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Abstract
Our research in new themoelectric materials has identified

several temary and quatemary bismuth chalcogenide
compounds with alkali metals to have promising properties for
thermoelectric applications. p-K2Bi8Se6 and its solid solutions

0-KzBir-.Sb.Sel3 are found to be an interesting series for
thermoelectric investigations mainly due to their low thermal
conductivity and highly anisotropic electia properties. In this
work, the Seebeck coefficient, thc electrical and thermal
conductivity of the p-KrBis-*ShSer (0<x(8) series as a
function of temperaxure and composition will be presented.
Transport properties show the transition from n-t)?e to p-B?e
character with increasing incorporation of Sb in the lattice.
The Bi/Sb atomic disorder dramatically affects the lattice
thermal conductivity where the Umklapp peak is suppressed.
The thermoeleatria performance is estimated up to high
temperatures where the potential for applications of these
materials appeaB to be.

htroduction
Research on temary and multinary bismuth chalcogenide

compounds [] showed that p-KzBisSeu [2] has many of these
features that make a material promising for thermoelectric
applications such as complex structure that can lead [3] to
high Seebeck coefficient based on Mott formula [4] as well as
to low thermal conductivity due to large unit cell, weakly
bound ions in cages ("phonon glass-elcchon crystal theory")

[5] etc.
The formation of solid solutions is a common way to

succeed low tlermal conductivity and imprcve the
thermoelectric performance of the materials. Solid solutions
formation based on the p-K2BisSe13 structwe was attempted
via substitution on the heary metal sites (i.e. KzBia-,ShSeu)
[6], on the chalcogenide sites (i.e. KzBisSers-.S.) [7] as well as
on the alkali metal site (K2-.Rb,BieSer:) [8]. Crystallogaphic
studies shows that the Bi/Sb [9] as well as K/Rb [8]
distribution in the structwe was non-uniform, while Se/S
distributionT was morc even and indicated the formation of
more homogenous solid solutions.

KrBis-*Sb.Ser3 series showed very low thermal
conductivity [0] and this is encouraging for their
themoelectric performance. Transport measurements of
K2Bi8-*SUSers members with low Sb concantration were
canied out showing highly doped materials (carrier
concentration -l020cm'3) [6]. samples prepared with excess of
Se performed better thermoelectric properties due to their
higher mobility [6].

In this work, oharge trarsport measurements on KrBi8-
,Sb*SeB series arc studied. The Seebeck coefficient, elect cal
and thermal conductivity as a function of temperature and

composition are discussed. The potential use of these
materials appea$ at high temperature applications based on
preliminary measurements up to 700K

Resultr snd Discussion
KrBis-"Sb"Ser3 series, isostructural to p-K2Bi8SeB, have

complex monoclinic structure [2] that include two differcnt
interconnected tlpes of Bi,/Se building blocks (the so-called
NaClroo- and Bi2Te3-t1pe) and K* atoms in tunnels, see Figure
1. The two different Bi/Se blocks arc connected to each other
at special mixed-occupancy K,/Bi sites. These sites seem to be
crucial in the electronic properties [3,11].
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Figue 1. Crystal Sfucture of

0-KrBisSers and KrBis-"Sb*Se13 series.

K2Bis-,Sb*Ser3 sarnples were prepared by mixing
potassium metal, bismuth, antimony and selenium with
0.2wyo Se excess as described elsewhere [6]. The samples for
measurement were cut from well-oriented ingots grown with
modified Bridgman technique [12], see Figure 2.

Figwe 2. Ingot of KrBh-.Shserj, x=1.6.



Charge tansport and thermal conductivity measuements
were carried out on K2Bi8-,Sb"Set3 series for the members
x:0.8, 1.6, 2.4, 4.0,5.6 and 8.0, along the needle direction
(i.e. crystallographic b-a\is). The room tempemture values are
shorvn in Table l.

Themoelectric povl/er
The Seebeck coeJficients of Bi-rich members of the series

are negative in value and this indicates electrons as main
carriers. The n-type character is common in most of the
bismuth selenide based compounds [1], while rarely p-me

material is reported U3l. For members with x<2.4, the
Seebeck coefficients are negative and become less negative as
the temperaturc is decreased. This is consistent with heavily
doped semiconducting behavior, see Figure 34 while
transition to the intrinsic region is not observed. The smooth
variation of Seebeck coefficient at low temperatures can be
attribute to the high carrier concentration (see also Hall effect
measurements). This behavior of Seebeck coefficient is
typical to that of almost all temary and quatemary alkali
bismuth chalcogenides compounds [51.

transition temperaturc appears at -100K. At temperatures
higher than 150K the Seebeck coefficient is aonstant and
equal to -370 pV/K up to room temperature. These features
arc chamctedstic for intrinsic behavior

For the Sb-member (x=8.0) Seebeck coefficient is positive

and equal to +750 pV/K at room temperature. The positive
value indicate its p-type character and suggests that its
transition tempemture is >300K. Experimental data at lower
temperatures for this member arc not available.

In Table I the increase of absolute value of Seebeck
coefficient with composition x suggesting the decrease of the
electlon concentration is clear, For x<1.5. Seebeck coefficient
does not follow the increasing trend with composition x and
this could be attributed to the preferential substitution that Sb
shows on special crystallographic sites ofthe structure [9].
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Figurc 3. Temperature dependence of Seebeck coefficient of
KrBi8-,Sb*Ser3 series with Se excess for (a) Bi-rich samples,

x=0.8, l�6, 2.4 and 4.0 and (b) Sb rich sample, x=5.6.
The member with x=5,6 has different behavior compare to

the other members. Seebeck coefficient is positive at low
temperatures and becomes negative at higher temperatues,
see Figure 3b. This indicates the transition of the material
from p-tlpe to n-t)?e with the temperature. The p-to.n t pe

Figure 4. Temperature dependence of electrical conductivity of
KzBis-*Sb*Sep series with Se excess for (a) Bi-rich samples,

x=0.8, 1.6, 2.4 and 4.0 and (b) Sb rich sample, x=5.6.

EI e c tr ic al c onductiv ity
The elechical conductivity of members x=0,8, 1.6 and 2,4

has a weak negative temperatue dependence, consistent with
the extdnsic behavior of semiconductor, see Figure 4a. For the
member x=5,6, the intrinsic behavior appears, see Figure 4b.
This behavior agrees with the increase of p-qpe character that
Sb causes. For the Sb-member (x=8.0) electrical conductivity



is 0.01 S/cm at room temperature while data at lower
temperatures were not available.

Ha Effect
Hall effect measurements on t}Ie memb€rs of K2Bis-

*S\Se13 solid solutions and low Sb concentration (x<2)
showed negatiye Hall coefficient suggesting n-type character
that agees with the Seebeck coefficient measurements. The
carier concentation is calculated (based on R61/n e) to be
-1020 cm-t with weak temperature dependence, see Figure 5a.
They confirm the high doping state of these members.
Mobility is also calculated and the temperature dependence for
both samples (x=0.8 and x=1.6) is sho!\'n in Figure 5b. It is
obvious that mixed scatiering mechanisms are involved in
mobility for this temperature region. These results are similar
to these ofpure members where no Se excess is added [9].

series. The lattice thermal conductivity (Kr) can be obtained,
by subtracting the electronic contdbution (KJ from the total
tiermal conductivity (conected measued tiermal
conductivity from radiation losses based on -T3 law I l4l). The
latter can be estimated by applying the Weidemann-Franz
Law, K" = o L T, where L is the Lorentz number rakenls to be
-2.44.rc'8 v2l:c, o the electrical conductivity, and T the
temperaure.

The lattice thermal conductivity decreases when Sb
concenfation increases and the low temperatue Umklapp
peak is suppressed due to the increase of the disorder in the
lattice, see Figure 6. The room temperature lattice tlermal
conductivity is decreased and tends to a minimum value of
-0.5 w/m K.
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Figure 6. Lattice thermal conductivity
the KzBiu*ShSeF series witi Se excess.
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Figure 7. Thermoelectric pedormance ZT
ofthe K2Bis-*Sb*Ser3 series with Se excess.

Theruoe le ctfi c P erformance ZT
The themoelectric performance of K2Bis-*SUSer3 series

was calculared ( 27 = !-97 ) and Lhe room temperatue values
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Figure 5. Temperature dependence of
(a) carrier concentration and (b) mobility

for the KrBi6-*S\Ser: with Se excess, x=0.8 and 1.6.

Thermal conductivity
The mass fluctuation generated in the lattioe of I(rBisSe13

by the mixed occupation of Sb and Bi aioms is expeckd to
reduce the lattice thermal conductivity of K2Bis-*Sb"Se13



are shown in Table l, while Figure 7 shows the increasing
trend with th€ temperature for all members. For members with
x32.4 therc is similar increasing ZT with temperature while
for the member with x=5.6 appears quite larger slope. This
difference is due to the different behavior of this member with
increasing electrical conductivity with temperuture while
Seebeck coefficient is almost constant.

The values of ZT as well as the increasing trend with
temperature suggest the potential use of these matedals at high
temperature applications (i.e. power generation) and high
temperature experimental data arc needed. However,
experimental dala at high temperature region are necessary.
Preliminary expedmental data for member x=0.8 shows that
Seebeck coefficient increases with temperature up to 700K
see Figure 8. The increasing trend is very encouraging since
thermoelectric performance is affected strongly by Seebeck
coefTicient (eq. 1).

Figure 8. Temperature dependence of Seebeck coefficient of
member x=0.8 ofK2Bi6-,Sb"Se13 series from 4 to 700K.

Table l; Room temperature values of Seebeck coefficient (S),
electricat (o) and thermal (K) conductivity. power factor 1S2o)
and thermoelectric performance (ZT) of K2Bis-xshser3 series
with Se excess.

Conclusions
In this work, KrBis-*ShSeB series were studied with

respect to Seebeck coefficient, electrical conductivity and Hall
effect. Transpoi properties showed the change to
semiconducting behavior with the Sb incorpomtion in the
lattice. Seebeck coefficient measurements showed a transition
from n-type to p-t pe of the K2Bis-"Sb"Se13 series witi
comDosition. The thermoelectric performance of this series

seems promising and suggests the potential of using these
materials to high temperature thermoelectric applications.
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x s
(pv/K) (S/cm)

K
(w/m.K)

S'O
(rwcm.L)

7:I

0.8 -92 495 0.98 4. t9 0 . 1 3
1.6 -74 746 1.07 4.09 0 . 1 1
2.4 -98 382 0.78 3.67 0.14
4.0 - l6 t 56 0.54 |.45 0.08
5.6 -366 51 0.63 6.83 0.33
8 +730 0.01 o.75 0.05 0.00


