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Synthesis and electrical and thermal transport properties are reported for several filled skutterudite
compounds doped with Ni: BaNi,Co,_,Sh;, with 0<x<0.2. Divalent Ba readily fills the cages

of the skutterudite structure and is effective in reducing the thermal conductivity of the structure.
The presence of a small amount of Ni increases the electron concentration, further reduces the
thermal conductivity, and enhances the thermoelectric power factor. Hall mobility studies indicate
that the addition of Ni to the system has the effect of increasing the relative strength of ionized
impurity scattering as compared to acoustic phonon scattering. These results suggest that doping
with Ni is an attractive avenue to optimization of filled skutterudites. The dimensionless
thermoelectric figure of meriZT was observed to increase from a value of 0.8 at 800 K for
Bay :C0,Shy, to a value of 1.2 for the sample witk=0.05. These materials show considerable
potential asn-type legs in thermoelectric power generation at elevated temperature200®
American Institute of Physics[DOI: 10.1063/1.1450036

I. INTRODUCTION 44% of the voids can be filled with Ba without any charge
compensation, and the lattice thermal conductivity was dra-

The filled skutterudites based on CeSfave been at- matically reduced compared to the unfilled host. The divalent
tracting substantial interest because of their promising themature of the Ba atoms may be at least partly responsible for
moelectric performanck.The properties of the particular the anomalously high filling fraction, donating fewer elec-
filler atom, such as atomic radius, mass, and valence, hawgons to the system than trivalent La or Ce. The situation is
considerable influence on the electrical and thermal transikely more complicated than simple electron counting for it
port. For example, an undersized filler atom is thought towas found that only 22% of monovalent Tl could be
“rattle” about its equilibrium position inside the cagelike incorporated into the voids of CgShy,, and the question of
voids of the parent binary compound, thereby reducing theyhy the Ba filling fraction is so high is still being pursued.
Iatt'lce thermal conductlvn}.. At the same time, the incorpo- p| Ba,Co,Shi, samples have respectable thermoelectric
ration of these electropositive elements adds electrons to trﬁoperties and the compound BaCo,Sb;, shows increas-
structure. Filling the voids with La or Ce, and compensatinging ZT with increasing temperature that reaches a value of
for the excess charge by doping with Fe on the Co site or SR 1 4t 850 K. This is one of the highest experimentally de-
on the Sb site results ip-type samples=® A dimensionless  termined thermoelectric figures of merit reported fetype

figure of merit ofZT=1-1.4 was found for temperatures gy ,iteruditegcompared to extrapolated values of 0.8 at 800
between 700 and 1000 K for samples of this P&t ¢ for T1,,,C0,Shy, (Ref. 11 and ~1 at 600 K for
should be noted, however, that only about 10% of the voids(b0 1 L0,Shy, (Ref. 10].

can be filled with Cd&Ref. 4 and up to 23% in the case of La

(Ref. 5 without charge compensation, so the ability to obtain

n-type filled skutterudites has been hampered. Recentl
Hladl0 ; 1 i S i

Yb-filled'® and T-filled" n-type skutterudites with high ther- this technique in their study of the thermoelectric properties

moelectric performance were report_ed. _ of Yb,Co,SnShy, . It was found that the compensation of

. In our regt_ent work, we S{thes'zed a series of Sampl("\%harge inn-type samples by substitution of Sn for Sb re-
with composition BgCo,Sby,. """ We showed that up 10 o yraq in jower values oZT, a finding that is similar to
studies on other systems. On the other hand, several re-
3Author to whom correspondence should be addressed; electronic maip€@rchers have noted relatively high thermoelectric perfor-
jdyck@umich.edu mance for unfilled, heavily-type (10?°°- 107 cm™2 range

One step to realization of high&T values in these ma-
terials is to further tune the electrical properties via doping
Y%n the framework structure. Dillest al** recently employed
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Co,Shy, achieved by substituting Ni, Pt, or Pd for €o'’or ~ fine copper—constantan thermocouples, with a miniature
Te for Sb*>*8These factors suggest thatype doping rather ~strain gauge serving as a heater. The copper legs of the ther-
than charge compensation of amtype filled skutterudite Mmocouples were used as voltage probes for resistivity and
may be beneficial. Small amounts of Ni in {8, have an thermopower measurements, and the Seebeck coefficients
attractive effect of lowering the total thermal conductivity were corrected for the contribution from the Cu wifes?
and increasing the electrical conductivify?®In early inves-  Radiation loss is an unfortunate and unavoidable error in all
tigations by Dudkin and Abrikoso¥ it was concluded that thermal conductivity measurements made using a longitudi-
the presence of up to 1 at. % Ni “corrects” structural distor- nal steady-state technique manifested by deviations from the
tions in the lattice, resulting in increased microhardness antfue value that increase with temperature above about 200 K.
carrier mobility. In order to determine the radiation loss experimentally, we
The aim of the present work is to ascertain the effect ofmade a subsequent measurement with the sample detached
Ni on the properties of B&0,Shy,. The wide filling space from the heat sink(sample hangs by its thin connecting
of Ba (y=0-0.44) makes it an ideal candidate for this studywires) and determined the amount of heat needed to supply
since it is not expected that the addition of electrons to d0 the heater that raises the temperature of the entire sample
partially filled compound will exclude the Ba atoms. The to the same average temperature as during the actual mea-
results are analyzed within a model of mixed acoustic latticesurement of the thermal conductivity. The values of the ther-
and ionized impurity carrier scattering. mal conductivity were then corrected for this radiation loss.
The magnitude of the correction was typically around 10%
of the total thermal conductivity for these samples at 300 K.
. EXPERIMENT Hall effect and additional resistivity measurements were per-

Polycrystalline samples having compositionsformed in a Quantum Design superconducting quantum in-
Ba,Ni,Co,_,Shy, with y~0.3 and 6<x<0.2 were prepared terference device magnetometer system with 5.5 T magnet
as fol)iows.xHigth pure metals of B&99.9%, platg Sb using a Linear Research ac bridge with 16 Hz excitation on

(99.9999%, powder Ni (99.9%, powder and Co(99.99%, small specimens cut from the large ones u_sed for thermal
powde) were used as the starting materials. Because thif@nsport measurements. Data were taken in both positive
reaction between Ba and Sb or Co is highly exothermic, it i&"d negative magnetic fields to eliminate effects due to any
difficult to directly melt or react a mixture of the constituent ProP€ misalignment. The absolute uncertainty in all the mea-
elements. In the present study, a two-step solid reaction was!"€d fransport parameters is estimated to be less than 5%,
used. A binary compound of Baghnd a ternary compound limited primarily by the measurement of probe separations.
of Ni,Co,_,Sh, were first synthesized by reacting the con- For measurements over the temperature range of 300—

stituent elements in a flowing Ar atmosphere. Reaction temP00 K, the thermoelectromotive forakE was measured at

perature and reaction time were 903 K for 72 h and 973 Kfive different temperature gradients€@ T=<10 K), and the
for 168 h for the synthesis of Bagtand Nj.Co,_,Sh,, re- Seebeck coefflcn?nt was obtained from the slope .ofAIEe
spectively. For the synthesis of a BaStmmpound, it is im- versusAT plot. High temperature th'erma'\l conductlwty was
portant that the samples be heated slowlyi K/min) from measured by a laser flash meth@hinkuriko: TC-7000in
room temperature to 793 K and be kept at that point for 12 Fyacuum.

before being heated to the reaction temperatgea K). The
resulting compounds, Bagkand NiCo,_,Sh,, were then
crushed and mixed with Sb in various Ba:((NCo):Sb
=y:4:12 molar ratios and pressed into pellets. The pellets  Temperature dependence of the electrical resistivity for
were heated and reacted three times at 973 K under an Ahe Bg 3Ni,Co,_,Sb;, samples is shown in Fig. 1. The elec-
atmosphere for 72 h. The reacted materials were milled intdrical behavior of all samples shows metallic temperature de-
fine powder and washed with HEHNO; to remove a slight pendence, which is expected from a heavily dofisbener-
amount of impurity phase$b and NjCo, _,Sh,). Toforma  ate semiconductor. At room temperature, the resistivity first
fully dense polycrystalline solid, the obtained powder wasdrops as the concentration of Ni increases ug+td.1, and
sintered by the plasma activated sintering method. Sinterinthen begins to increase. From the room temperature value of
was performed at a temperature of 873 K for 15 min. the Hall coefficient, we calculated the carrier concentration

The skutterudite phase of the samples was verified bysing the equatiolRy=A/ne, whereA is the Hall factor
powder x-ray diffractometryRigaku: RAD-C, ClK«). The  which depends in general on the scattering mechanism and
crystalline structure was refined by using a Rietveld crystaldegree of degeneraci.does not differ from 1 by more than
lographic analysis program. Chemical compositions were det0% for degenerate systefiga condition we establish be-
termined by electron probe microanalysis and inductivelylow), so we take it to be 1. Figure 2 shows that the carrier
coupled plasma emission spectroscopy. concentration increases as the Ni content increases.

The measurement of thermal conductivity, ther- The thermopowes and thermal conductivitk are dis-
mopowerS, and electrical resistivity at low temperatures played as a function of temperature in Figs. 3 and 4, respec-
(2—300 K was carried out in a cryostat equipped with two tively. All samples have negativ8 with a nearly linear in-
radiation shields. A steady-state longitudinal method wagrease in magnitude with temperature, aspects which are
employed and typical sample dimensions werex3  consistent with degenerate electron transport. The most sur-
X 10 mn?. Thermal gradients were measured with the aid ofprising thing about this data is that, although the carrier con-

lll. RESULTS AND DISCUSSION



3700 J. Appl. Phys., Vol. 91, No. 6, 15 March 2002 Dyck et al.

12_""]""[ 1T I T T T
| 10 T T i
) Ba, ;Ni,Co,,Sb,
L sl ] o x=0 4
10 b - v x=0.02 -
[ sLe T=300K e | x=0 G o 128:82
o} ° ] X a  x=0.2
gl 4t A 4 o B > a
£ o 2 .
1 2 L | o] ] [75) 9
! 0.0 0.1 02 © ] A )
v ° 751 06 @ ]
e 6 X A)AOAAAVAVA€_§ 75 ooem ]
' x=0.2 AAAAA?’Q o v g vV 1 o 8 g
r A
- a4} x=0.05 &
vV - PR PRSI AURDRSI SN SUTN SRR ¢
4 o o, % g 100
B 0.02 o 5o & -0 1 0 50 100 150 200 250 300
r x=0.
I OoO P x=0.08 | T (K)
eaeaes 85 ]
oWmprrT L FIG. 3. Seebeck coefficient vs temperature fog B&,Co,_,Sb;,.
0 50 100 150 200 - 250 300

T(K)
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FIG. 1. Tgmperature depen'dence of the electrlc.al.r(.esstlvnty from'2 to SOQ Kbehavior Of,u for a series of samples §ﬁ0 Sbl without
for Bay gNi,Co,_,Shy,. The inset shows the resistivity as a function of Ni ™~ - ZHH ) 4012
concentration at 300 K. Ni [see Fig. 5a)]. The Ni-free samples cover a comparable
carrier concentration range to those of the Ni-doped samples.
For all of the Ba-filled skutterudites without Ni,, follows
centration increases by a factor of 3 over the rangex of a T~3?2 dependence near room temperature, and saturates to
studied, the room temperatu@values do not change by a constant value below about 20 K. This behavior is sugges-
more than 10%. In factd increases marginally as the Ni tive of a combination of scattering by acoustic phonons at
concentration increases fror=0.02 tox=0.2. The room high temperature, and neutral impurities below 20 K. The
temperature  thermal conductivity values for thecase is clearly different for the samples containing[dée
Bay NiCo,Shy, samples range from 3.8 to 4.5 W/mK, Fig. 5a)]. As the Ni concentration increases, the slopes of
and are not strongly temperature dependent down to 50 Khe u,, versus T curves near room temperature become dis-
Also shown in Fig. 4 are data for two other Ba-filled/Sty,  tinctly less negative, indicating the presence of more than
samples without Ni and with lower Ba filling fractions. one dominant scattering mechanism within a picture of a
These data illustrate the strong effect the Ba occupancy hasingle, rigid band. Because Ni acts as an electron donor in
on « both at room temperature and at the peak near 60 Khis system, there will be additional scattering due to ionized

The subsequent effect of Ni for fixed Ba content is not agmpurities. Likewise, barium atoms donate electrons to the
dramatic, althoughk is minimized forx=0.05.

Temperature dependence of the Hall mobiligy,
=Ry /p is shown in Fig. 5. Room temperature values are
approximately 10 cAiV's, which are somewhat higher than 20—

that for Ce or La-filled skutterudites with comparable carrier 18 _ Bay 0,C0,Sb,,
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FIG. 2. Hall electron concentration vs Ni content at room temperature for(open symbols Also shown are two samples without Ni but lower concen-
Bay INi,Co,_,Shy,. trations of Ba(filled symbols.
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i 03 XTI whereF () is the Fermi function. Equation@) and (5),
) I C : in principle, represent the tools necessary to determine the

10 100

T (K) scattering parametea and reduced Fermi energy. How-

ever, one must known* to simultaneously solve the equa-
FIG. 5. Temperature dependence of the Hall mobilifg,(p) for (a) tions given the experimental transport parameters. Again, to
Ba,Co,Shy, and (b) Bay MNi,Co,_,Shy,. Symbol definitions forb) are the  understand the underlying behavior, we first deterntirfe
same as in Fig. 4. The dashed lines shoW &2 dependence expected from  for the samples without Ni.
purely acoustic lattice scattering. Given that the Hall mobility data for B&o,Shy, seem

to unambiguously indicate acoustic lattice scattering is domi-

nant at room temperature, we calculated the effective mass as
system, and therefore have a net positive charge. Howeve®, function of carrier concentration for this system in the limit
there is a clear distinction in this case since these atoms afe—0. From Eq.(5) we find 5 and, together with the Hall
understood to reside inside the oversized cages. Provided ti§&rrier concentration, solve E() for m*. These results are
charge transport takes place primarily on the$lm, frame-  shown in Fig. 6open circlesand indicate thatn* increases
work, it is feasible that the carriers are not strongly affectedvith carrier concentration. Also shown are the effective
by the charged filler atoms. masses calculated for the Bali,Co,_,Sh;, samples calcu-

To describe the influence of Ni on the transport properlated under the same assumption of the dominance of acous-
ties, we consider a model of mixed carrier scattering. In thigic phonon scattering, i.e., @—0. Acoustic lattice scatter-
case, the mobility depends on two relaxation times: one coring is commonly cited as the dominant scattering mechanism
responds to scattering of electrons by acoustic vibratipns near room temperature in  filled and unfilled
= TOL871/21 and the other one is due to scattering on ionize(ﬁkuttel’udite§17’11’le|f this assumption were made here, the
impurity atoms 7= ry5,¢%% Here, ¢ is the reduced carrier calculated effective mass depicted in Fig. 6 increases to
energy. It is easily shown that a combined relaxation time M* =7my upon addition of Ni, suggesting a strong influence

can be expressed as on the band structure. This is unlikely for such small concen-
trations of impurity. Therefore, in order to proceed, we make
o g2 the assumption that the dominant effect of Ni on this system

oL

(1) is to add electrons and increase ionized impurity scattering
within a rigid band approximation.
As others have noteld;'® the carrier concentration is
where well described in terms of a two-band Kane model:

T=——5,
e?+a?
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lated assuming acoustic lattice scattering and a single parabolic band. The

solid line is a fit of the BaCo,Shy, data to the Kane model given by E§) FIG. 7. Dimensionless thermoelectric figure of m&tik as a function of
with mjj =2m, andE4=0.175. temperature from 5 to 300 K for Ni-doped Ba-filled skutterudites.

27 Figure 7 depicts the beneficial effect of Ni on the ther-
Nk 9 moelectric figure of meritZT (=S?0T/«) observed for
Bay sNi,Co, ,Sbhj,. ZT at room temperature increases sig-
wheremy is the effective mass at the bottom of the band andhificantly up to Ni concentrations of=0.05 and then dimin-
A=E4/kgT is the reduced band gap energy. The observegshes. This can be understood qualitatively within the mixed
changes in effective mass are compared to the Kane modgtattering model from the standpoint of the power factor
by using Eq.(9) with E;=0.175eV andmj =2m, and the 52, |f one simply plots the square of E65) multiplied by
agreement is quite good. These results for effective masgq (3), it is evident(see Fig. 8 that increasing the relative
concur with prior experiments:*®2* Additionally, band strength of ionized impurity scattering enhances the power
structure calculations have shown that the bands close to thgctor provided the Fermi level is not increased too much.
Fermi level are well described by the Kane model and haverhjs is an important feature, because the ability to tailor
predicted a band gap of 0.22 é¥/Having established the carrier scattering in a thermoelectric can be used as a tool to
relationship of effective mass to reduced Fermi energy, W&ptimize its performance. The calculations in Fig. 8 do not
can determine room temperature values &dr the Ni doped  ake into account the change in effective mass with doping
samples. The values afand  as calculated from Eq$4),  |evel (Fermi leve), which would bring the relative magni-
(5), and (9) are given in Table I. From this analysis, the ,des of the three curves closer together.
parameten increases from an initial value of 0.5 for samples The lattice thermal conductivity, can be calculated by
with no Ni content to a value of 3.3 for samples with the gyptracting the electronic contribution via the Wiedemann—

highest Ni content, indicating a smooth crossover from transgyanz law from the total thermal conductivity. The Lorenz
port dominated by acoustic lattice scattering to that domiy,ymberL in the mixed scattering model is

nated by ionized impurity scattering. This increaseioor-

*

m*=mg| 1+

. 2 2
responds to a~40-fold decrease ofy, relative to that of L:(@) ®y(n,a)°—P3(n,a2)Ps(7,a) 10
ToL - e D3(7,a)°
TABLE |. Room temperature transport parameters fog B&,Co,_,Sh;,.
Bay 4C0,Shy, Bay Nig 02C03.985b12 Bay Nig 05C03 955b1> Bag Nig 0sC03 9:Sh1» Bag Nip ,C03 6Sbi,
p (uQ m) 8.99 6.67 5.15 4.60 6.24
n (cm 3 6.40x 10%° 8.68x 107° 1.10x 107 1.25x 107 1.82x 107
wn (CmV s) 10.84 10.82 11.08 10.84 5.50
S (uVIK) —97.96 —88.23 —90.31 —-91.37 —93.13
k. (W/m K) 3.90 2.92 2.75 3.22 3.16
m* (mg) 3.50 3.77 4.02 417 458
n 2.68 3.12 3.48 3.70 4.40
a 4.48 0.58 1.33 1.79 3.33

L (VIK?) 1.90x10° 8 1.95x 1078 1.95x10°8 1.96x10°8 2.02x10°8
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Ni,Co,_,Sh;.111%2|n these studies, the dominant phonon
scattering mechanism was attributed to electron—phonon in-
teraction.

The room temperaturgT value is obviously too small to
be of interest for thermoelectric applications at these tem-
peratures, though the trend with addition of Ni is encourag-
ing. It is therefore imperative to experimentally determine
the transport properties at high temperatures. Figure 9 illus-
trates the transport properties agd over the temperature
range 300—800 K. The agreement at room temperature be-
tween the two sets of data is within 20% with the exception
of the p value for thex=0 sample. This mismatch of the data
at room temperature arises from the use of different experi-
mental methodgac versus dc technique and very different
techniques to determine thermal conductiyifgr the low
temperature and high temperature data sets. However, we
observe that the overall trends are preserved, and that this is
So up to 800 K.

At elevated temperatures, the electrical resistivity con-
Values ofL calculated using Eq10) are approximately 20% tinues to increase with temperature for all samples contain-
smaller than the Sommerfeld value of 2:440 8 V2/K2,  ing Ni. The resistivity of BgsC0,Sb;, peaks near 500 K and
and reflect the partial inelasticity of the carrier scattering.then begins to decrease. This downturn is likely associated
Resulting room temperature lattice thermal conductivities asvith the onset of intrinsic conduction in this material. As the
a function of Ni concentration are given in Table I. Addition carrier concentration is increased due to the presence of Ni,
of Ni to Bay :C0,Shy, suppresses the lattice thermal conduc-the Fermi level is forced deeper into the conduction band,
tivity relative to the Ni-free sample, and a minimum value of and hence the resistivity for the samples containing Ni does
2.75 W/m K is obtained fox=0.05. We and others have not reach a maximum up to the highest temperatures. At the

S(n,a)’ o(n,a)

FIG. 8. Dependence of the power fact@®?(p) on the degree of ionized
impurity scattering as expressed by the paramefer several values of the
reduced Fermi level using Eqs(3) and(5).

observed a significant reduction of k. in same time, the increasing carrier concentration systemati-
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3704 J. Appl. Phys., Vol. 91, No. 6, 15 March 2002 Dyck et al.

60 5.0 tures. All of these factors help to increase the thermoelectric
performance.

55 45

N¥ . IV. SUMMARY AND CONCLUSIONS
X

§ 50 L 40 E Barium-filled skutterudites doped with Ni
e % (Bag aNi,Co,_Shy, with 0<x<<0.2) have been synthesized.
N\: Electrical transport of all of the samples is consistent with

45 + 3.5 that of a degenerately doped semiconductor. Hall mobility
studies indicate that the carrier scattering in samples without

Ni, Ba,Co,Shy(0<y<0.44), is dominated by acoustic

A Y T R Ve ——r phonons near room temperature. The addition of Ni results in
Ni concentration, x an increase of the room temperature carrier concentration,

giving rise to ionized impurities which influence the mobility
FIG. 10. Power factor and total thermal conductivity at 800 K as a functiongnd affect the transport properties by changing the relative

of Ni contentx. . . : L
influence of scattering due to acoustic phonons and ionized

impurities. Effective masses also rise due to the doping ef-
fect. The dimensionless thermoelectric figure of mefit
cally lowers the magnitude of the Seebeck coefficient. Withincreases from 0.8 forx=0 to 1.2 for x=0.05 at T
increasing temperature, we expect acoustic phonon scatterirrg800 K. We attribute this enhancement BT to both the
to begin to dominatga(T) decreasgstherefore the effect of doping effect of Ni and the accompanying increase of the
ionized impurity scattering in enhancing the thermopowerionized impurity scattering. These beneficial effects due to
for Ni-doped samples is not as strong as it is at room temthe presence of a minute amount of Ni may not be unique to
perature. However, the heavy electron masses help to sustaime BgCo,Sh;, system. Therefore these results highlight the
robust values ofs. Although Seebeck values are decreasingneed to investigate Ni doping in other £3b,-based filled
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