cell withx in the
K2Bi82xSbxSe13 solid solutions.
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D. Crystal growth

Because the K2Bi82xSbxSe13 solid solutions grew well
as highly oriented dense polycrystalline ingots, using a mo
fied vertical drop Bridgman technique, they presented an
cellent opportunity to study not only the electrical and th
mal transport properties as a function ofx, but also the
directional anisotropy in these properties. Selected comp
tions of K2Bi82xSbxSe13 (0,x,4) solid solutions were pre
pared and grown15 as large ingots~;3 cm!. The ingots con-
sisted of well-oriented needlelike crystals parallel to t
sample translation axis. The samples show excellent di
tionally solidifying properties with the crystal needles oft
spanning the length of the grown ingot, Fig. 5~a! ~for x
51.6!. The SEM photo in Fig. 5~b! shows the inside surfac
of a broken ingot; Fig. 5~c! shows the needles of a highl
oriented part of the ingot~for x52.4! and its high magnifi-
cation SEM photo showing long smooth fiber like morph
ogy is shown in Fig. 5~d!. The ingots were cut with a dia
mond blade saw to obtain specimens parallel a
perpendicular to the growth axis exposure. Peak inde
x-ray diffraction profiles associated with the two differe
ingot orientations of the K2Bi82xSbxSe13 (x51.6) sample
are shown in Fig. 6. The lack of simultaneous occurrence
peaks in the two diffraction patterns indicates an extrem
high degree of orientation~.95%!. Diffraction profiles from
specimens, with exposed surface parallel to growth a
consist of (h0l) reflections@Fig. 6~a!# while ~020! reflection
becomes the strongest on the other direction@exposed sur-
face perpendicular to growth axis, Fig. 6~b!#.

E. Charge transport properties

Electrical conductivity measurements o
K2Bi82xSbxSe13 solid solutions were carried out along th
needle direction~i.e., crystallographicb axis! for the mem-
bers ofx50.8 andx51.6. The electrical conductivity has

FIG. 5. ~a! Photo of the broken ingot of K2Bi82xSbxSe13 (x51.6) and~b!
SEM photo for its inside surface.~c! SEM photo of the inside surface of
broken ingot of K2Bi82xSbxSe13 (x52.4) and ~d! its high magnification
SEM photo showing long smooth fiberlike morphology typical of the en
bodies of the ingots. The presence of many needle boundaries perpend
to the growth direction is evident.
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weak negative temperature dependence, consistent wi
semimetal or a narrow-gap semiconductor behavior, see
7. In going from x50.8 to x51.6, the room-temperatur
values increase from 55 to 292 S/cm. The observed dif
ences in these two samples can be understood from the
effect measurements.

The Hall coefficient values (RH) for both members were
negative in sign, indicating electrons as the major cha
carrier~n type! in agreement with the observed negative S
beck coefficients~see next!. Interestingly, all bismuth se
lenide based materials that we are aware of possess elec
as the major charge-transport carrier~n type! whereasp-type
materials are virtually unknown. The carrier concentrati
was calculated@RH51/(n•e)# to be ;1.631020 cm23 for
x50.8 and;1.131020 cm23 for x51.6, Fig. 8. These val-
ues indicate that the ‘‘as-prepared’’ samples were in a re
tively highly doped state. This is supported by the fact th
the carrier concentration shows very little dependence w
the temperature, which indicates the absence of band to b

lar

FIG. 6. X-ray diffraction pattern of K2Bi82xSbxSe13 (x51.6) sample ex-
posed parallel~a! and perpendicular~b! to growth direction~Cu Ka radia-
tion!.
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excitation over the entire temperature range 4–300 K, Fig
The Hall mobility (mH5RH•s) at room temperature

was greater for thex51.6 sample~;16 cm2/Vs! than forx
50.8 ~;2 cm2/Vs!, Fig. 9. This explains the main differenc
in the electrical conductivity~factor .5! between the two
members. As expected, for a degenerate semiconductor
metal, the mobilities increase at lower temperature and th
responsible for the observed metallike temperature dep
dence of the electrical conductivity. Overall, the Hall mobi
ties are relatively low and indicate the existence of ma
defects and other scattering centers in these ingots. At
stage, it is unclear what the nature and extent of these de
are. Possible sources include the substitutional mass fluc
tion disorder between K/Bi/Sb in the structure, atom vac
cies, as well as positively charged potassium atoms~which
exhibit static positional disorder!.11 The role of these scatter
ing carriers needs to be understood. Also, macroscopic
perfections in the ingots such as grain boundaries and in

FIG. 7. Temperature dependence of the electrical conductivity of a;3
3335 mm3 ingot sample of K2Bi82xSbxSe13 solid solutions forx50.8 and
1.6.

FIG. 8. Temperature dependence of carrier concentration of
K2Bi82xSbxSe13 solid solutions forx50.8 and 1.6.
8.

r a
is
n-

y
is
cts
a-
-

-
r-

needle spaces~see Fig. 5! could influence dramatically the
mobility and thus the electrical conductivity.16

Thermoelectric power measurements
K2Bi82xSbxSe13 solid solutions were also carried out alon
the needle direction for the membersx50.8 andx51.6. The
Seebeck coefficients are negative in value and become
negative as the temperature is decreased from room temp
ture down to 4 K, consistent with highly dopedn-type semi-
conductors, see Fig. 10. The Seebeck coefficients at ro
temperature were2127 mV/K for x50.8 and2100 mV/K
for x51.6.

F. Thermal conductivity

The mass fluctuation generated in the lattice
K2Bi8Se13 by the mixed occupation of Sb and Bi atoms
expected to reduce the lattice thermal conductivity. The
tice thermal conductivity (k l) can be obtained by subtractin
the electronic contribution (ke) from the total thermal
conductivity.17 The latter can be estimated by applying t

e

FIG. 9. Temperature dependence of mobility of the K2Bi82xSbxSe13 solid
solutions forx50.8 and 1.6.

FIG. 10. Temperature dependence of Seebeck coefficient of a;333
35 mm3 ingot sample of K2Bi82xSbxSe13 solid solutions forx50.8 and 1.6.
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Wiedemann–Franz Law,ke5s•L•T, whereL is the Lorenz
number taken18 to be;2.4431028 V2/K2, s is the electri-
cal conductivity, andT is the temperature.

Lattice thermal conductivity of both members of sol
solutions, see Fig. 11, exhibit a peak at;7 K, which is
caused by the competition between the phonon–boun
scattering and umklapp phonon–phonon interactions.18 The
peak is suppressed forx51.6 due to the increased disorder
the heavy metal sites compared tox50.8.

The measured thermal conductivity was 1.4 and
W/m K for x50.8 and 1.6 at room temperature, respective
and the lattice thermal conductivities~estimated after
Wiedemann–Franz corrections! decrease from 1.36 W/m K
for x50.8 to 1.0 W/m K for x51.6, Fig. 11. The lattice
thermal conductivity is estimated to be as low as;1.1
W/m K for x50.8 and;0.6 W/m K for x51.6 after correc-
tion of the measured thermal conductivity for radiati
losses based on;T3 law.19 These values are lower tha
Bi2Te3 that possesses lattice thermal conductivity below

FIG. 11. Temperature dependence of lattice thermal conductivity of
K2Bi82xSbxSe13 solid solutions forx50.8 and 1.6.

FIG. 12. Electrical conductivity and mobility of;33335 mm3 ingot
sample of K2Bi82xSbxSe13 (x51.6) with 0.2% Se excess.
ry

2
,

5

W/m K and optimized Bi22xSbxTe3 solid solutions posses
values below 1 W/m K.20

G. Doping studies

The experimental data discussed herein on the sele
members of the K2Bi82xSbxSe13 system indicate that thes
samples possess many defects that resulted in high ca
concentration and low mobility. We surmised that a possi
source of these defects in the ingot could be the loss of s
Se due to vaporization during sample preparation. This l
would create atom vacancies that could contribute two e
electrons to the conduction band as well as act as scatte
centers. To explore this possibility, ingots doped with a co
pensating 0.2 wt % Se excess were prepared and stu
Additionally, in an attempt to increase the power factor, p
liminary doping studies were carried out using dopants s
as Pb and Sn in different concentrations on oriented ingot
K2Bi82xSbxSe13 (x51.6). This member was selected b
cause it possessed the lowest lattice thermal conduct
among the samples examined.

H. K2Bi8ÀxSbxSe13 doped with excess of Se

An oriented ingot of K2Bi82xSbxSe13 (x51.6) was pre-
pared with 0.2 wt % excess Se added in the reaction mixt
The electrical conductivity measurements along the gro
direction gave a significantly higher value of 746 S/cm
room temperature compared to 292 S/cm for the same m
ber with no Se added, see Figs. 12 and 7. Hall effect m
surements for samples with 0.2 wt % Se excess gave a ca
concentration of about 1.731020 cm23 and an increased Hal
mobility of ;30 cm2/Vs. The weak temperature dependen
of Hall mobility is shown in Fig. 12.

The Seebeck coefficient decreased with the addition
0.2 wt % Se from;2100 to;274 mV/K, Fig. 13, and this
can be attributed to the increase in carrier concentrat
Thermal conductivity along the needle direction of t
sample (x51.6) with Se excess was 1.16 W/m K at roo

e
FIG. 13. Seebeck coefficient and thermal conductivity of;33335 mm3

ingot sample of K2Bi82xSbxSe13 (x51.6) with 0.2% Se excess.
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TABLE I. Electrical conductivity, Seebeck coefficient, power factor (S2s), thermal conductivity, andZT at 300
K and extrapolated power factor andZT at 500 K of doped K2Bi82xSbxSe13 (x51.6).

Dopant
~mol %!

s
~S/cm!

S
~mV/K !

S2s
~mW/cm K2!

k
~W/m K! ZT

S2s500 K

(mW/cm K2) ZT500 K

¯ 292 2100 2.92 1.21 0.07 4.3 0.18
0.05 Pb 375 278 2.28 0.84 0.08 3.1 0.19
0.10 Pb 188 286 1.39 1.02 0.04 2.0 0.10
0.50 Pb 42 282 0.28 1.02 0.01 0.4 0.02
1.00 Pb 78 275 0.44 0.96 0.01 0.6 0.03
0.20 Sn 1096 279 6.24 1.08 0.17 9.6 0.45
0.50 Sn 540 287 4.09 1.32 0.09 4.0 0.15
1.00 Sn 638 264 2.61 1.25 0.06 4.2 0.17
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temperature~Fig. 13!. The power factor increased by facto
of ;1.4 and overall, theZT of this sample increased by
factor of ;1.4.

A similar increase inZT was observed in thex50.8
member when excess Se was added. The electrical con
tivity increased dramatically at room temperature rising fro
55 S/cm in the original sample to 495 S/cm in the sam
with 0.2 wt % Se excess added. Hall effect measurem
show that the increasing electrical conductivity is domina
by the significant increase of mobility~;18 cm2/V s, in-
creasing by a factor of;9! rather than the increase in carri
concentration ~similar room temperature value of;1.7
31020 cm23!. Although the Seebeck coefficient decreas
from 2127 to292 mV/K, the power factor increased signifi
cantly by a factor of;5. The thermal conductivity of the
sample with Se excess was;1.3 W/m K at room tempera
ture, relatively unchanged from the previous value. Over
theZT in this sample increased spectacularly by a factor o
mainly due to the significant increase in electrical conduc
ity and the absence of significant losses in Seebeck co
cient.

For both samples, the hypothesis of the high carrier c
centration observed in the as-prepared samples does
seem to be valid. It would appear that Se doping play
more complex role since it does not significantly affect t
carrier concentration, yet, it results in a marked increase
Hall mobility ~factor of;2 for x51.6 and;9 for x50.8!. In
any case, these results suggest that Se excess may
important mechanism for defect elimination and therefore
doping could be an interesting and effective way to con
the properties in these materials.

I. Doped K 2Bi8ÀxSbxSe13 „xÄ1.6… with Pb and Sn

K2Bi82xSbxSe13 (x51.6) was selected to examine ho
sensitively it responds to the addition of ‘‘external’’ impur
ties using dopants such as Sn and Pb. The doping conce
tions used and results obtained are presented in Table I.
charge-transport properties of these doped materials w
measured along the needle direction on grown ingots. Fo
doping concentrations employed, the Seebeck coefficien
the samples was lower than in the undoped versions
K2Bi82xSbxSe13 (x51.6). This is consistent with the sma
increase in carrier concentration in the doped samples. E
trical conductivity values in the doped samples gave a m
mum of 42 S/cm at room temperature using 0.5 mol % Pb
uc-
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dopant, and a maximum of 1096 S/cm using 0.2 mol %
We believe that the variation in the electrical conductivity
the doped samples vis-a`-vis undoped is attributed not only t
changes in carrier concentration but also changes in mob
Interestingly, the thermal conductivity of all samples r
mained relatively unchanged, see Table I. A promising pow
factor of 6.24mW/cm K2 was obtained for the sample dope
with 0.2 mol % Sn, which givesZT of 0.17 at room tempera
ture.

The trend of the power factor andZT in all samples is to
increase substantially at higher temperatures, mainly du
the continued increase of the Seebeck coefficient. Inde
preliminary measurements21 up to 700 K indicate that the
Seebeck coefficient keeps increasing almost linearly with
a slope change. This gives a strong reason to extrapolate
data at higher temperature and estimate the power factor
the ZT. This was performed based on a quadratic fitting
the resistivity and linear fitting of Seebeck coefficient. Tab
I includes the extrapolated values for all doped sample
500 K. ZT as high as 0.45 is predicted for K2Bi82xSbxSe13

(x51.6) with 0.2% Sn. These results suggest that we sho
consider these materials promising for high-temperature
plications. However, measurements at higher temperat
~i.e., 300–700 K! need to be done.

J. Anisotropy of thermoelectric properties:
Measurements perpendicular to the growth axis

Because the K2Bi82xSbxSe13 materials are highly aniso
tropic in structure and morphology, it is of interest to eva
ate their transport properties in different growth direction
Therefore, we performed electrical conductivity, Seebeck
efficient, thermal conductivity, and Hall effect measureme
on the memberx51.6 of K2Bi82xSbxSe13 parallel and per-
pendicular to the growth direction~i.e., crystallographicb
axis!.

Electrical conductivity measurements along both dire
tions, as a function of temperature, showed spectacular
isotropy, see Fig. 14~a!. The room-temperature value alon
the needle direction was;292 S/cm, about five times large
than perpendicular to it at;59 S/cm. Seebeck coefficient
on the same sample parallel and perpendicular to the ne
direction showed much less anisotropy with room
temperature values of2100 mV/K and 284 mV/K, respec-
tively, see Fig. 14~b!.
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FIG. 14. ~a! Electrical conductivity,~b! Seebeck coefficient,~c! Hall mobility, and ~d! thermal conductivity of a;33335 mm3 ingot sample of
K2Bi82xSbxSe13 (x51.6) parallel and normal to the needle direction with temperature.
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The Hall mobilities parallel and perpendicular to th
needle direction were;16 cm2/V s and;3 cm2/V s, respec-
tively, at room temperature, Fig. 14~c!. Thus, the mobility
drops significantly when current flows perpendicular to
needles. This could be due to heavier carrier effect
masses22 in this direction and boundary scattering, caused
the interneedle space and/or microcracks. The microcra
could be present because of easy cleavage along the n
direction. The strong anisotropy in mobility causes the s
nificant anisotropy in the electrical conductivity in the tw
directions. The weak temperature dependence of the mob
and the different slopes in the two directions suggest an
isotropic mixed scattering mechanism that affects the c
ductivity, as well as the Seebeck coefficient. However,
anisotropy in the Seebeck coefficient is much less compa
to that of the electrical conductivity.

For a single-band model, the electrical conductivity e
along thex is given by,23

sx5
2ne2

3mx
•

E
0

` ] f

]e* ~e* !3/2tx~e* !de*

F1/2~h!
, ~1!

while the Seebeck coefficient is given by
e
e
y
ks
dle
-

ity
n-
-

e
ed

.,

Sx52
kB

e F E
0

` ] f

]e* ~e* !5/2tx~e* !de*

E
0

` ] f

]e* ~e* !3/2tx~e* !de*
2hG , ~2!

wherekB is the Boltzman constant,m* is the effective mass
e* is the reduced energy (e/kBT), t(e* ) is the relaxation
time, f is the distribution function,h is the reduced Ferm
energy (eF /kBT), andF1/2(h) is the Fermi integral

F1/2~h!5E
0

` x1/2dx

11exp~x2h!
. ~3!

From Eqs.~1!–~3!, it is clear that for conduction along thex
direction in an anisotropic material, the electrical conduct
ity depends strongly on the effective mass (;1/mx) and the
relaxation time alongx. In contrast, the Seebeck coefficie
is not directly affected by the effective mass. Although
depends on the relaxation time, according to Eq.~2! the de-
pendence involves the ratio oft(e* ) containing integrals;
thus, the influence of relaxation time is severely damp
This argument is consistent with the observed experime
data here, where the electrical conductivity ratio along (s i)
and perpendicular (s') to the needle direction is;5 while
the same ratio of Seebeck coefficient is only;1.1.
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A substantial anisotropy was also observed in the th
mal transport properties of this sample~i.e., x51.6! The
thermal conductivity perpendicular to the needle axis is o
about half that in the parallel direction. Thus, the roo
temperature value in the perpendicular direction is extrem
low at 0.64 W/m K, Fig. 14~d!.
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Thermal conductivity anisotropy is caused by the con
bution of two terms, the electronic and lattice. The electro
contribution is given by the Wiedemann–Franz law (kel

5s•L•T) and is affected by the electrical conductivity an
the Lorenz factor anisotropy. The Lorenz factor alongx di-
rection is given23 by:
Lx5
kB

2

e2

E
0

` ] f

]e* ~e* !3/2tx~e* !de* •E
0

` ] f

]e* ~e* !7/2tx~e* !de* 2F E
0

` ] f

]e* ~e* !5/2tx~e* !de* •G2

F E
0

` ] f

]e* ~e* !3/2tx~e* !de* G2 , ~4!
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and since again the dependence involves the ratio of i
grals, the influence of the relaxation time is weak. The s
plest approach for the lattice contribution in the thermal c
ductivity, according to Debye, is given23 by:

k l5
1
3 C•v•,, ~5!

whereC is the specific heat per unit volume,v is the average
phonon velocity, and, is the average mean free path of
phonon both of which depend of crystallographic directio

When heat propagates parallel to the needle axis
K2Bi82xSbxSe13, it flows through the relatively regula
Bi2Te3-type and NaCl-type rods~Fig. 4!, which present an
extended but regular medium made of BiuSe bonds. Along
the needle axis, the lattice constantb is only ;4.2 Å which
favors a relatively long mean-free phonon path. In contr
when heat propagates in the perpendicular direction, whic
the direction of a large lattice constant (a;17 Å,c
;18 Å), the acoustic phonons strongly scatter from the1

ions and the high coordinated sitesK(1) and M (8) that
serve as barriers and interrupt the Bi/Sb/Se framework. T
considerably shortens the mean-free path and severely
presses the thermal conductivity. Because the very low t
mal conductivity perpendicular to the needles is offset by
even lower electrical conductivity, the direction of maximu
ZT is still that of the needle axis.

IV. CONCLUSIONS

At small x values ~i.e., x,2! the energy gap of the
K2Bi82xSbxSe13 solid solutions showed an anomalous
minimum value that is related to the preference of Sb
substitute specific K-containing sites in the structure. It
believed that this site preference also influences the ther
electric properties of these materials. No eutectic comp
tions were observed. The lattice thermal conductivity d
creases due to the mass fluctuation caused by the
incorporation in the lattice. Doping experiments using va
ous dopants showed that it is possible to further improve
power factor in these materials. Furthermore, extrapola
of power factor andZT suggested that they are more suitab
for high-temperature applications. Detailed measuremen
this temperature range are planned. Measurements in d
tions parallel and perpendicular to the growth axis showe
e-
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of
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is
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strong anisotropy in the charge-transport properties and t
mal conductivity. Future studies in these needlelike mater
should be done along the needle direction as suggeste
the significantly higher overall thermoelectric performanc
The well-oriented polycrystalline samples of th
K2Bi82xSbxSe13 solid solutions showed promising thermo
electric properties. Crystal growth needs to be improved
ther in order to enhance needle width and reduce interne
grain boundaries, which should lead to even higher mob
ties and enhanced power factors.
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