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The thermoelectric power, electrical conductivity, crystal structure, and Raman active phonon
modes of the semiconduct@-K,BigSe; 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-af..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 me#iJ, likely increases by a factor of at least 2 from its
ambient pressure value of 0.23. This is the firgtoped material for which we have observed a peak

in the thermoelectric power suggestive of an electronic topological transition upon
compression. €2003 American Institute of Physic§DOI: 10.1063/1.1599049

INTRODUCTION thermal conductivity(1.28 W/m K) and high thermoelectric
power (—200 1 V/K). When doped appropriately, its electri-

Several approaches have been adopted in the search fedil conductivity at ambient pressure can be as high as 250

improved thermoelectric materials, ranging from the syntheS/cm, resulting in @ T of 0.23. Here we report a substantial

sis of bulk materiafs? and quantum-well structuréghat increase in the thermoelectric power of pressure tumgpe

may exhibit improved thermoelectric figure of mei] (T  K,BigSes. This is the firsin-type material we have found to

is the temperature and=S?c/«, S is the thermoelectric exhibit a large increase in thermoelectric power upon pres-

power, o is the electrical conductivity, and is the thermal sure tuning under nonhydrostatic conditions at pressures as

conductivity), to combinatorial synthesis techniques that raplow as 2 GPa. We also have investigated the effect of pres-

idly screen materials for desirable thermoelectric propefties.sure on the electrical conductivity, low frequency Raman

Pressure tuning may offer a means to guide the search fenodes, and crystal structure ofBigSe ;.

higher ZT thermoelectric materiaf® Observation of im-

proved properties under pressure can provide targets for SygExpeRIMENT

thesis at ambient pressure and a valuable “proof of prin- ) ]

ciple” finding. Pressure can be changed more rapidly than The experimental technique for the measurement of the

new materials can generally be synthesized, allowing thdhermoelectric power under pressure and an error analysis of

phase space of interaction parameters that determine mateffiS technique have been reported previodsiyBriefly,

als properties such as thermoelectric power to be exploreg@mples are compressed in a Mao—Bell diamond anvil cell at
more rapidly’ Thus far we have observed substantial in-Pressures between ambient and 10 GPa. A culet size of about

creases in the thermoelectric power and tATsupon pres- 1 MM and gasket hole of the same size are used. Typical
sure tuning semiconductors such as ,Sle_,PtSh,, 6  rectangular sample dimensions are 708x50um
Sh, Biy<Tes,” BaBiTes,? and SgGaGey,.° Pressure tuned X50 um. Monoclinic ZrG, is used as the pressure transmit-
Sh, Biy<Tes, in particular, is observed to exhilT in ex- ting medium. TypeK thermocouple junctions with 12 Bm

cess of 2, substantially higher than that observed for any bulléads are deeply embedded into the sample for the thermo-
thermoelectric material at ambient pressure. electric power measurements. A temperature gradient is in-

Chung et al. have reported synthesis @-K,BigSe ducgd by means of an m_frared laser focused to a narrow line.
which has a complex monoclinic structugig. 1).1° It is During the the_rmoelectrlc power measurements, four lead-
attractive as a thermoelectric material because of its loWfWO Probe resistance measurements are also performed by

passing current through two of the thermocouple leads while
) _ _ _ measuring the voltage between the other two leads. This re-
On leave from Indira Gandhi Center for Atomic Research, Kalpa-gistance measurement includes the contact resistances be-
kkam 603 102, Tamil Nadu, India. .
bAuthor to whom correspondence should be addressed:; electronic maifWeen the sample and the th.ermO.COUple Iead_s, allowing an
jbadding@chem.psu.edu upper bound to be placed this resistance, which was a few
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FIG. 2. Thermoelectric power of Bi standard vs pressure. Features in the

thermoelectric power at 2.4, 2.7, and 7.2 GPa are associated with phase
transitions. The magnitude of the thermoelectric power at ambient pressure
and between the phase transitions is in good agreement with a previous
report(see Ref. 12 There are slight differences from the reported transition
pressure$2.5, 2.7, and 7.7 GPand the shape of curve near the transitions
which are likely due to differences in nonhydrostatic stress.

FIG. 1. Crystal structure g8-K,BigSe ;. Small dark atoms are potassium, . . .
small lightly shaded atoms are bismuth, and large unfilled atoms are sel€ollected using a DiloX'Y microfocus Raman spectrometer

nium. with 514.5 nm excitation.

. RESULTS AND DISCUSSION
tenths of an ohm or less. We assume that if the contact re-

sistance is low, the thermocouples and the sample are in Similar to several other small band gap semiconductors
good thermal contact as well. The thermoelectric power as &hat exhibit increases in thermoelectric power upon pressure
function of pressure measured by this technique for variouguning, the electrical conductivity of JBigSe; increases
standards such as bismuffig. 2), which undergoes several rapidly as a function of increasing press(fg. 3) at modest
phase transition up to 8 GPaand several other materials is pressures. The magnitude of the thermoelectric power in-
reproducible and in good agreement with previous regorts. creases rapidly with pressu(ieig. 4), exhibiting a maxima at

At ambient pressure with both diamonds in contact with
the ZrO, media, the thermoelectric power measured for

B-K,BigSes; in the diamond cell is-=196 uV/K, in excel- 16 ‘f
lent agreement with the value of 200 1 V/K measured on . *
bulk samples by standard techniqd@similar to the behav- 4 o

ior observed for NgCe,_,PSh,,® Sh BijTe;, and 12 .
BaBiTe;,® the thermoelectric power versus pressure curves o’

are virtually identical in the increasing and decreasing pres- € 10 °® *

sure directions as long as the pressure is not increased abov% oo .4"

2—-3 GPa. The reversibility of this measurement indicates & o®

that, at least up to these pressures, systematic errors assoc 6 o’

ated with changes in thermocouple configuration, etc., are

not significant. In contrast to the behavior observed for ]

K,BigSe3, most of the semiconductors we compressed in 2

the diamond anvil cell did not exhibit sharp increases in the T T T T
thermoelectric power. Separate electrical conductivity mea- z 4 s s

surements are made in the standard configuration with four Pressure(GPa)

independent leads and four independent probes. Pressurerg, 3. Eectrical conductivity of KBizSes vs pressure normalized by the
measured by ruby fluorescence metfid®aman spectra are ambient pressure conductivity.

Downloaded 29 Oct 2003 to 35.8.24.202. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japol/japcr.jsp



J. Appl. Phys., Vol. 94, No. 7, 1 October 2003 Meng et al. 4487

0+ though it is generally possible to place bound’iBecause
there were variations in the electrical conductivity of various
50 K,BigSe; samples, presumably due to adventitious varia-
_ tions in doping level, and it is technically difficult to measure
£ 1004 the electrical conductivity and thermoelectric power simulta-
Z neously under pressure in a diamond cell, there are uncer-
§ 150 - tainties in estimating T at high pressure. Both the thermo-
g electric power and the electrical conductivity vary with the
2 doping level. KBigSe ; samples which exhibit a thermoelec-
° ~200+ tric power of ~—200uxV/K, such as those compressed in
] the diamond cell, typically have an electrical conductivity
g -250 near 250 S/cm and AT of 0.23. Because the thermoelectric
£ power is squared in the expression fom, increases in it
=300 - tend to have a large effect aiiT. For K,BigSe 3 the ratio
squared of the maximum in the thermoelectric power at 1.38
-350 - GPa to the thermoelectric power at ambient pressure is

10 (—324/-196Y or 2.7.

The electronic contribution to the thermal conductivity
FIG. 4. Thermoelectric power of #BizSg; vs pressure up to 10 GPa. (xe) for K;BigSez is only at most 10% of the total thermal
conductivity (k=Ke+ ;). Thus the phonon contribution
(xp) to the thermal conductivity dominates at ambient pres-

1.38 GPa, wheré=—324uVIK. At higher pressures the SUré-xp typically increases with.pressure, but not likely by
magnitude of the thermoelectric power decreases. Three iffiore than a7factor of 2 for semiconductors at pressures less
dependent measurements on different samples confirmed tH2N 2 GP& If the electrical conductivity of the samples
reproducibility of the maximum in the thermoelectric power COMPressed in the diamond cell for thermoelectric power

at 1.38 GPa. The behavior observed fo/Bi,Se s is quali- measurements increases by the factor ofaé 1.38 GPa
tatively similar to that of p-type NdCe;_ ,PtSh,,° observed for those samples compressed for electrical con-

Shy eBig<Tes,’ and BaBiTa.? ductivity measurements, it is likely that 'Fh_e depreaséilh
fflue to increases in the thermal conductivity will be at least

It is important to ascertain whether the large change i . :
the thermoelectric power is associated with a structural trancOUnterbalanced by the increase due to the electrical conduc-

sition. High pressure x-ray diffraction studies in a Mao—BeIItiVity (the electronic contribution to the thermal conductivity

cell** under the same compression conditions used for thWwill also increase with the increase in the electrical conduc-
" . . . 6 .
thermoelectric power measurements revealed no structurdlity according to the Wiedemann—Franz |&%7° but will
changes in the pressure range of interest. still not dominatg. Thus although it is difficult to quantita-
Pressure and stress can in general introduce significaft/€ly €stimateZT at high pressure, it appears that it will
changes in electronic structure that have a major impact officréase by a factor of 2 or more due to the increase in the
transport propertie® 2! Sharp maxima in the thermoelectric thermoelectric power, but may not approach values in excess
power as a function of pressure have been observed for senfif 1 observed for materials such as pressure tuned

6 : 7
conductors undergoing an electronic topological or LifshitzN®C8-xP&Shy,” and Sk sBigsTes." _
transition (ETT).2223 Similar to the behavior observed for Finally, we note that there is a slight softening of one of

pressure tuned SBBiy<Tes,”?? the thermoelectric power the Raman mO‘iﬁs of BizSe5 under pressuré:igi.ﬁf). One
versus pressure cun(€ig. 4) for K,BigSey is suggestive of Mode at 221 cm at 0.68 GPa, softens by 11 cmat 2.1
the presence of an ETT. Such transitions occur when th&Pa. Near a? electronic topological tranS|'t|on phonon modes
topology of the Fermi surface changes due to a perturbatioRt€N softert The crystal structure of §8igSe 3 does not

such as compression or alloyifA band extremum, which €hange up to 2.1 GPa, so the shift in intensities and peak
is associated with a Van Hove singularity in the density ofPOSitions upon compression is not due to altered crystal sym-

states, crosses the Fermi energy, resulting in a change in tHeelY- The change in the Raman spectrum observed between
topology of the Fermi surface and a strong energy deperp'OS and 0.68 GPa is reversible. None of the que positions
dence to the electronic density of states near the Fermi erffhanges very much up to 2.1 GPa, suggesting that the
ergy. KBisSas is the firstn-type semiconductor for which qhgnges in phonon frequencies and phonon thermal conduc-
we have observed a maximum in the thermoelectric powelVity in this pressure range may not be very large.
suggestive of an ETT. We note that because an ETT can be
induced by alloying as well as pressure, it may be possible f_UMMARY
reproduce the improved behavior observed at high pressure
at ambient pressure. In summary, B8-K,BigSe 3 is an n-type thermoelectric

To determine the thermoelectric figure of meff, itis  material for which we have found a substantial maximum in
important to have the thermal conductivity and the electricathe magnitude of the thermoelectric power upon compres-
conductivity in addition to the thermoelectric power. We did sion. The peak in the thermoelectric power is suggestive of
not measure the thermal conductivity under pressure, alan electronic topological transitioZT likely increases by a

4 6
Pressure (GPa)
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FIG. 5. Raman spectra of BigSe; at 0, 0.08, 0.68, 1.3, and 2.1 GPa.
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