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Semiconducting Ge clathrates: Promising candidates for thermoelectric
applications
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Transport properties of polycrystalline Ge clathrates with general compositgisagee;, are
reported in the temperature range 5<K<300 K. These compounds exhibiN-type
semiconducting behavior with relatively high Seebeck coefficients and electrical conductivity, and
room temperature carrier concentrations in the range ¥ cm3, The thermal conductivity

is more than an order of magnitude smaller than that of crystalline germanium and has a glasslike
temperature dependence. The resulting thermoelectric figure of @&rigat room temperature for

the present samples jsthat of Bi,Te; alloys currently used in devices for thermoelectric cooling.
Extrapolating our measurements to above room temperature, we estimat€Tthet at T

>700 K, thus exceeding that of most known materials. 1898 American Institute of Physics.
[S0003-695(198)02128-1

As evidenced by intense research presently under way iaystems have a humber of properties in common, as outlined
several laboratorieSthere is a renewed interest in the field in a recent revievl. The relationship between glasslikeand
of thermoelectrics. From the mid-1950’s to the present thehe theoretical minimum thermal conductivity,,,, was
major design concepts for bulk thermoelectrics were thoséirst pointed out by Slack.One particular crystalline system
used by loffeé2 These were to select semiconducting com-which possesses low glasslikevalues most relevant in this
pounds of heavy elements from the lower right part of thestudy is that of the clathrate hydrates, or ice clathrates.
periodic table and then to reduce the lattice thermal conduc- Ice clathrates have been observed with a variety of dif-
tivity by forming mixed crystals. This approach led to the ferent structures. One of these is the type | hydrate structure
thermoelectrics based on Bi, PbTe, angT®;.* In this letter  Xg(H,0)46 WhereX represents a “guest” molecule or atom
we report on the transport properties of a semiconducting Ge&apped in the cages formed by the®molecules. The for
clathrate with the type | clathrate-hydrate structure in whichthese ice clathrates is much lower than that bfide* and
the voids are filled with Sr. The concept of a “phonon glassdecreases as the sizmas$ of the “guest” molecules or
and an electron crystal(PGEQ* is at the heart of this in- atoms decreasdicreases Nolaset al® have shown that a
vestigation. PGEC materials would possess electronic progsimilar effect on the lattice thermal conductivity,, for
erties normally associated with good semiconductor singlekutterudite compounds occurs when trivalent lanthanide
crystals but a thermal conductivity normally associated withions are present in the voids of that structure. For both
amorphous materials. We believe the introduction of thisclasses of materials the reductionsg is believed to be due
concept to thermoelectrics is one of the most significant into resonant scattering of phonons via localized low-
novations in the last 30 years. frequency vibrations of the “guests.” This can be thought of

The importance of this approach emerges very clearlyys the “rattling” of the trapped atoms in their oversize
from the definition of the figure of meri£. The definition of  cages. These observations motivated the present study and
a “good thermoelectric” lies in the magnitude of the mate- our hypothesis that the PGEC concept could be realized in
rial’'s Z,> whereZ=S?0/ k. In this equatiorSis the Seebeck Ge calthrates.
coefficient,o the electrical conductivity, and the total ther- The group IV elements also form clathrates the type
mal conductivity. Since the dimensionsofire inverse tem-  x_E,. whereE represents a group IV element aXdepre-
perature, a more convenient quantity is the dimensionlesgents an atom in the voids, or cages, formedb¥he cubic
figure of meritZT, whereT is the absolute temperature. crystal lattice has space gro®m3n(O?) and consists of

The existence of crystalline materials that possess Venytrahedral networks with periodic voi@sages of 20 and 24
low «, similar to that of amorphous solids in a large temperaqordinatedE polyhedra in a 3:1 concentration ratio. THe
ture range, has been known for some time. Cahill, Watsomatoms do not enter the lattice substitutionally but are inter-
and Potil and Slack have enumerated a number of mixed giitial, residing inside the oversize cage. The polyhedra are
crystal systems that possess glasslikeThese crystalline  ¢oyalently bonded to each other by shared faces. The elec-
tronic structure of similar compounds has been investigated
dElectronic mail: gnolas@marlow.com theoretically'® but few experimental transport studies have
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FIG. 2. Seebeck coefficient vs temperature from 5 to 300 K for the three
Ge-clathrate samples.
FIG. 1. Resistivity vs temperature from 5 to 300 K for the three Ge-clathrate
samples. The inset shows({n vs 1/T for sample clA withp in 2 cm. The  determined in separate experiments and the data corrected
straight-fine fit to the equation=p exp@/T) givesA=86.9 K. accordingly. These corrections were 15%—20% near room
temperature ang<5% atT<<120 K.

been reportedt No thermal conductivity measurements have ~ Figures 1 and 2 show and absolutes as functions of
been reported. temperature from 300 to 5 K. The absol@8elecreases with

In this letter we report on the measured transport propdecreasing temperature, as expected in heavily doped semi-
erties Of threeN_type po'ycrysta”ine Samp|es Of Ge C|ath_ conductors with negl|g|b|e phonon drag. In the inset of F|g 1
rates with the voids filled with Sr. These Ge-clathrateWe show a plot of Ifp) versus 1T for sampleclA. This
samples, all with similar compositions, were readily repro_sample had the lowest electron concentration and clearly
ducible, as indicated from structural analysis and transpoghowed a semiconductor temperature dependenpevsfT.
properties measurements. These three samples are repres-EHe straight 'Ilne' is a fit to the equatiop= po exp@/T)
tative of several different Ge clathrates investigated by th&/here the activation energy for the donorsEis=2A. From
present authors. The synthesis and crystal structure analydfds fit we obtainE,=15 meV. This value is to be compared
of alkaline-earth filled Ge clathrates have been previously® 14-17 meV for shallow donors such as As in Ge. The

reported'2 The Ge clathrates used in this report were Iore_carrier mobility values in Table | are similar to those for

pared in a similar manner; the exact details will be reporteciNdle crystaiN-type Ge at room temperature at the same
elsewhere. The x-ray diffractiofXRD) patterns were ana- carrier concentratioff The Sf' ions apparently do not
lyzed on the basis of the clathrate structure by the Rietveld : , ;

ig. 2 and the carrier concentration values in Table | an

method, and the results were similar to that previousl timate of the elect Hoct - b de i
reported:? The samples were powdered and densified in g Sumate ot the electron €efiective mass,, can be made in

graphite die in a hot press at X@0* Ibs/in? and 650 °C a straightforward fashion using Fermi statistics and assuming

Electron-beam microprob@&MP) analysis of a polished sur- acoustic phonon scattering in a single-band model, following

. lack and Hussaitf: The m* values thus calculated are 0.1
face of each sample confirmed the XRD results and reveale . :
) . .., for these compounds, whem, is the electron effective
that the samples were single phase with the exact stoichiom- ! S
. . ) . . mass. The effective mass value fdrtype Ge at a similar
etries as listed in Table I. Also listed in the table are other_ . o 15
carrier concentration is 0.7%,.

relevant physical properties of the three samples presented In . ; . S
. . The most interesting aspect of our investigation is the
this report. As seen in Table I, we were able to vary the

) i ) i h -
electronic properties of thesétype samples by varying the magnitude and temperature dependenca or these Ge

Ga-to-Ge ratio. The Ga appears to randomly substitute fOJI"ABLE I. Three Ge-clathrate samples indicating the atomic percentages

Ge in the stru_cture and |s.used t(_) produce F:harge CoOmpensgsm xmp analysis, the lattice parameter in angstraags, the measured
tion for the divalent alkali-earth ion 3f. This means that percent of theoretical density, average grain size in microns, the measured

two Ga atoms act as “acceptors” for the two “donated” carrier concentration in cii, ny, and mobility in cmd/V's, u, at room

electrons from each &f ion. temperature. The theoretical atomic percentages in the stoichiometric com-
. . . 0, 0, 0,
Hall coefficient measurements using the van der Paugound are 14.81% Sr, 2663% Ga, and 55.456% Ge.
technique were conducted at room temperature. Four-prol€omp at. %: sr, Ga, Ge  a, D Grainsize n, “

electrical resistivity(p), steady-state Seebeck coefficiég),

L A 14.5,30.2,55.3 10.7310.011 87 9.6 K107 2200
and steady-state thermal conductivity measurements Wer(‘%IB 147 298,555 107320006 96 174 107 1900

performed in a radiation-shielded vacuum probedeat  (c 146 285 569 107390005 93 107 K10 730

losses via conduction through lead wires and radiation were
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10000 e = L B RN tribute most tox. That is why the Sr “impurities” produce
1000 ~ ‘ such pronounced decreasem_n .
Ge crystal ~— . For the three samples in this report we calculafe

100 ~0.25 at 300 K. These results were confirmed by measure-
ments on a standard meter used for testing thermoelectric
materials. Using the estimated valuenof = 0.1m, as calcu-
lated above and assuming a single band model with predomi-
nantly acoustic phonon scattering, we can make an estimate
of the high temperature transport properties using Fermi sta-
tistics, as outlined in Ref. 3. From this we obtai=1 for
temperatures off >700 K for these samples. This predic-
tion represents a largetT than found for PbTe-based ther-
moelectric materiald.The ZT values could presumably be
increased by optimizing the doping level.

The SgGa sGey structure can be thought of as a deriva-
P o w00 1000 tive of the four coordinated diamond lattice structure of Ge.
The presence of Sr induces a crystal structure change in the
Ge, in this case to that of the type I clathrate hydrate crystal
FIICt%r-] 3-t Thermal czndU_ctiinty vs :eTpe:ftgredfrOrr]n dSI_tO 300 K rflor thé Ge- structure. This means that this Ge clathrate is a cryptoclath-
e s i oo o o s o o Tate(or idde clathratinduced by the presence of S The
straight, solid line belw 4 K is acalculation due to grain boundary scatter- SKutterudites, which have been extensively studied as poten-
ing for a 10um grain size. tial thermoelectric materiafsalso possess open crystal lat-
tice structures. In the skutterudite system however the voids
are present in the structure whether or not the “guest” atoms
are present. The skutterudite system was therefore ideal for
the study and evaluation ofy of a crystal lattice structure
with voids either filled or unfilled. The SgGa,Gey, com-
pound presented here is a true PGEC material system where
the thermal conductivity is drastically reduced, to nearly that
f?f the theoretical minimum, while good electronic properties
are maintained. The promising properties ofG;Ge;q re-
ported here suggest a new category of possible thermoelec-
éric materials for investigation.

Total Thermal Conductivity (mW/cm K)
>
T

Temperature (K)

clathrate compounds. Figure 3 showas a function of tem-
perature for the three Ge-clathrate samples as well as f
single crystal G&® amorphous Geg-Ge)'’ and amorphous
SiO, (a-Si0,).° The calculatedy, for Ge is also shown in
the figure. Thex,,,, curve was calculated employing Slack,
however we followed Cahilet al® by taking the minimum
mean free path of the acoustic phonons as one-half of the
wavelength. We see thatfor these clathrates is lower than
that of a-SiO,, is only a factor of approximately 2 greater
than that ofa-Ge and exhibits a temperature dependenc
similar to that of amorphous materials. Using the measured

values ofp from Fig. 1 and the Wiedemann—Franz law we

estimate k., the electronic component of. For sample

ClAxe is estimated to be 6% of the totalat room tempera- ! Thermoelectric MaterialsNew Directions and Approachesglited by T
ture and lower at lower tgmperatyres. Th,e other two S,a,mplesM. Tritt, M. G. Kanatzidis, H. B. Lyon, Jr., and G. D. MahQMateriaI.
had largerx. values, since their electrical conductivities Research Society, Pittsburgh, PA, 199Vol. 478.

were an order of magnitude larger than that of samplés 2A. V. loffe and A. F. loffe, Sov. Phys. Solid Sta 719 (1956.

The data for samplelA essentially indicate the lattice com- 3See, for example, H. J. Goldsmillectronic Refrigeratior(Pion Limited,

. . London, 1986.
ponent of the totak in this compound. 4G. A. Slack, inCRC Handbook of Thermoelectriegjited by D. M. Rowe

The gr_ain size of apprQXimately 16m in the presgnt (CRC, Boca Raton, FL, 1995p. 407, and references therein.
samples gives a computedlimited by boundary scattering °D. G. Cahill, S. K. Watson, and R. O. Pohl, Phys. Rev4& 6131
as shown in Fig. 3. Clearly the low thermal conductivity (1992.

: . A. Slack, in Thermoelectric MaterialsNew Directions and Ap-
values measured are r?Ot prOduce_'d by boundary _scat.terlng 0proaches,edited by T. M. Tritt, M. G. Kanatzidis, H. B. Lyon, Jr., and G.
the phonons at the grain boundaries. The results in Fig. 3 arep manan(Material Research Society, Pittsburgh, PA, 19%7l. 478, p.

suggestive of a “resonance dip” in the phonon scattering at 47.
aboutTr: 20 K. If this d|p is caused by phonon interaction G. A. Slack, inSolid State Physic®dited by H. Ehrenreich, F. Seitz, and

: «“ P D. Turnbull (Academic, New York, 1979 Vol. 34, p. 1.
with a “rattling” frequency of the Sr at an enerdy, , then 5G. S. Nolaset al, J. Appl. Phys79, 4002(1996.

in wave numbers as, =55 cmi L. Similar values have been °A. A. Demkov et al, Phys. Rev. B53, 11288 (1996, and references
estimated for “guest” atoms in ice clathrat&s. therein.

. . 1C. Crosset al, J. Solid State Chen®, 570(1970.
Note that in the $Ga,sGe;g we have replaced the tradi 125, Eisenmanret al, J. Less-Common Mel18 43 (1986.

tional alloy phonon scatterintf, which predominantly scat- 1sc. p. popoviciu and J. L. Cohn, Phys. Rev58 3155(1997.
ters the highest frequency phonofmear 250 cm® in Ge) 14G. A. Slack and M. A. Hussain, J. Appl. Phy&0, 2694 (1991).
by a much lower frequency “rattle” scattering. The highest iZ(T: '; gebaltl)e and G. \(/jV-GHLXL;hySk- Eﬁ% 1134(/1\‘?95;595-3 1964
. . J. assbrenner an . A. dlack, yS. R34, .
frequ_ency p_honons have very low or zero group velocity anq7D_ G. Cahillet al, J. Vac, Sci. Technol. A&, 1259(1989.
contribute little to the total thermal conductivity. The low 18g A sjack and S. Galginaitis, Phys. Re&®3 A253 (1964.

frequenc CPhonons have the highest group velocity and cort?J. S. Tseet al, J. Chem. Physl07, 9271(1997).
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