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Improvement in the thermoelectric properties of pressure-tuned
b-K2Bi8Se13
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The thermoelectric power, electrical conductivity, crystal structure, and Raman active phonon
modes of the semiconductorb-K2Bi8Se13 have been studied under pressure. There is a large
increase in the electrical conductivity in the pressure range 0–1 GPa and a sharp maximum in the
magnitude of the thermoelectric power at;1.4 GPa. X-ray diffraction studies revealed no structural
change upon compression. The Raman active vibrational modes did not shift substantially with
pressure, suggesting that the pressure induced changes in the phonon thermal conductivity may not
be large. The thermoelectric figure of merit,ZT, likely increases by a factor of at least 2 from its
ambient pressure value of 0.23. This is the firstn-doped material for which we have observed a peak
in the thermoelectric power suggestive of an electronic topological transition upon
compression. ©2003 American Institute of Physics.@DOI: 10.1063/1.1599049#
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INTRODUCTION

Several approaches have been adopted in the searc
improved thermoelectric materials, ranging from the synt
sis of bulk materials1,2 and quantum-well structures3 that
may exhibit improved thermoelectric figure of merit,ZT (T
is the temperature andZ5S2s/k, S is the thermoelectric
power,s is the electrical conductivity, andk is the thermal
conductivity!, to combinatorial synthesis techniques that ra
idly screen materials for desirable thermoelectric properti4

Pressure tuning may offer a means to guide the search
higher ZT thermoelectric materials.5,6 Observation of im-
proved properties under pressure can provide targets for
thesis at ambient pressure and a valuable ‘‘proof of p
ciple’’ finding. Pressure can be changed more rapidly th
new materials can generally be synthesized, allowing
phase space of interaction parameters that determine ma
als properties such as thermoelectric power to be explo
more rapidly.5 Thus far we have observed substantial
creases in the thermoelectric power and thusZT upon pres-
sure tuning semiconductors such as NdxCe32xPt3Sb4 ,6

Sb1.5Bi0.5Te3 ,7 BaBiTe3 ,8 and Sr8Ga16Ge30.9 Pressure tuned
Sb1.5Bi0.5Te3 , in particular, is observed to exhibitZT in ex-
cess of 2, substantially higher than that observed for any b
thermoelectric material at ambient pressure.

Chung et al. have reported synthesis ofb-K2Bi8Se13

which has a complex monoclinic structure~Fig. 1!.10 It is
attractive as a thermoelectric material because of its
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thermal conductivity~1.28 W/m K! and high thermoelectric
power (2200mV/K). When doped appropriately, its electr
cal conductivity at ambient pressure can be as high as
S/cm, resulting in aZT of 0.23. Here we report a substanti
increase in the thermoelectric power of pressure tunedn-type
K2Bi8Se13. This is the firstn-type material we have found to
exhibit a large increase in thermoelectric power upon pr
sure tuning under nonhydrostatic conditions at pressure
low as 2 GPa. We also have investigated the effect of p
sure on the electrical conductivity, low frequency Ram
modes, and crystal structure of K2Bi8Se13.

EXPERIMENT

The experimental technique for the measurement of
thermoelectric power under pressure and an error analys
this technique have been reported previously.11 Briefly,
samples are compressed in a Mao–Bell diamond anvil ce
pressures between ambient and 10 GPa. A culet size of a
1 mm and gasket hole of the same size are used. Typ
rectangular sample dimensions are 700mm350mm
350mm. Monoclinic ZrO2 is used as the pressure transm
ting medium. TypeK thermocouple junctions with 12.5mm
leads are deeply embedded into the sample for the ther
electric power measurements. A temperature gradient is
duced by means of an infrared laser focused to a narrow l
During the thermoelectric power measurements, four le
two probe resistance measurements are also performe
passing current through two of the thermocouple leads w
measuring the voltage between the other two leads. This
sistance measurement includes the contact resistance
tween the sample and the thermocouple leads, allowing
upper bound to be placed this resistance, which was a

-
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5 © 2003 American Institute of Physics
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tenths of an ohm or less. We assume that if the contac
sistance is low, the thermocouples and the sample ar
good thermal contact as well. The thermoelectric power a
function of pressure measured by this technique for vari
standards such as bismuth~Fig. 2!, which undergoes severa
phase transition up to 8 GPa,12 and several other materials
reproducible and in good agreement with previous report11

At ambient pressure with both diamonds in contact w
the ZrO2 media, the thermoelectric power measured
b-K2Bi8Se13 in the diamond cell is2196mV/K, in excel-
lent agreement with the value of2200mV/K measured on
bulk samples by standard techniques.10 Similar to the behav-
ior observed for NdxCe32xPt3Sb4 ,6 Sb1.5Bi0Te3 , and
BaBiTe3 ,8 the thermoelectric power versus pressure cur
are virtually identical in the increasing and decreasing pr
sure directions as long as the pressure is not increased a
2–3 GPa. The reversibility of this measurement indica
that, at least up to these pressures, systematic errors as
ated with changes in thermocouple configuration, etc.,
not significant. In contrast to the behavior observed
K2Bi8Se13, most of the semiconductors we compressed
the diamond anvil cell did not exhibit sharp increases in
thermoelectric power. Separate electrical conductivity m
surements are made in the standard configuration with
independent leads and four independent probes. Pressu
measured by ruby fluorescence method.13 Raman spectra ar

FIG. 1. Crystal structure ofb-K2Bi8Se13 . Small dark atoms are potassium
small lightly shaded atoms are bismuth, and large unfilled atoms are
nium.
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collected using a DilorXY microfocus Raman spectromete
with 514.5 nm excitation.

RESULTS AND DISCUSSION

Similar to several other small band gap semiconduct
that exhibit increases in thermoelectric power upon press
tuning, the electrical conductivity of K2Bi8Se13 increases
rapidly as a function of increasing pressure~Fig. 3! at modest
pressures. The magnitude of the thermoelectric power
creases rapidly with pressure~Fig. 4!, exhibiting a maxima at

le-

FIG. 2. Thermoelectric power of Bi standard vs pressure. Features in
thermoelectric power at 2.4, 2.7, and 7.2 GPa are associated with p
transitions. The magnitude of the thermoelectric power at ambient pres
and between the phase transitions is in good agreement with a prev
report~see Ref. 12!. There are slight differences from the reported transiti
pressures~2.5, 2.7, and 7.7 GPa! and the shape of curve near the transitio
which are likely due to differences in nonhydrostatic stress.

FIG. 3. Electrical conductivity of K2Bi8Se13 vs pressure normalized by th
ambient pressure conductivity.
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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1.38 GPa, whereS52324mV/K. At higher pressures the
magnitude of the thermoelectric power decreases. Three
dependent measurements on different samples confirme
reproducibility of the maximum in the thermoelectric pow
at 1.38 GPa. The behavior observed for K2Bi8Se13 is quali-
tatively similar to that of p-type NdxCe32xPt3Sb4 ,6

Sb1.5Bi0.5Te3 ,7 and BaBiTe3 .8

It is important to ascertain whether the large change
the thermoelectric power is associated with a structural tr
sition. High pressure x-ray diffraction studies in a Mao–B
cell14 under the same compression conditions used for
thermoelectric power measurements revealed no struc
changes in the pressure range of interest.

Pressure and stress can in general introduce signifi
changes in electronic structure that have a major impac
transport properties.15–21Sharp maxima in the thermoelectr
power as a function of pressure have been observed for s
conductors undergoing an electronic topological or Lifsh
transition ~ETT!.22,23 Similar to the behavior observed fo
pressure tuned Sb1.5Bi0.5Te3 ,7,22 the thermoelectric powe
versus pressure curve~Fig. 4! for K2Bi8Se13 is suggestive of
the presence of an ETT. Such transitions occur when
topology of the Fermi surface changes due to a perturba
such as compression or alloying.24 A band extremum, which
is associated with a Van Hove singularity in the density
states, crosses the Fermi energy, resulting in a change in
topology of the Fermi surface and a strong energy dep
dence to the electronic density of states near the Fermi
ergy. K2Bi8Se13 is the firstn-type semiconductor for which
we have observed a maximum in the thermoelectric po
suggestive of an ETT. We note that because an ETT ca
induced by alloying as well as pressure, it may be possibl
reproduce the improved behavior observed at high pres
at ambient pressure.

To determine the thermoelectric figure of merit,ZT, it is
important to have the thermal conductivity and the electri
conductivity in addition to the thermoelectric power. We d
not measure the thermal conductivity under pressure,

FIG. 4. Thermoelectric power of K2Bi8Se13 vs pressure up to 10 GPa.
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though it is generally possible to place bounds it.6,7 Because
there were variations in the electrical conductivity of vario
K2Bi8Se13 samples, presumably due to adventitious var
tions in doping level, and it is technically difficult to measu
the electrical conductivity and thermoelectric power simul
neously under pressure in a diamond cell, there are un
tainties in estimatingZT at high pressure. Both the thermo
electric power and the electrical conductivity vary with th
doping level. K2Bi8Se13 samples which exhibit a thermoelec
tric power of ;2200mV/K, such as those compressed
the diamond cell, typically have an electrical conductiv
near 250 S/cm and aZT of 0.23. Because the thermoelectr
power is squared in the expression forZT, increases in it
tend to have a large effect onZT. For K2Bi8Se13 the ratio
squared of the maximum in the thermoelectric power at 1
GPa to the thermoelectric power at ambient pressure
(2324/2196)2 or 2.7.

The electronic contribution to the thermal conductivi
(ke) for K2Bi8Se13 is only at most 10% of the total therma
conductivity (k5ke1kp).10 Thus the phonon contribution
(kp) to the thermal conductivity dominates at ambient pr
sure.kp typically increases with pressure, but not likely b
more than a factor of 2 for semiconductors at pressures
than 2 GPa.6,7 If the electrical conductivity of the sample
compressed in the diamond cell for thermoelectric pow
measurements increases by the factor of 4~at 1.38 GPa!
observed for those samples compressed for electrical
ductivity measurements, it is likely that the decrease inZT
due to increases in the thermal conductivity will be at le
counterbalanced by the increase due to the electrical con
tivity ~the electronic contribution to the thermal conductivi
will also increase with the increase in the electrical cond
tivity according to the Wiedemann–Franz law,25,26 but will
still not dominate!. Thus although it is difficult to quantita
tively estimateZT at high pressure, it appears that it w
increase by a factor of 2 or more due to the increase in
thermoelectric power, but may not approach values in exc
of 1 observed for materials such as pressure tu
NdxCe32xPt3Sb4 ,6 and Sb1.5Bi0.5Te3 .7

Finally, we note that there is a slight softening of one
the Raman modes of K2Bi8Se13 under pressure~Fig. 5!. One
mode at 221 cm21 at 0.68 GPa, softens by 11 cm21 at 2.1
GPa. Near an electronic topological transition phonon mo
often soften.27 The crystal structure of K2Bi8Se13 does not
change up to 2.1 GPa, so the shift in intensities and p
positions upon compression is not due to altered crystal s
metry. The change in the Raman spectrum observed betw
0.08 and 0.68 GPa is reversible. None of the mode positi
changes very much up to 2.1 GPa, suggesting that
changes in phonon frequencies and phonon thermal con
tivity in this pressure range may not be very large.

SUMMARY

In summary,b-K2Bi8Se13 is an n-type thermoelectric
material for which we have found a substantial maximum
the magnitude of the thermoelectric power upon compr
sion. The peak in the thermoelectric power is suggestive
an electronic topological transition.ZT likely increases by a
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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factor of at least 2 from its ambient pressure value of 0.
These results suggest that there is further potential for o
mizing the ambient pressure thermoelectric properties
b-K2Bi8Se13.
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