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We have synthesized and characterized polycrystaflirendp-type CoGesSe 5, @ member of the class of
compounds with the skutterudite crystal structure. Both specimens have large room temperature Seebeck
coefficients and resistivities. The carrier type depends very sensitively on the atomic ratio between Ge and Se.
For both specimens, the carrier mobilities are very low and the thermal conductivity is lower than that of the
binary skutterudite CoSb Some of these properties can be attributed to the vacancies in the crystal lattice due
to the nonstoichiometric nature of the specimens studied. The transport properties are compared with those of
CoSh, and the potential for thermoelectric applications is discussed. This work is part of a continuing effort
to explore the large phase space of many possible compositions of skutterudites, a promising class of high-
efficiency thermoelectric materials.
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INTRODUCTION EPMA analysis indicated that the specimens were uniform
and single phase with compositions CqG£Se 379 and
Compounds with the skutterudite crystal structure are ofc0G8 43:56 355, With the Ge and Se concentrations assigned
scientific interest due to their unique physical properties. relative to that of a full occupation of Co on tieecrystallo-
They continue to be of technological interest as well, in pargraphic site. It is apparent that the relatively high Se vapor
ticular as potential thermoelectric materi&S.One impor- ~ Pressure resulted in a reduced amount of Se as compared to
tant feature of these materials is the large number of differerfé€ in our specimens. The vacancies on thecrystallo-
isostructural compositions that can be synthesized. ThEraphic site may also affect the transport properties. An x-ray

physical properties of these materials depend sensitively o iffraction analysis of the powdered specimens revealed only

their compositions. This provides the means for optimizingt e diffraction lines associated with the skutterudite structure

their transport properties for advanced thermoelectric applitSPace groupms3) with lattice parameters of 8.36.008
cations. The diversity of potential compositional variants re-2"d 8.3030.008 A for the aforementioned two samples, re-
mains one of the key reasons why this material system corzPeCtively. _ o
tinues to be investigated by many research grddps. Fqur—probe electrical resistivityp), steady-state Segbeck
Ternary skutterudite compounds with simultaneous substicP€fficient ) and steady-state thermal conductivity)
tution of group IV and VI atoms on the pnicogen sites haveMeasurements were performed in a radiation-shielded
been previously reportétf These compounds should be vacuum.pr.obe. Heat Iosse; via cpnducnon through lead wires
semiconductors, as they are isoelectronic with GoSin and radiation were determlnediln separate experiments, and
fact, resistivity measurements on IrGS, s and IrGe :S6 s the data were corrected accordingly. The Hall coefficient was

showed semiconducting temperature dependehdesthis measured using a 16-Hz linear research ac resistance bridge
paper we present electrical resistivity, Seebeck coefficieni!! conjunction with a cryostat equipped with a 5 T supercon-
thermal conductivity, magnetic susceptibility, and Hall mea-ducting magnet. The Hall resistance was measured in both

surements on two polvervstalline Co samples, and pqsitive and negative magnetic fields to correct for any mis-
compare the resultg tgth)(/)se for C@S%sqs P alignment of the Hall probes. The advantage of the ac tech-

nigue is that it compensates for the thermal electromotive
force generated within the specimen. Thin slabs with less
EXPERIMENTAL TECHNIQUES than 0.5 mm thicknesses were cut for Hall measurements in

: . der to increase the Hall signal. We were not able resolve
The CoGesSe 5 specimens prepared for this paper were®" ;
synthesized by mixing and reacting high purity constituent® Hall reS|start1)ce|: for COQ-Q%SQ—BW belr?w 125 Kor for
elements at 700°C inside boron nitride crucibles that werd-0CG8.43:561 385 below 160 K because the specimens were
themselves sealed inside fused quartz ampoules under a MY resistive. Magnetic susceptibility measurements were

trogen atmosphere for several days. Different starting Ge aneerform'ed'usmg a Quantum Design magnetometer with a
Se compositions were used in order to prepare etand magnetic field strength up to 5 T. For the transport measure-

p-type skutterudites. The products were ground to fine pOW_ments care was taken to prepare the specimen surface well

ders inside a glove box, cold pressed into pellets, and Sinlgefqre making electrical contact to prevent unwanted con-
tered at 700 °C for several more days. For transport measur«g—ucuon from surface defects.

ments and electron probe microanalysiEPMA), the
powdered specimens were hot pressed in a nitrogen atmo-
sphere at 600°C and 2510° psi for 2 h, yielding pellets The magnetic momen¥l varies linearly with the mag-
that are 90% of their theoreticé-ray) densities. A careful netic fieldH for H<0.5 T between 2 and 300 K. The mag-

RESULTS AND DISCUSSION
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FIG. 1. Magnetic susceptibilites of polycrystaline  FIG- 2. Lattice thermal conductivity for CoGgs:Se a7ovs tem-
COGE 45,56 376 and CoGe.s:S6 g5 between 2 and 300 K. Data perature. The open squares are the experimental data and the line is
for polycrystalline CoSpfrom Ref. 6 are also shown for compari- 2 fit based on Eqd1) and (2).
son.

ity of sound, andr¢ is the phonon scattering relaxation time.
netic susceptibilities ¢= M/H , measured ai=0.5T) as a The phonon scattering relaxation ratg™ can be written as

function of temperature for both samples are shown in Fig. 1. Y 0
Data for polycrystalline CoSbfrom Ref. 6 are also shown Tol=—+A0*+Bw?T eXp< — _D)’ 2
for comparison. ForT>100 K, both samples exhibit dia- L 3T
mg%g?gg tEIZ?%VcIJOar\tg:rTsoisnt g:gg;l g)sétﬁeoihiglgvg-r:;in wherelL is the grain size and the coefficiesandB are the
d® electronic configuration similafto Co$b The much fitting parameters, The terms in E¢2) represent grain
larger Curie-Weiss type co’mponent for CaGeSe 57 at boundary scattering, point defect scattering, and phonor_w-
T<100 K is believed to be due to the maghetic i'mpuritiesphonon umklapp scattering, respectively. From our theoreti-
> ) . 7 cal fit (solid line in Fig. 2 we obtainL=1.3um, A=4.70
(Fe and Nj in the starting material Cb’ We note that the 43 3 dB= “18ok-1 The fit
- d f C d f X 10 , andB=6.66xX10"“°sK™~. The fitting param-
starting Co  powders for CoGes:S@se and for o o0 very close to those of CqSh'° except that (the
CoGe 43156 3gs are from different batches, thus resulting in f f int def S . |
a dissimilar amount of magnetic impurities in these twoP'® actor for point defect scatter Ihgs approximately two
specimens. We did not detect anv maanetic ordering in thgmes larger. This is reasonable in light of the large number
tgmperaturé range investigated y mag 9 of vacancies on theay crystallographic site indicated by
As shown in Fig. 2, the Iatticé thermal conductiviky, EIPMA' we el)l( pect lthat alrlloy Scﬁ tterinc? betwegnfGe arr: d Se
7 . L ays a smaller role in the enhanced point defect phonon
of C0GA 45556 379 Shows a typical temperature Oleloendence'gcattering in this specimen because of the small mass differ-
for crystalline materials with a room temperature value of 8%) b G d se Th id line in Eia. 2
6 Wm 1K~1. The total thermal conductivity can be written ence (~8%) between Ge and Se. The solid line in Fig.
as K=K + K ' The electronic thermal conductivity, can models the Qverall temperature dependence,_oﬂmte well
be estirnateeci using the Wiedemann-Franz relgtioq ( over the entire two orders of magnitude temperature span.
=LoT/p with Ly=2.45<10 8 V2K~ 2) from the measured Figure 3 showsp data for the CoCgss:S@.579 and
p. In this approximation almost all the contribution to the ggﬁ%gflsggfé ;g rgng\;vanzth;(;:pgﬁg;%’:i?ggseescﬁﬁ
thermal conduction is from lattice phonons because at all - . .
temperaturesc, is less than 1% Opr The x. values are Increasing temperature for both samples, showing a typical
lower than thoese of CoStiwith « 8.W m- 1 }LCl at room semiconducting behavior. Over the entire temperature range
LN .
temperature®-1°The solid line in Fig. 2 is a theoretical fit of CoGa 45258 379 and COGe 4558 335 have higherp values
the data using the Debve approximafdhi: than CoSh. The straight line is a fit to the higher tempera-
9 ye app ture data T>300K) wusing p=pgexdE./kgT] for
3 4 CoGe 45,56 379, WhereE, is the activation energy. The fit
JGD/T xXe dx (1) results inE,;=0.168 eV and could imply an intrinsic semi-
0 Tgl(ex—l)2 ' conducting band gap of~0.336eV. A fit for
CoGa 43156 3g5Yields the same activation energy. This esti-
where x=7%w/kgT is dimensionlessw is the phonon fre- mated intrinsic band gap is higher than that for CoSbith
quency, kg is the Boltzmann constant; is the reduced a value of 0.102 e¥.We note that similar estimate®n
Planck constanty is the Debye temperaturejs the veloc-  IrGe; sS; 5 and IrGe sSg 5 indicated an activation energy of
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10° concentration, an& values, as shown in Fig. 4. The negative
S values for CoGgyus5.5€ 379 indicate that electrons are the
107 majority carriers. A small change in the Ge to Se ratio alters
the sign ofS, making CoGe43:S6 385 p-type. At room tem-
108 perature highS values of —550 and 34V K™! are ob-
served for CoGgys5.56 379 and CoGeg43:56 3g5, respec-
E 108 tively. Consistent with theS data, our Hall measurements
é also show that the carriers are electrons and holes for the
£ 10¢ respective specimens. The inset in Fig. 4 shows the
Q

carrier concentrations(c.c) of CoGe 45,56 379 and
CoGH 43156 355 Obtained from Hall measurements. At room
temperaturen=3.5x10*¥ cm 3 and p=3.8x10"" cm™ 3,
Our Seebeck coefficient and Hall data show thabr p-type
electrical conduction depends very sensitively on the atomic
ratio between Ge and Se for CoGS8g 5.1%13

The temperature dependence®for CoGe 43:5€ 355 iS
similar to that observed for the-type CoSh with a compa-
rable carrier concentration, except that the temperature at

FIG. 3. The electrical resistivity of CoGgsS6 are, which % starts to increase rapidly is 70 K for the p-type
COG@ 4356 355, and CoSh (from Ref. § vs temperature. The CoShy.” It has been suggested that at these low carrier con-

solid line is a fit of the formp=p,exgE./ksT] to the higher ~Centration levels, impurity band conduction may play an im-
temperature data, indicatir,=0.168 eV. portant role in electrical transport at low temperatr&$ne

speculate the lows values at low temperatures are due to

impurity band conduction, in whicB can be written as
~0.1eV; however, the authors of Ref. 5 suggest that the

intrinsic gap may be even higher. We know of no band struc- .S+ 04Sy
ture calculations for this material. At room temperatyse, -
=3.37x10° and 4.70%X 10 mQ cm for CoGe 45,56 379
and CoGe 43,56 3¢5, respectively. The difference increases Whereo, andoy are the partial electrical conductivities, and
with decreasing temperature. According to our Hall data, disS, and Sy are the partial Seebeck coefficients of the accep-
cussed later in this paper, the lower resistivity observed fotors and compensating donors, respectively. Because of the
CoGa 43156 3g5is primarily due to its much higher hole mo- different signs ofS, and Sy, S can be very small. At high
bility, even though the room temperature carrier concentratemperatures the impurities are depleted, leading to acceptor-
tion of CoGe 43:56 335 (P-type) is about an order of magni- dominatedS values. The lack of low temperature Hall data
tude lower than that of CoGgs,S§ 379 (N-type). due to the resistive nature of the specimens, however, pre-
The small compositional difference between the twovents us from clearly ascertaining this mechanism.

specimens has a dramatic effect on the carrier type, carrier Hall data for CoGgy4s,56 379 produces an electron mobil-

ity that varies roughly asr%%¢ at room temperature with
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400 values of 0.53-0.26 ¢V s ! from room temperature to
' [ ! ' o lo o0 125 K. This indicates mixed ionized impurity and acoustic
CoGe, 43,5, 595 o ° lattice scattering for electrons. For a single parabolic b&nd
200 - OO N andn are given by’
I S— i _ ka[(+DFy(n) ) w
o el (I+nF(p )
3 00l i
3 20 V3 [ mikeT |2
n 100 150 200 250 300 n=— T F o 7]), (5)
-400 |- oG TS(K) . m
00384 452984 379 wherer is the exponent of the energy dependence of the
600 - B electron mean free path;, is the electron effective mass,
is the electron charge;=E./kgT is the reduced Fermi en-
| 1 | ! | | ergy, Eg is the Fermi energy, ané, is the Fermi integral of
-800

orderx. The + and — signs in Eq.(4) are appropriate for

holes and electrons, respectively. For electrons scattered by

ionized impurities and acoustic phonons; 2 and 0, respec-
FIG. 4. Seebeck coefficient vs temperature of Co@Se 5o  lVely. We use the intermediate value=1 for mixed

and CoGg 5,56 sg5. The inset shows carrier concentratidoss) ~ Scattering® The room temperatur§ and n data yieldmy;

of the two samples from Hall measurements. =2.55m,, wherem, is the electron mass. This value rof;
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is slightly smaller than that of CoSt The hole mobility for ~ being a useful thermoelectric material; however, the large
CoGQ 4356 335 has a room temperature value of Seebeck coefficient makes it interesting for further investiga-

~35cntV-ts ! and it varies approximately a&® be-  tion. The carrier types in these compounds depend very sen-
tween 160 and 300 K. With the limited data points, it is Sitively on the atomic ratio between Ge and Se. This offers a
difficult to ascertain the hole scattering mechanism. Based ofethod for tuning the electrical transport properties of these
the much higher hole mobility, we speculate that the effeccompounds. At room temperature the dimensionless thermo-
tive mass for holes is much smaller than that of electronselectric figure of meritZT=S"T/p«) of these compounds is
Similar results were found in Co$t§ A more complete the- 0.0005. Further research, including void filling and doping,
oretical analysis of the energy band gap and carrier effectivés therefore of interest and may result in improved thermo-
masses for this compound would enhance our understandinglectric properties.
as well as provide direction for future experimental work.

ACKNOWLEDGMENTS

SUMMARY . .
G.S.N. acknowledges support from the University of

We report on the synthesis and transport properties of th8outh Florida Presidential Young Faculty Award. Acknowl-
skutterudites CoGei5.S6 379 and CoGe.3:56 355. These  edgment is also made to the Donors of The Petroleum Re-
compounds are diamagnetic semiconductors with a relativelgearch Fund, administered by the American Chemical Soci-
large band gap, as compared to CgSlbhe electrical and ety, for partial support of this research. J.Y. wants to thank
thermal conduction are influenced by the vacancies in th®r. J. F. Herbst for support and encouragement throughout
crystal lattice because of the non-stoichiometry of the specithis work. The authors thank R. Waldo for EPMA measure-
mens. The low mobility of CoGgSe, 5 precludes it from ments.

1G. S. Nolas, D. T. Morelli, and T. M. Tritt, Annu. Rev. Mater. Sci. (1998.
29, 89 (1999, and references therein. 8], Yang, D. T. Morelli, G. P. Meisner, W. Chen, J. S. Dyck, and C.
2C. Uher, inRecent Trends in Thermoelectric Materials Research ~ Uher, Phys. Rev. B5, 094115(2002.
I, Semiconductors and Semimetals, Vol. 69, edited by Terry M. °G. S. Nolas, J. L. Cohn, and G. A. Slack, Phys. Re\6& 164
Tritt (Academic Press, New York, 200(op. 139-254, and ref- (1998.

erences therein. 103, Yang, G. P. Meisner, D. T. Morelli, and C. Uher, Phys. Rev. B
3G. S. Nolas, J. W. Sharp, and J. H. Goldsmithermoelectrics: 63, 014410(2000.

Basic Principles and New Materials Developmef@pringer-  'J. Callaway, Phys. Re13 1046(1959.

Verlag, Heidelberg, 2001 12| D. Dudkin and N. Kh. Abrikosov, Fiz. Tverd. Telaeningrad
4R. Korenstein, S. Soled, A. Wold, and G. Collin, Inorg. Chds. 1, 142 (1959 [Sov. Phys. Solid Stat#, 26 (1959].

2344(1977). 133. W. Sharp, E. C. Jones, R. K. Williams, P. M. Martin, and B. C.
SA. Lyons, R. P. Gruska, C. Case, S. N. Subbarao, and A. Wold, Sales, J. Appl. Phy<8, 1013(1995.

Mater. Res. Bull13, 125(1978. 14E. Arushanov, K. Fess, W. Kaefer, Ch. Kloc, and E. Bucher, Phys.
6J. S. Dyck, W. Chen, J. Yang, G. P. Meisner, and C. Uher, Phys. Rev. B56, 1911(1997).

Rev. B65, 115204(2002. 15y, A. Johnson, inProgress in Semiconductorsdited by A. F.

"H. Anno, K. Hatada, H. Shimizu, K. Matsubara, Y. Notohara, T.  Gibson(Heywood, London, 1996 Vol. 1, pp. 65-97.
Sakakibara, H. Tashiro, and K. Motoya, J. Appl. PI83.5270  8G. A. Slack and M. A. Hussain, J. Appl. Phy&0, 2694 (1991).

193206-4



