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ARSTRACT

A study of the propechies of the shoticondite colmpound CoShwas carried outl on stple
ciystals prown by the Bridgoun pradient fiee e fechmague. P und H-IVpe sinples were
obtiimed over o wide 1 nee ol cane concenlbiibion, As erown crystals show pelype
conductivity and n-type saples were obtained by addition of ‘Je o 1. Samples were
chanactenised by N-vay :_:_._::::_: ncroprobe analys

md densily micasuienients, A
number of physical properties ol CoShy sueh as Jinear thermal expansion coctheient,
sound velocity, and Debye temperatuie wepe deternned and me Presented. Seeheck
cocltlicient, clectiical res sistivity, thermnd conductivity, and Hall ¢fleet castciments weye
pertormed between room Crperatuee and abont YOOK | xeeptionally high Hall imobilitics
Were :_;._:: don ptype samples with g SN room terperatone all tobility of
3300 em Vg gy Caricr concenbiation of | O e O tesults show (that the
domimant cinricr scattenng mechanisin monnd room temperatine 18 acoustic phionon
scattermge. The resulis of e anspori properiy mcasurenients are discossed and
Comparcd o recent predictions based on band stiuctore calealations, HOwas Tound 1hat

a
model based ona single paribolic band with scoustic phonon scalicimg can satislactorily
describe the Bansport propertics of CoSb The potentinl ol CoSby for hemmoclectje
apphications is also discussed.

INTRC UCTION

C'oSh, belongs to o broad Fannly of matenals with the skutteradine stiucture whieh have

been reeently identificd as potential new thermoeleetnic matenals”  The skatteradine
stiucture is composed ol cobic lathee, space group i3, :_:_ the wnt cell contaims &
CoSbproups. CoSh, decomposes pentectically at 1146K A band pap ol abowt 0.5 ¢V
was estimated for C'oSh, by Dudlin and Abitbosov’ o _::__ temperature electical

_,f:<:< meastements on polycrystalline samples. Optical reasmemients perforned
onacystal ol CoShprown by g v, aportranspori teehnique revealed mctathc behavion )
More recently, neaswements ol the Jow femperature transpon propeiiies ol p-lype




CoSh; siple arystads were reported  and band stiucture calculations were parformed for
CoSh, by Singh and Pickett These calewtations revealed some unusual band strocture
(eatines Tor CoSh, and other skutteradite bingy compounds. 10 was found that, m the
compounds CoAsy, CoShy, and IiSbg, o smple band crosses the psceudopap, touching the

mnimum of the conduction band in IiSby and CoAs, and ncarly domg so m CoSbh,. In

addtion, the pap- crossing band Las o lineas behavion for CoShyand IiSb As aresult the
Gansport propariies of CoShyare expeeted 1o be sigmiheantly different from standard

cemiconducton behavior, Singh and Pickett” predicted that, for doping levels s fow as 3 X

lo 5 : , | : . :
10' ¢, the propertics e detemnned by the linew dispersion. o the constant

3

seatlering time approximation, the hole mobihity (1) would vany as p L where pos the

canricr concentration, Stgh and Prekett” caleulated for CoSby

direct band pap and an
inditeet band pap of 0.57 and 0.8 ¢V, respectively.

Inarccent study of o liphtly doped CosSb; crystal prown by a s method, Mandrus o
0l could not confitn sonie of the predictions of Sipleand Pickett.” In particular, they

yoas p I order 1o fthe

concluded that the hole mobility was unhikely to v
investipate the properiies of CoSbowe prew n and p-type single crystals of CoSbove
a4 wide ranpe of carnier concentration and meastred @ number of thenr properiies such s
clectiical tesistivity, Hall cocfhicient, Seebecl coelhcient, and thermat conductivity over o
wide ranpe of temperatures, The results are discussed and compared to the predictions ol
Singh and Pickett,” The potential of CoSby for thermovkectie apphications s also
discussed

EXPERIMENTA ) 7 A LS

Single crystals ol CoSbwere prown using the pradient freese technique frome Sboich
melts in sealed quintz anipoules coated with anorphous carbon, Details about the crystal
erowlh can be found clsewhere.” As prown sinples always show p-type conductivity
and - type smnples were obfained by substituting Sb [or e or Pd at concentrations
between 001 10 0.7 at. %, Te picces (99.999%) or Pd powder (99.99%) were introduced 1
the otgimal melts, Fypcal inpots were composcd of two parts alter the growth: the
botton pa € corresponding to the compound CoSby and the upper part cotresponding, to
the S rich cutectic. T atpe single crystals (up to 10 long and 10 nim i diameten) waere
prown, Tor p-type samples, the vaniations ol caricr concentiation were naturally
obtained from the tip to the top ol the prown inpots. This is presunmably due to the
chianges of stoichiometine deviations during the prowth althouph we were unable 1o
confin this by microprobe analysis. N-type samples with dillerent doping fevels were
obtaimed by vanying the noninal amount ol dopants i the mclts and also because of the
seprepation of the dopant during the prowlh 1esulted i vanations ol the Carnie
concentiation along the prown inpots,

Selected samples were polished and then microstractures were mvestipated under an
optical microscope. Mictoprobe ailyses (MIPAY were petformed on the same samples
on a JEOL IXA-733 superprobe o cheek that the samples were smgle phase. Some




samples were ground for x-ray difliactometry (XRD) analyses wineh were conducted on

asiciens 1-500 difiractometer with the Cu- K radiation. Sihcon powder was used as a
standard and mixed to the powdered samples, ‘Fhie powder x-ray patterns were taken with
scan steps of 20 0,057 and counting time of 3 s The Tngh temperature x-ray data were
also taken on one sample up to about 950K to mvestigate the temperature dependence ol
the lattice constant of CoSby. The density ol some samples was micasuied by the
immnersion technique using toluene as the hgumd. The measured densities were Tound to be
about 99.5% ol the theoretical density (7621 ¢ con’). The shear and longitudinal sound
velocity were measued at toont temperature ona single crystal of CoSbabout 8 nmn long

using a hrequency of 5 Mhiv.

Samples cbout 2 nune ek and 10 non e hameter were cut o the prown mgots fo
fransport property mceasurements. All samples were chimactenzed at 10om temperature
by Scebeek coelicient, Tall effect and clectiical resistivity measwcinents. The hugh
temperatine resistivity, Hall effeet, Seebeek cocthwient, thermal diffusivity, and heat
capacity measurenments were conducted or selected simples hetween room temperature

cnd about YOOK, " hie clectiica esistivity (p o was measmed using the van der Pauw

technigue with o canent of 100 A using o special high temperate apparatus,'™ The
Hall cocllicient (Ry) was measted i the smne appatatus with a constant magnctic field

value of - 10000 Gauss, The camer density was calealated frome the Tl coctheient.

assuning a scaticring factor of 1 ica single canner schemie, by p/n /R yje where poand n

=
3

ae the densities of holes and clections, 1espectively, and ¢ias the election chmpe. The Hall
mobility ) was caleulated lron the Tall coe hicient and the esistivity values by 1y,

Ry/p. The crrors were estimated at b 0.5% anc 8 2% o hie resistivity and Hall
coclhorent measurements, respectively. The Secebeek coctherent of the simaples was
measured on the same samples used for resistivity and Hall coclhicient measureiments

using a high temperature ipht pulse techmigue.™ The coor ol the Seebeek coelhicient

mcastwement was estimated 1o be fess than @ 1%, The heat capacity wnd thermial
diftusivity were measted using a flash diffusivity techmaue’ “and the overall eooor i the
thermal conductivity  measurements was estimated  at about b 10%. The  thenmal
conductivity was calculated frone the expernnental density, heat capacity, and thenmal
dilfusivity values.

1L RES JES ANE OISCUSSIONS

A, Elcctrical noper tic

Some 1oom temperatme propertics ol p-type CoSby are stmmianized e Table B oand
compared to the results of Slack and Tsoukala obtamed on a p-type polycrystatime hSby
siple. Samples with p-type conductivity were obtained with Hall cioner concentiation

ranging fom 107 ¢t 1o about 10" end* and - type smnples ranging from about 10

onr
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to 10" ¢’ The voom tenperature Hall miobility values for pooand n-type CoSby
crystals are plotted i Fip. b as a function of the canner concentration, In agrecment with
several previous studies of skutteradite matenals, CoShy simples extubit very Lipe hole




mobility values i the carier concentiation range mvestipated, reaching o maximum ol
about 3,300 ¢cny’ V! at the lowest cartier concentiations, The vanation ol the hole
mobility with carrie concentration can be divided into two regions: the fust region
between 107 and 10™ ¢ where the hole mobility varies hittle and a second repion, af
higher canier concentiations, where the hole mobility decreases with increasing carne
concentration. A

sinilar behavior was observed for the nartow pap sennconductor
Sh,Tes ™ and was explained by the presence ol two different valence bands. N-type
samples have much Tower mobility values with o naxiniun of about 200 i’ Ve it a
cartier concentration of about 10™ e, This sugpests a sttong dissimilitude between the

conduction and valence band (8) in this material, The room temperatwee clectiical

resistivity values are shown in Fig. 2 for e and p-type crystals. As aresult ol the Tage
difference in hole and celectron mobility in this matenial, the clectrical resistivity ol n-type
saniples is about 25 times Targer than for p-type samiples at a given carner concentration,

A resistivity value ol TmQeme (U about the optimal value for which mixanum
thermocleetric figure of merits are obtained for state-ol-the-art thermoclectiic niaterials)

. . . - 3 - h " 3
can be obtained at a carrier concentration of 3x10"™ ™ fon the p-type and of 2x10 "o

for the n-type.

The room teniparature Seebeek coeflicient values are presented i g, 3. N-type samples
have much larper Seebeek coefhicient values than p-type, at a given carnie concentration,
The lmper n-type Scebeek coclficient are presumably due o larper carner cflective

masses. We present in Fig. 4 the room temperature values for the power factor (PF o /p)

which is used to caleulate the thermoclectiic figure of merit 70 dehined as 7. :u\b‘\,, :

PE/AL The naximum values o the power factor we about 300 W eny’ K~ for both v and
p-type CoSby but the maxima occurs at different carrier concentrations. ot n-type, there
appears 1o be a maximum in the values ata caicr concentiation of about 2x107"" e but
iCis no clear yetif, by incieasing the cartier concentiation of p-type samples higher than
10" e, larper power factor values could be obtained. A siniple extrapolation using, fits
of the Seebeck coefficient and clectiical tesistivity values shows that Targer values nught
be achicved. Lifforts to prepare more heavily doped p- yoe samples would be worthy to
assess the veracity of s prediction,

We measued the electiical resistivity, Hall coefficient, and Seebecek cocllicient of several
n-and p-type CoSby crystals from room temperature up to-aboul 900K, The 1eom

temperatuie propetties of these samples are isted i Fable #HoThe ow temperature data
for CoSby single crystals were presented elsewhere.”

The vanations of the clectrical resistivity and Hall coclhicient as a function ol mverse

temperature e shown for p-type CoSby crystals in Fig, 5 and ¢

, 1espectively. For the
more heavily doped p-type samples, the clectiical resistivity inereases with mereasing,
temperature up o about 600K where the rise becomes smialler, almost temperatwe
independent. For the lightly doped samiple (12101322), the varations ol the resistivity
can be divided into fown different regions: (1) a small increase front room temperatine up
{0 about 350K, (2) a sharp dearcase from 350 up to 600K, (3) another region from 600 to




750K where the clectrical resistivity is almost temperature independent, and (1) a small
decrcase from 750 10 Y00K. Inregion 2, the resistivity decrcases almost lincarly with the
temperature with an enerpy gap ol about 0.73 ¢V, This value 1s close to the direet band
pap of 0.8 ¢V calculated by Singh and Pickett” for CoSby. For p-type samples, the all
cocflicient rises slowly at low temperatures and then decreases almost Lincarly at highe
temperatures with an enerpy gap of about 0.63 ¢V, Thisis close to the indnect pscudogap
caleulated by Singh and Pickett.” The onset of the decrease is shifted o higher
temperatures for the most hicavily doped samples. AU teimperatures above 750K, a
sharper decrease in the Hall cocffhicient is observed simitlarly 1o the vanation ol the
clectrical resistivity. The variations of the Hall cocllicient and clectrical resistivity can
tentatively be explained as follows. The nise of the Hall coelhicientin the low temperature
domain ninght be due to the presence of two valence bands with different elfective masses,
Atlow temperatwes, the carriers would come frona band occupied with the lighter holes
corresponding to the extrinsic domain, When the temperature vises, the holes would
progressively occupy the second band fitled with heavier holes, resulting in the nise of the
Hall coclficient with temperature. Then, the clectron contribution (o the conduction
imcreases al higher temperatures and intrinsic conduction is obscrved. In the mtinsic
domain, one would expect to observe a steady decicase of the clectnical resistivity with
femperature but the resistivity flattens up at about 600K which we attnibute to the
presence ol the sccond valence band being incrcasingly  Nilled with heavier holes,
compensating the offects of minority cariers (clectrons). At the highest tenmiperatines off
measurciments, the Hall coefficient and the electrical resistivity decreases again when the
influcnce of the second band becomes weaker.

The varations of the electrical resistivity and Hall coclTicient as a function of mverse

temperature are shown for n-type CoSby crystals i g, 7 and &, vespectively. The
samples are n-type at low temperatures and become n-type at higher temperatwes. 'The
transition temperature (tom n-type to p-type pradually increases from the smmples with
the lowest doping levels to the highest. The results are inagreenmient with the presence ol
two valence bands as discussed i the previous paragraph. Indeed, at Tow temperatures,

the Hall coclficient and clectiical vesistivity are charactenistic ol extonsic conduction.
Then, when anincrcasing number of holes are thernmally excited (from the band contamimg,
the heavier holes), the Hall coefficient changes type and the electnical resistivity decieases
almost lincarly with the temperature with an encrgy gap of about 0.55 ¢V, This is closc to
the indirect band gap of 0.57 ¢V caleulated by Singh and Pickett and estimated by Dudkin
and Abrikosov™ on n-type polycrystalline samples. At the highest temperatues, the
clectrical resistivity seems to dectease more slowly which might be due to the Tact that
the clectrons are less compensated by hghter holes at these temperatures.

The carrier mobilitic

are shown as a function of tempetature for p- and n-type in g, 9
and 18, respectively. The hole mobility values are Tape and decrcase with incrcasing,
temperature. The hole mobility follows 1easonably a 17 behavior between 300 and
500K which indicates that the predominant carier scatterning mechanism is acoustic
phonon scattering, Below 200K, Mandrus e ol found a T dependence of the hole
mobility on onc lightly doped p-type CoSby sample and they concluded that the




dominant
temperature measurements of the hole mobility on- ou crystals showed a different
behavior and the variations were suggestive of a combination of scatte ing by phonons
between 100 and 300K and neutral impuritics below 100K The T4 behavior observed
by Manduus ¢f al.” might be duc to the presence of impuritics in their sample. Around
room temperature, the electron mobility follows reasonably well a 177 dependence, also
indicating that the dominant carrier scattering, mechanisn is acoustic phonon scattering,

attering. mechanism for their sample was jomzed impuritics scattering. Low

The Seebeck coefhicient values are presented in Fig. 11 as a function of temperature for p-
type samples. As expected, the lower the doping. levels ae, the higher the Secbeek
coclhicients are. For p-type samples, the vatiations scale with the variations of the Hall
coclficient. The Seebeek coclficient inereases with increasing, temperatures in the extrinsic
region and then deercases due to the increasing number of minority carriers. The presenc
of a sccond band containing heavier holes can be observed at temperatures above about
SO0K (a similar chanpe was observed for the Hall cocllicient and clectrical resistivity at
the same temperature) where the decrease becomes more pronounced. N-type Scebeek
cocihicient values are shown as a function of temperature i Pig. 120 Again the variaions
are consistent with a presence of two valenee bands and can be explained as follows: at
low temperatures the Scebecek cocllicients are of n-type and large, corresponding 1o the
extrinsic region. When the conduction by nunority cartier mcieases, the  Secbeck
coellicient decreases and becomes p-type for lightly doped samiples. For the same
samples, the p-type Seebeek coeflicients then decrease with temperatures up (o about
QOOK where the influence of the second band (containing, lighter holes) can be seen,
resulting in a smaller decrease of the Seebeck cocfficient with the temperature.

The larger n-type Scebeek coellicients are presumably due to larger clectron masses. We
cstimated the elfective masses using, a single parabolic band model with acoustic phonon
scattering which was found to be the predominant carrier scattering mechanism around
room {emperature as we discussed before. In this model, the Scebeek coclficient can be

expressed as:

k 9 ,\:_ Amv M

o
N e S
1o (&)

()
where & s the reduced Fermi level and /7 is a Fermi integral of order x. "Using he same
formalisn, the carrier concentration can be expressed as:

a1 \3/2
_\_ \_ vﬁ_:of | \:_\wAm_v
<u~ __. . AV

where m* is the effective mass and 7'is the temperature in K. The Fermi levels can be
calculated from the experimental Seebeck coefficient values using cquation (1) and used,
topether with the experimental Hall canier concentration values (o caleulate the effective
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masses from equation (2). The results are shown in Fig. 13 and for the hole and
clectron effective masses, respectively. The hole effective mass increases with mereasing
catrier concentration which might also sugpests the existence of two valence bands with
different holes. Mandrus ¢f al.” estimated an effective mass of about 0.0] I, on one
CoSby samiple doped at 7 x 10" emv™ using a similar model but with the assumption that
impurities phonon scattering, predominates. 11 we extrapolate our results (o lower carrier
concentrations (using the best-fit curve in Fig, 13), we would find an effective mass of
about 0.05 at this carrier concentration, Although the data for the clectron effective are
more scattered, the values are about ten times latger than hole effective masses. This is

why the n-type Secbeck coellicients are so large. The variations of the ¢lectron effective
masses seen 1o be divided into two regions: the fivst one between 10™ and about 107" e
Fwhere the effective mass is almost cartier concentration mdependent and the second one
where it increases sharply for carrier concentrations above 107" eni™,
In Fp. 15, we compare at room temiperature the variations of the expermmental Scebeck
cocflicient values as a function of the carrier concentration to the caleulated valucs using,
the model proposed by Singh and Pickett”. In their model, the Seebock coelficient is
expressed as:

2,
182 N .wﬁ_/ |
3¢s
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where s is the slope of the lincar dispersing band and is -3.10 ¢V A for CoSb;. The
calculated values seem to be lower than the experimental one’s. The comparison was also
made with the high temperature Scebeek coefficient values for three samiples. The
calculation of the Seebeek coelficient values was Timited to the domain where the sample
exhibit extrinsic conduction, 1.c., where the conduction is only duc to holes. The results
are shownin Iig. 16, The larger disagreement oceurs for lightly doped samples for which
the caleulated Scebeck coefficient values are overestiniated.

The hole mobility values were caleulated using a single parabolic valence band model w
acoustic phonon scattering. In this model, the hole mobility is given by:"

. 14 (&)
___, VM Tacous :A
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where 1, 18 the energy independent relaxation time corresponding to acoustic >honon
scattering. In the same model, the electrical 1esistivity is expressed as:

p o 3m* L
B1ee? QAR 1 1(E)
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Toeans Was calculated as a function of the Fermi level & from equation (5) using, the fitted
values of the electrical resistivity and the hole effective mass as a function of the Fermi
level. The hole mobility values were then calceulated as a function of the Fermi level using,
the calculated values of 1,,,,, and the ited values of the hole effective masses, The
results are shown in Vig. 17 together with the experimental data. Singh and Pickett”
predicted that, in the lincar dispersion model, the hole mobility should Tollow a p'*
variation. Although the p'™ variation scems 1o be followed for the more heavily doped
samples, the experimental hole mobility values do not follow this behavior for carrier
concentrations lower than 4 x 10" ¢, The caleulated valucs using the parabolic band
model with acoustic phonon scatterimg, is in reasonable agreement with the experimental
data in most of the carrier concentration range tnvestigated. 1t scems therefore that models
based on the Boltzmann’s transport equation in the relaxation time approximation could
be used to model the thermal and clectrical propertics of CoSbs. Such modcls could be
used 1o predict the thermocleetric propertics of CoSby as a function of the doping level
and help gude the experimental work to achieve the maximum thermoclectric figuwre of
merit.

B, <1rucruyen ])ro]m‘ii(‘s

X-ray diffractometry analysis ol ground CoSby samples show that the samples were
single phase with a pattern corresponding to the skutterudite crystal structure. We
calculated a room temperature lattice constant of a, = 9.0345:1 0.0003 A, This is in good
apreement with the results of Kjekshus and Rakke'™ and also with the results of Mandrus
of al* The variation of the lattice constant versus temperature is shown in Fig. 12, The
lattice constant varies lincarly between room temperature and about 930K and the
compound does not underpo any phase transformation in this temperature range. A
thermal expansion coefficient value of 6.36 x 10 K™ was calculated for CoSby between
300 and 930K. This valuc is comparable to a value of 6.6 x 107 K™ found for IrSby.”

The measuredlongitudinal (v)) and shear (v)soundvelociticsare listed in *1’able | The
mean sound velocity (v, )1s given by:
N1/3
Vin * (f]% '?2 +- I,% )
IR \P]A (6)

We caleulated a mean sound velocity of 2,934 x 10°cm s The Debye temperature is
related to the mean sound velocity by:

3nN d"l;‘” Vi
Ap B (/)

wh cre and & are the Planck’s and Botlzmann’s  constants, respectively, N the
Avogadro’s number, (7 the density, and M’ the molecular weight of the sohd. We
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caleulated a1 debye temperature of 307K for CoSby. Slack  and Tsoukala calculated a
)ebycetemperature of 308K for IrSby.

Finally, we will discuss the results of the thermal conductivity measurements shown in
Fig. 19, The lattice thermal conductivity of the samples was calculated as (ollows. The
total thermal conductivity 1s the sum of an clectronic contribution (A.) and a lattice
thermal conductivity (Ap). The clectronic contribution (A,.) can be caleulated using the
Wicdemann-Franz law:

A 1Tp (8)

where /. is the 1 .orenz number. Similarly to the | lall coeflicientand Seebeck cocflicient,
the 1 orenznumbercan be expressed as: ™

K2 3 L0(E) 19(E)-4 17 (©)
¢? 16.(%) . ©)

The reduced Fermi Tevel values, obtained frony the experimental Seebeek cocfficient values
using cquation (3), were used to caleulate the Lorenz number. A, was then caleulated as a
function of temperatwre using the calculated Lorenz numbers and the experimental
resistivity data. The results are shown in Fig. 14, Most of the heat is conducted by the
lattice n this material. ‘The room temperature lattice thermal conductivity depends on the
doping levels of the samples. For lightly doped samples, the room temperature lattice
thermal conductivity is about 100 mW cm” K| in agreement with previous low
temperature measurements of CoSby single crystals.” For more heavily doped samples,
the value drops 1o about 57 mW em™ K. The temperature dependence of the lattice
thermal conductivity varies with the doping level of the samples, becoming smaller for
heavily doped samples. The results suggest that electron-phonon scattering is responsible
lor the large decrcase 1n lattice thermal conductivity in heavily doped samples. This
scatlering mechanism could not be observed for the most heavily doped p-type (- 10"
em™) which is probably not high cnough to observe any significant hole-phonon
scatlering,

‘The lattice thermal conductivity can be estimated using, the formalism developed by Slack
and Tsoukala.” The theoretical lattice thermal conductivity A(@) at the Debye
temiperature 1s given by:

A0y B M0

“?/3 ,Y? ’ (10)

where M is the average mass of an atom of the crystal, & is the average volume occupicd

by an atom, @ is the Debyce temperature, 22 is the number ol atoms per unit cell, v is the
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Griineisen constant at 1= O, and B+ 3.04 x 10" s* K. For CoSby, M = 106 ¢, O -
307K, and n = 320 A Griincisen constant of 0.95 was calculated for CoSby using the
formalism developed by Slack and Tsoukala.” The theoretical Tattice thermal conductivity
obtained from cquation (8) for CoSbyis 101 mW e K™ at room temperature. ‘This is in
exceellent agreement with the experimental room temperature lattice thermal conductivity
of 100 mW em™ K" for lightly doped samples.

A commonly used parameter to gauge the value of materials for thermoclectric
applications is the dimensionless figure of merit /1. ‘The typical limit to all state-of-the-
art thermocelectric materials is 7717 1. Skutterudites are promising thermoclectric materials
because they possess attractive clectrical propertics, in particular high carricr mobility.
We caleulated a maximum 771 value of 0.52 at 600K for an n-type sample doped at about
1.4 % 107" em™. In CoSb; and other binary skutterudite compounds, including 11Sh;*, the
71" values are limited by their relatively high thermal conductivity values. Therefore,
cfforts should focus on reducing the lattice thermal conductivity of skutterudites. Several
phonon scattering mechanisms, including, alloy scattering,’” charge transfer,’ and voids
filling,"™™ have been recently identified and were found to be effective in reducing the
lattice thermal conductivity  of some  skutterudite materials. In - addition 1o these
mechanisms, we have shown that celectron-phonon scattering could be very cfficient in
reducing the lattice thermal conductivity of these compounds. 1t 1s also possible that the
same scattering will operate in heavily doped p-type samples.

CONCIAUS ON

We have investigated the propertics of n- and p-type CoSbs single crystals grown by the
gradient freeze technique. Transport property measurements show that CoSb; exhibits
exceptionally high hole mobilitics which is consistent with the small hole cllective
masscs. The clectron effective masses are much larger, resulting in larger Sceebeek
coclficient values. ‘The temperature dependence of the Hall mobility indicates that
acoustic phonon scatlering 1s  the dominant  scattering  mechanism  around  room
temperature. The p'™* dependence of the hole mobility on the carrier concentration
predicted by Singh and Pickett” was not obscrved experimentally. 1t was found that a
model based on a single parabolic band with acoustic phonon scattering, can satisfactorily
desenibe the transport propertics of CoSby. Lividence of clectron-phonon scattering was
found 1n heavily doped n-type samples, resulting in a reduction ol about 50% in the
lattice thermal conductivity of CoSby at room temperature. A maximum 71 valuc of 0.52
was obtained for a heavily doped n-type sample at a temperature ol 600K, Skutterudite
materials have shown good thermioclectric properties but cefforts should now focus on
lattice thermal conductivity reduction. Several phonon scattering mechanisms, including,
[rec-carrier phonon, were identified to reduce the lattice thermal conductivity in
skutterudite materials which offer some promise as new thermoclectrics.
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TABLE CAPTIONS

‘Table I

Table 11.

Some physical and transport proper ics at room temperature for p-type
CoSb; and p-type 1rSbs ™,

Room temperature FHall carrier concentration, clectrical resistivity, I lan
coellicient, | lall mobility, and Scebeck coellicient values for p- and n-type
CoSb; crystals.

FIGURES CAPTIONS

Iigure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

I'igure 6.

Figure 7.

Figure 8.

Figure 9.

Figure 10.

Theroomtemperature 1lall mobility valucs for n- and p-type CoSh;
crystals as a functionof thedlall carricr concentration

The room temperature clectrical resistivity values for n- and p-type CoSbg
crystals as a function of the Hall carrier concentration

The room temperature Seebeck coefficient values for n- and p-type CoSbs

crystalsas afunction of the 1 lall carrier concentration. The dashed lines
represent the best-fit of the experimental data.

The power factor (¢°/p) values as a function of the | 1all carrier
concentration for p- and n-type CoSb;at room temperature

The electrical resistivity values as a function of the inverse temperature for
p-typce CoSby

The 1lall coefficient values as a [unction of the inverse temperature for p-
type CoSbs,.

The clectrical resistivity values as a function of'the inverse temperature for
n-type C oSbs.

The 1 lallcoefTicient values as a function of’ the inverse temperature for n-
type CoSbs.

The Hall mobility values as a functionofl the temperature for p-type
(t()Sbg.

The 1 Iall mobility values as a function of the temperature for n-type
CoSbs
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Iigure 11,

Figure 12,

Figure 13,

Figure 14.

Iigure 15.

Iigure 16.

Figure 17.

Iigure 18,

Fgure 19,

The Seebeck coelficient values as a function of the temperature for p-type
(‘()Sb}

The Seebeck coefficient values as a function of the temperature for n-type
CoSb,

The hole effective mass as a function of the 1 lall carrier concentration at
room temperature. The dashed line represents the best-fit curve of the
experimental data

The electron effective mass as a function of the | lan carrier concentration
at room temperaturc. The dashed line represents the best-fit curve of the
experimental data

The Seebecek coelficient values asa function of the Iall carrier
concentrationfor p-type CoSbs atroom temperature. The solid line
represents the best-ilt curve of the experimental dataand the dashed line
corresponds to the values calculated using the model proposed by Singh
and Pickett.

The Secbeck coeflicient values as a function of the temperature for sclected
p-type CoSbs samples. The solid lines represent the experimental data and
the doltcd-dashed line correspond 1o the values calculated using the mode]

proposed by Singhand Pickett.”

The hole mobility values as a function of the carrier concentration at room
temperature. The solid line represents the calculated values using a single
parabolic valence band mode] with acoustic phononscattering and the
dashcd line is the p behavior predicted by Singh and Pickett.”

X-ray lattice constant as a function of temperature for CoSbs
The thermal conductivity values as afunction of the temperature for n-

type CoSbs. The calculated lattice thermal conductivity values arc also
Shown,
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p-type IrSb; p-type CoSb;

Property _ Units .

1 allice constant A 9.2503 9.0345
X-ray density g/em® 9.356 7.621
1ixperimental density g/em® 9.16 7.582.
Decomposition temperature K 1414 1146
Shear sound velocity 105cm/s 4.675 4.590
Transversal sound velocity 105 cm/s 2.717 2.643
1)cbye temperature K 308 307
Thermal expansion cocflicient 10K 6.6 6.36
Griinei sen constant 1.42. 0.952
1ilectrical resistivity mQ.cm 0.429 1.894
11all mobility cm’/V's 1320 2835
11all carrier concentration 10%em’ 1.1 0.116
Scebek coeffi cient HV/K 72 220
1 .attice thermal conductivity mW/cm K 160 100
1 dTective mass (m*/mg) 0.17 0.153
Band gap ev 14 0.5s

Table




Sample Conductivity Carrier Electrical Hall Hall Seebeck

type concentration  resistivity coefficient mobility coefficient
(cm®) (mQem) (cm®C)  (cm?/Vs) (RV/K)

121 OEW2 ) 1.21E417 17.360 51.59 2972.0 280.0
100B22 P 439 E+17 5.303 14,21 2679.0 240.0
71NB13 P 1.16E+418 1.894 5,37 2835.7 220.0
23NB12 ) 151E+18 1.596 4.14 2596.0 179.0
2NB13 p 3.89E+18 0.812 1.61 1981.0 139.0
3NB13 p 4.37E+18 0.737 1.43 1944.0 138.0
2NB9 ) 9.45E+18 0.432 0.66 1578.0 80.0
1CS10 (0.08 at% Te) n 454E418 14.20 1.37 101.0 -452.0
1CS7 (0.1 at% Te) n 4.94E418 11.64 1.27 108.8 -443.0
1CS11 (0.15 at% Te) n 1.29E+19 5.57 0.49 87.0 -373.0
2CS9 (0.12 at% Te) n 1.52E+19 5.99 0.41 68.0 -364.0
40B25 (0.6 at% Pd) n 441E419 3.80 0.14 37.2 -280.0
0OB26 (1 at% Pd) n 1.38E+420 1.10 0.05 41.2 -180.0

Table I
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