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Charge-Compensated Compound Defects in Ga-containing

Thermoelectric Skutterudites

Yuting Qiu, Lili Xi, Xun Shi,* Pengfei Qiu, Wenqing Zhang,* Lidong Chen,
James R. Salvador, Jung Y. Cho, Jihui Yang, Yuan-chun Chien, Sinn-wen Chen,

Yinglu Tang, and G. Jeffrey Snyder*

Heavy doping changes an intrinsic semiconductor into a metallic conductor
by the introduction of impurity states. However, Ga impurities in thermoelec-
tric skutterudite CoSb; with lattice voids provides an example to the contrary.
Because of dual-site occupancy of the single Ga impurity charge-compen-
sated compound defects are formed. By combining first-principle calcula-
tions and experiments, we show that Ga atoms occupy both the void and Sb
sites in CoSb; and couple with each other. The donated electrons from the
void-filling Ga (Gayf) saturate the dangling bonds from the Sb-substitutional
Ga (Gagy). The stabilization of Ga impurity as a compound defect extends
the region of skutterudite phase stability toward Gag;5C0,Sb;; 95 whereas
the solid—solution region in other directions of the ternary phase diagram is
much smaller. A proposed ternary phase diagram for Ga-Co-Sb is given. This
compensated defect complex leads to a nearly intrinsic semiconductor with
heavy Ga doping in CoSb; and a much reduced lattice thermal conductivity
(x1) which can also be attributed to the effective scattering of both the low-
and high-frequency lattice phonons by the dual-site occupant Ga impurities.
Such a system maintains a low carrier concentration and therefore high ther-
mopower, and the thermoelectric figure of merit quickly increases to 0.7 at a
Ga doping content as low as 0.1 per Co,Sb;, and low carrier concentrations
on the order of 10'% cm™.

1. Introduction

transport, or optical properties.l'®l In ther-
moelectric materials, aliovalent defects
are usually introduced to add or subtract
electrons from the bands to tune the car-
rier concentration, which is essential to
achieving optimal dopant concentrations
and an optimized performance.’?) The
addition of an impurity element usu-
ally forms one dominant type of defect,
and the material will be turned into an
n-type or p-type semiconductor. How-
ever, in wide-bandgap materials such as
oxides, the energy required to add or sub-
tract an electron from the conduction or
valence band is so high that compensating
defects are often formed.['-13] Frenkel and
Schottky defects, with charge-balanced
complexes that contain different anions
and cations, are common examples of
compound defects that are formed to ther-
modynamically compensate for the effects
of electronic doping.['4-1¢l

Skutterudite compounds, having an
unusual caged structure, are excellent
narrow-bandgap thermoelectric materials
at intermediate temperatures.'"*] Binary
skutterudites have a general formula MXj,
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Doping in semiconductors introduces impurity defects into the
system that could significantly change its electrical, thermal

where M is Co, Rh, or Ir, and X is a pnictogen such as P, As,
or Sb. They crystallize into a body-centered-cubic structure
(Im-3). A conventional unit cell contains 32 atoms arranged in
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eight groups of MX; blocks. The transition metal M occupies
the 8c-sites and the pnictogen atoms (X) occupy the 24g-sites
to form MX; octahedra with the metal atom M in the center.
There are two large lattice voids (icosahedral voids) at the 2a
sites, which are surrounded by 12 X atoms.! Therefore, the
chemical formula of skutterudite structures can also be written
as VFM,X;,, where VF represents the void-filling site. Impuri-
ties in thermoelectric skutterudites are typically described in
terms of a single defect type. This is quite reasonable for many
impurity atoms as the chemistry of each site in the structure
dictates which defect type is likely to dominate.l'’~'! Large
alkali, [29-23] alkaline earth,['7242%] or lanthanoid metals®26-3% are
too big for the transition metal site, but would fit into the large
voids, donating their valence electrons to the CoSb; framework
resulting in n-type materials.

The nature of group 13 impurities in CoSbs, particularly
Ga and In, has generated much debate because these Ga- or
In-doped materials were found to show high thermoelectric
figures of merit,31-34 but the nature of this form of doping is
still a matter of ongoing debate. At first it was assumed that
group 13 elements occupy the void positions exclusively and
donate electrons, which results in n-type ternary materials. T1
was expected to donate one electron in CoSbs,1*>=38l but for In
and Ga it is not clear whether one or three electrons would be
donated by void filling.31-343%#4 [t was also predicted that such
filling of group 13 elements is energetically unfavorable.®! Sev-
eral studies have shown GaSb- and InSb- containing compos-
ites were formed and it was concluded that Ga and In have vir-
tually no solubility in CoSb;.13%41434547] There was yet another
report claiming that In could possibly substitute Sb in CoSbs
with little to no substitution on the void position.133! Finally, as
Ga*" and In3* are similar in size to Co®*, it may also be possible
for these atoms to substitute the transition metals.

Complicating this debate is the possibility that there is no
dominant single defect type in skutterudites with group 13 ele-
ments, but that compound defects are formed similar to those
found in wide-bandgap oxides. Amphoteric impurities were
also observed in a few thermoelectric materials*® in which a
single impurity type formed both donor and acceptor defects.
If both donor and acceptor defects exist, and form in equal
amounts the material will be nearly fully compensated with few
free carriers.*’]

In this study, we show both theoretical and experimental
evidence for the presence of charge-compensated compound
defects in CoSb; with Ga impurities. In this dual-site occupant
system, (Gayg),Co4Sbyy../2(Gagy)y, the presence of the Gayg-
Gag, compound defects naturally explains the transport data
and sheds light on the debate concerning the occupancy of
not only Ga but also In and Tl in skutterudites. Such ampho-
teric dopants are also expected to affect the filling behavior of
alkaline-earth or rare earths in (Yb,Ga)- or (Ba,In)- dual filled
CoSb; because current results suggest that group 13 elements
may reduce the carrier concentration by substitutionally occu-
pying the Sb sites.*% Owing to the charge-compensated
compound defects, CoSb; with Ga impurities shows intrinsic-
semiconductor-like electrical transport properties with low
carrier concentrations and very large thermopowers. Also, the
dual-site occupancy induces a wide frequency range of lattice
phonons through a combination of point-defect scattering from
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the Gag, and resonant scattering from the filler, leading to a
substantial reduction in lattice thermal conductivity (x7) and a
rapid increase of the thermoelectric figure of merit zT in CoSb;
with Ga impurities.

2. Results and Discussion

2.1. Structural Characterizations and Phase Diagram

2.1.1. Theoretical Identification of Stable Phases

Group 13 elements can be substituting at the void (2a4), Sb (24g)
and Co (8¢) sites. The chemical reactions and the corresponding
Gibbs free energies per Ga for these different substitutional
scenarios can be written as follows:

4COSb3 + xGa — (Gavp)xCo4Sb12
AGy = (EGays)scosshy, — TAS+ xAF, — 4icosh, — Xpca)/x (1)

4CoSb; + xGa — Coy—_,(Gac,)xSb1z + x¥Co
AGy = (Ecoy (Gaco)xSbiz — TAS+ Xidco — 4lhcosh; — Xlhca)/ X (2)

4CoSb; + xGa — Co,4Sby,_,(Gagy), + xSb
AGs = (Eco,shy,_y(Gasp)e — TAS+ Xptsh — 4ficosb; — ¥pica)/ x (3)

Here x is the fraction of filling or substitution. Ey; is the cal-
culated total energy of U (U = (Gayg),Co4Sbys, Co4,(Gacy)y)Sbia,
Co,Sby,.(Gagp)y), Ug is the chemical potential for the chemical
species R, and AFy is the vibration contribution to the Gibbs
free energy per filler atom in the voids; AS is the configuration
entropy due to the random distribution of fillers in CoSbs. The
doped Ga atoms are in the voids for Equation 1, at the Co sites
for Equation 2, and at the Sb sites for Equation 3. The possi-
bility of Ga substituting for Co can be easily excluded as the cal-
culated Gibbs free energy of Equation 2 is always much higher
than those of Equation 1 and 3.

The calculated Gibbs free energies (AG; and AG;) from
Equation 1 and 3 are shown in Figure 1a. They are positive over
nearly the entire composition range, even though the entropy
from the random distribution of the Ga atoms at the voids or
Sb sites is taken into account at high temperatures. This indi-
cates that Ga-related defects are thermodynamically unstable
if the Ga atoms only fill the voids or only substitute Sb at the
framework of CoSb; as a single defect type, implying Ga is not
a dopant that has a large effect on the transport properties of
skutterudites. However, this conclusion is in direct contradic-
tion with the experimental reports that the transport proper-
ties are always altered in Ga-doped skutterudites, including
reported n-type semiconducting behavior related to Ga atoms
that were speculated to be in the voids. Pure binary CoSbs; by
contrast is usually a p-type semiconductor. We therefore con-
sider some other Ga occupancy possibilities beyond the single
defects, most likely a compound defect or defect complex must
be present in Ga-containing skutterudites. Considering the low
electron concentration and electrical conductivity observed for
Ga-containing CoSbs, a charge-compensating defect complex
is expected. The most reasonable explanation is that Ga atoms
may simultaneously occupy the void and Sb sites resulting in
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Figure 1. a) Calculated Gibbs free energy (AG) as a function of doping content of Ga in
CoSbs skutterudite at 923 K. b) The calculated band structure of Co,Sby,, CosSbyy.,(Gagp)s,
(Gayr)+Co4Sby;.(Gasp)x» and (Gayr) Co4Sbi.yj2(Gasp) p2- The flat unoccupied band is related to
a Ga-substitution-induced dangling bond and is clearly shown in the second picture of Figure
1b. A stable material with charge-compensated compound defects (the fourth picture of Figure
1b) has a band structure similar to binary CoSb; without dangling bonds.

charge-compensated behavior as Ga at the 2a site would donate
electrons whereas the Ga at the Sb site accepts them.

For such dual-occupancy compound defects, the chemical
reaction, and the corresponding Gibbs energy per Ga are
written as follows:

4COSb3 + (X =+ y)Ga — (GaVF)xCOA;Sblz,Y(Gasb)Y + Ysb
AGy = [(EGaVF)xCo4Sb12_Y(GaSb)Y — TAS+ xAF,)
YISy — Hitcosn, — (x+ P)ical/ (X + ¥) )

where x is the filling fraction, y is the substituting frac-
tion, and  EGap).Cosshy, ,(Gasy)y IS the total energy of
(Gayp)Co4Sby; — ,(Gagp), Ga atoms simultaneously enter both
the voids and Sb 24g sites to form a compound defect and act as
an amphoteric impurity. The low carrier concentration observed
in Ga-containing CoSbs requires the Ga-related amphoteric com-
pound defects to be charge compensated. We expect an effective
charge state of +1 for Ga in the voids (see the details below).
Therefore, the chemical formula for the Ga-containing CoSbs
with charge-compensated compound defects could be written
as (Gayp)xCo4Sby;..2(Gagy)xp Figure 1a also shows the calcu-
lated AG, for (Gayp),Co4Sbyy.y/a(Gasp)yz at 923 K, which pos-
sesses the lowest values and becomes negative at about x < 0.25.
The formation energy (-0.116 eV) of GaSb, a known secondary
phase in Ga-containing CoSbs, is also shown in Figure 1a, and
it can be seen that it is lower than AG, for x > 0.08, indicating
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that (Gayp),Co4Sbiz.x2(Gagp)y, is the most
stable phase when x is lower than 0.08. In
other words, the maximum filling fraction for
Ga in Co,Sb;, should be around 0.08, and the
total fraction of Ga atoms in a unit of Co,Sb,
should be around 0.12 (= 1.5x) at 923 K.

The underlying mechanism for the unstable
single-type defects is related to the modifica-
tion of the chemical bonds and electronic
structures. Binary CoSb; is a narrow-bandgap
semiconductor with all bonds saturated and the
electronic levels fully occupied to the top of the
valence band. The substitution of an Sb atom by
Ga in the framework leads to one unsaturated
Gagyp,-based dangling bond, because Ga has two
valence electrons less than Sb. The Ga-related
defect level is located just above the Fermi level
and is unoccupied, which leaves the system
containing Gag;,, unstable. As the void is filled
by Ga, the electrons donated from the void-
filling Ga (Gayg) saturate the Gagy,related dan-
gling bond or the unoccupied empty level. This
shifts the Ga-related level deep into the valence
band with full electron occupation which
lowers the energy of the whole system and
makes the Ga-containing CoSb; stable. With
this charge-compensated dual-site occupancy
of Ga impurities, the Ga-containing CoSb;
shows an intrinsic-semiconductor-like elec-
tronic structure. Interestingly, the band struc-
ture of (Gayg),C04Sb1.4/2(Gagp)y2 is essentially
unchanged from that of CoSbs (see Figure 1b),
particularly the bandgap and the primary band
structure characteristics close to the edge of the
conduction and valence bands are alike. The effective charge state
of Ga in the voids of skutterudites is determined by the energetic
disposition of the outer 4s and 4p electrons. If two 4s electrons
and one 4p electron are completely transferred to the skutteru-
dite framework, the charge state of Ga is +3. If only the 4p elec-
tron is transferred, it is +1. Whereas (Gayg),C04Sb1;.4/2(Gagp)x/2
shows a semiconductor-like band structure (see Figure 1b), the
Fermi level Ep in (Gayg),Co,Sbyy,(Gagp), with equal Ga atoms
in the voids and Sb sites, is observed to be located deep in the
valence band, leaving some band-edge states unoccupied. There-
fore, the actual charge state of Gayg should be around +1. Two
Ga ions at the void sites and one at the Sb-substitutional site
form a fully charge-compensated compound defect complex, and
the final Ef is located in the middle of the bandgap as shown in
Figure 1b. The calculated Gibbs free energies shown in Figure 1a
also indicate that the composition (Gayr),C04Sb1y../2(Gagp)y2 18
thermodynamically stable. Ga-containing CoSb; compounds with
these compositions should thus be electronically similar to binary
CoSb; semiconductors.

2.1.2. Structural Characterizations in Experiment and
Phase Diagram

Powder XRD patterns for these Ga-containing samples (see
Section 2.1.1) are shown in Figure 2a. All major reflections are
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hases, such as GaSb or Sb, are observed (see
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: rity atoms are stabilized by the simultaneous
Co‘."*(Ga &Sj‘z an _u [ A othupancy of both the Voig and Sb sites.
Electron probe microanalysis (EPMA)
CoSb PDF#65-3144 measurements were carried out at four dif-
—_— ——————r———r ferent locations on the samples, and the
20 30 40 50 60 7023 24 25 26 27 28 29 30 average compositions are listed in Table 1.
20/deg 20 /deg The secondary X-ray maps show that there are
many Ga-rich impurity phases in the single-
12.02(G8¢,), (d) type defect (SD) samples (Gayg),Co4Sbyy,
Coy.(Gacy),Sbyy, and Co,Sby,.,(Gagy),. How-

ever, the Ga is nearly completely homoge-
neously distributed in the charge-compen-
sated compound defect (CCCD) samples

(Gayp)xCo4Sbiy.y/a(Gasy)y, (see Figure 3d).
Furthermore, the Ga content in the single-

WWWWVVJ’WMWW type defect samples is very low even though
} high nominal Ga compositions were used

for sample preparation. However, we could

) detect a relatively large Ga content close to

7023 ' 2'4 ) 2'5 ) 2I6 ' 2'7 ' 2I8 ' 2'9 ) 30 the nominal compositions in the charge-

26 /deg 26 /deg compensated compound defect samples

(GaVF)xCo4Sb12_x/2(Gasb)x/z (See 1) with few

Figure 2. Powder XRD patterns of Ga-containing skutterudites with nominal compositions secondary phases. The total doping content

designed to realize a) the various single-type defects (SDs) and b) the charge-compensated

compound defects (CCCDs). For SD samples, only the results for compounds where x = 0.1

are shown. For CCCD samples, the actual x values are estimated by EPMA analysis and indi- :

cated. c,d)Magnification of the powder XRD patterns of the polycrystalline SD (c) and CCCD defect samples are estimated to be around

(d) samples. 0.15 and 0.1, respectively, according to EPMA

data. This is consistent with our X-ray data

and theoretical calculations, strongly sup-

indexible to the skutterudite phase for samples with nominal  porting the proposition that impurity Ga atoms form charge-

composition (Gayg),Co4Sbiz,/2(Gasp)y, With no significant  compensated compound defects in CoSb; by occupying both
traces of impurities. However, small amounts of impurity  the void and Sb sites.
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and the maximum filling fraction in the voids
for Ga in the charge-compensated compound

Table 1. Nominal Ga compositions, the total Ga compositions in the skutterudite phase estimated by EPMA, Seebeck coefficients (S), electrical
conductivities (o), and lattice thermal conductivities (ki) at 300 K for Ga-containing skutterudites with single-type defect and charge-compensated
compound defect.

Samples Nominal Ga Total Ga Composition S o [x10*S m™] KL
Composition [V KT W m™ K]

(Gar)o1CosSbrz 0.1 0.003 ~259.4 3.24 3.09
(Gar)o15CosSbrs 0.15 0.020 ~3515 1.35 5.06
Cos6(Gace)o1Sbiz 0.1 0.000 ~300.8 2.15 425
C04Sbyy 6(Gasy)o- 0.1 0.070 ~236.0 2.41 2.76
C04Sbry 55(Gasy)ors 0.15 0.060 ~263.7 1.64 27
(Gay)003C0sSb11 585 (Gass)oons 0.045 0.040 ~286.6 1 3.47
(Gaye)o06C0sSb11 07 (Gass)o.s 0.09 0.100 ~2726 237 3.30
(Gaye)o16C0sSb11 05 (Gass)o.os 0.15 0.130 ~2286 4.44 315
(Gayr)0.15C04Sb11 925(Gasp)o.07s 0.225 0.150 —246.4 3.10 2.97
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Figure3. Secondary X-ray Ga maps in samples with different nominal compositions. a—c) Single-
type defect (SD) samples (Gayr)o10C04Sby; (a), CosSbrr9(Gasp)o10 (b), and Cos 9(Gaco)o.105b12
(c), and d) charge-compensated compound defect (CCCD) sample (Gay).10C04Sb11.95(Gasp) o.05-

The estimated compositions by EPMA are shown in Table 1.

The proposed phase diagram of the Ga-containing skutteru-
dites at 923 K is shown in Figure 4a, and is based on general
knowledge of binary phase diagrams.P=>l The related binary
phases of Ga, Co, and Sb are shown on the axes including
the known regions of solid or liquid solubility for the binary
compounds and a rough estimate of the solubility of the ter-
nary compounds (red regions). The exact regions of solid solu-
bility of GaSb, CoSb,, and CoSb; are not known but they are
enlarged for clarity in Figure 4a. The white regions of Figure
4a designate regions which are expected to contain two or three
phases in equilibrium at 923 K.

The region near CoSbjs is enlarged in Figure 4b. Our experi-
mental data suggest that the region of Ga solubility is extended
toward the charge-compensated compound defect samples,
(Gayp)xCo4Sbyy.42(Gasp) /o, With an estimated maximum x value
around 0.1. Therefore, the nominal and experimental composi-
tions of the charge-compensated compound defect samples with
x values below 0.1 are situated on the red line shown in Figure
4b. When x exceeds 0.1, the charge-compensated compound
defect samples contain a Ga-dual-position-doped skutterudite
phase (Gayg)o1C04Sby1.95(Gasp)oos and impurity phases GaSb
and CoGa are expected. All single-type defect samples contain
impurity phases regardless of the nominal Ga compositions
used, which suggests the region of stability (red line) is narrow
in directions other than along the (Gayp),Co4Sbiy../2(Gasy)y2
line. For example, samples with a nominal composition Co,.
«(Gacy),Sby, (triangles in Figure 4b) result in a CoSb;-GaSb
mixture with nearly no Ga incorporated into the skutterudite

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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phase. This was confirmed by the EPMA
measurements; the results of which are listed
in Table 1.

In the single-type defect samples a low Ga
composition is always observed in the skut-
terudite phase areas, which is significantly
less than the nominal composition and
even less than the maximum Ga solubility
(x = 0.1) along the (Gayg),Co4Sbiy../2(Gasp)x2
phase line. This can be explained by the equi-
librium phase diagram we have constructed.
The tie lines between the nominal composi-
tion and the equilibrium phase compositions
are directed toward compositions with high
Ga content in the impurity phases and low
Ga content in the skutterudite phase. This
is apparently the case on both sides of the
stable (Gayg),C04Sbiz.4/2(Gagp)y, (red line)
region, where nominal compositions slightly
off this line produce a majority skutterudite
phase, but with much less Ga than in the
nominal composition. This may explain why
a much lower solubility of Ga (and possibly
In)*l is often reported.?! The higher Ga
solubility in charge-compensated compound
defect samples with dual defect composition
(Gayp)xCo4Sbyz.42(Gasp)y, can be explained
by the lower energy of the valence compen-
sating defects calculated above.

2.2. Thermoelectric Properties

2.2.1. Electrical Transport

The Ga-containing charge-compensated compound defect skut-
terudites (Gayp)yCo4Sbiy.x/2(Gasp)y/, exhibit transport proper-
ties different from other doped skutterudites. The temperature
dependence of the thermoelectric transport properties are shown
in Figure 5. Compared to alkali-metal-filled, alkaline-earth-filled,
and rare-earth-filled CoSbs;, Ga-containing charge-compensated
compound defect samples have a much lower electrical con-
ductivity and much higher thermopower even when the actual
Ga filling fraction is as high as 0.1 (see below for details). By
assuming an effective charge state of +1 for Ga, as discussed
above, Co,Sby, with 0.1 Ga in the voids should be nearly com-
parable with Nag;3Co4Sby;. Our eatlier work[?3l showed that
the room-temperature electrical conductivity and absolute
thermopower in Nag13C04Sby, are around 0.9 x 10° S m™" and
199 uV K7, respectively. However, the charge-compensated
compound defect sample with a filling fraction of 0.1 Ga shows
an electrical conductivity of only around (3-4) x 10* S m™!, which
is much less than that of the Na-filled CoSbs.1?3! The absolute
thermopower is about 250 puV K .12l Similar discrepancies
have also been found between measured transport data for Ga-
containing and Ba-filled CoSb;.?* Skutterudites with nominal
single-type Ga defects, as shown in Figure 5, also show a low
electrical conductivity but much higher thermopower. Based on
the phase diagram (Figure 4) nominal single-type Ga doping

Adv. Funct. Mater. 2013, 23, 3194-3203
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Figure 4. Proposed phase diagram for Ga-containing skutterudites at 923
K. a)Full diagram with related binary phases and approximate regions
of solubility are shown in red and labeled on the axes. The regions of
solubility for GaSb, CoSb, and CoSb; are enlarged for clarity. b)Region
enlarged near CoSb;. Because of the stability of Ga in dual-defect sites
(charge-compensated compound defect samples) the region of Ga
solubility is extended as a red line in the direction of (Gayf),Co4Sby,.
«2(Gasp)y/2 up to x = 0.1. The nominal sample compositions are shown
as open symbols. Closed symbols represent the skutterudite composition
((Gayr)Co4Sbray 2(Gasp)y/2) of the major phase using the experimental
EMPA value for Ga content, and are connected to the corresponding
nominal sample composition with a dotted line. The expected regions of
two and three equilibrium phases (white) have been adjusted to fit the
experimental observations.

in skutterudites results in charged-compensated Ga-containing
skutterudites and impurity phases. Therefore, the samples with
nominal compositions of single-type defects should be similar
to those with charge-compensated defects, which is consistent
with the data shown in Figure 5.

CoSb;s is a valence precise semiconductor. Because Ga has
two electrons less than Sb and Gayy has an effective charge state
of +1, (Gayg)Co4Sbyy../5(Gasp) o should also be a valence pre-
cise semiconductor. Increasing the Ga doping content should
not significantly change the carrier concentration if the actual
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Figure 5. Temperature dependence of thermopower (S) and electrical
conductivity (o) for skutterudites with Ga-containing charge-compensated
compound defects (CCCD). The electrical transport in Na-filled skutteru-
dites and in samples with nominal compositions of (Gay),Co4Sb;; and
Co,4Sbyy.4(Gasp)y (x=0.1) are also shown for comparison.

composition does not deviate substantially from the ideal stoi-
chiometry of the charge-compensated compound defect compo-
sition. This is further confirmed by the Hall data from present
and previous measurements, in which very low carrier concen-
trations on the order of 10! cm™ were observed in group 13
containing skutterudites (see Figure 6) even with relatively high
Ga doping content. Interestingly, the electron concentrations
and their dependence on the Ga filling fraction x in the Ga-
containing charge-compensated compound defect CoSb; follow
the extended general trend of the g X x dependence of carrier
concentrations from the alkaline metal- (AM-), alkaline earth-
(AE-), and rare earth- (RE-) filled CoSb; although the values
are shifted a little below the general trend line. The underlying
mechanism is probably related to the low Ga incorporation in
many experimental compositions (discussed above) and the net
valence balance that the Ga charge-compensated compound
defect imparts as compared to the normal filled-CoSb;. It is
certainly clear, however, that the measured electron concentra-
tions, if referring to the as-reported nominal compositions for
Ga-containing single-type defect CoSb; from the literature,3!l
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content as shown in Figure 7c. Even at filling
fractions lower than 0.10 x; was reduced to
3.5 W m™ K or less, which is lower than
that measured for Nag;3C0,Sby,.12¥! The Ga-
containing skutterudites with the nominal
single-type defects also show a low total
thermal conductivity and x; comparable to
CCCD materials because of the same under-
lying mechanism as discussed in Section
2.2.1. As usual, x; is obtained by subtracting
the electronic contribution from the total
thermal conductivity (x) using the Wiede-
mann-Franz law. Our first-principles calcu-
lations show that the Lorentz number for
the charge-compensated Ga-containing skut-
terudites is 1.75 x 1078 V2 K2 at 300 K, 2.0 x

3200 wileyonlinelibrary.com

Figure 6. a)Room-temperature electron concentration (n) as a function of (g x x) in Ga-con-
taining charge-compensated compound defect (CCCD) skutterudites, where q is the filler effec-
tive charge state and x is the filling fraction. b)Room-temperature S as a function of electron
concentration for Ga-containing CCCD skutterudites at 300 K. The x values were estimated by
EPMA for our single-type defect and CCCD samples whereas they are the nominal values for
the single-type defect samples from the literature.?"*%l The dashed lines represent the general
trend of carrier concentration and thermopower for single filled-CoSb; with typical electroposi-

tive filler species taken from the literature.[17,22-2426-30,32,56]

greatly deviate from the general trend as shown in Figure 6a.
This is inconsistent with the assumption that Ga only enters
the voids of CoSb; to form a single type of defect.

Consistent with the Ga-containing charge-compensated
compound defect (Gayp),Co4Sby;.2(Gagy)xz being nearly an
intrinsic semiconductor, all the (Gay)Co4Sbiy..a(Gagp)y2
samples show relatively lower carrier concentrations as well
as much higher thermopowers compared to Group 1, 2, or
RE-filled CoSb;.*%1 As shown in Figure 6 the absolute ther-
mopowers of the (Gayg)Co4Sby,.,/2(Gasp)/, compounds are still
higher than 250 uV K™! with electron concentrations less than
5% 10'° cm~3 at room temperature (300 K). The S-n dependence
in Ga-containing charge-compensated compound defect sam-
ples (and those in the literatureB®4%) follows the extrapolated
curve of normal filled skutterudites. Figure 6 further indicates
that the actual Ga composition in the single-type defect samples
is very low (as observed in EMPA), leading to very low electron
concentrations and large thermopowers. All data also provide
strong evidence that the band structure in Ga-containing skut-
terudites are virtually unchanged near the Fermi level because
the same trend is observed in the normally filled as well as in
the Ga-containing skutterudites shown in Figure 6b. This is
fully consistent with our band structure calculations shown in
Figure 1b and discussions in Section 2.1.

2.2.2. Thermal Transport

All Ga-containing samples show a reduced x; as compared to
binary CoSb; with k; values of around 10 W m~! K~! at 300 K.I!
However, compared to the observed k; reduction trends, espe-
cially the dependence of k; on the impurities filling fraction in
the normal alkaline-earth- or rare-earth-filled CoSb;, x; reduc-
tion in the Ga-containing charge-compensated compound defect
samples have a much stronger dependence on the impurity

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1078 V2 K2 at 650 K, and a little higher even
at more elevated temperatures. We adopted
an averaged value of 2.0 x 1078 V2 K2 to sim-
plify the estimation of the electronic thermal
conductivity. The number is also consistent
with the experimentally estimated value
in our previous work 3% and is appropriate
given the relatively low carrier concentration
(ca. 10" cm™3) found in these samples.

The dramatic reduction of the lattice thermal conductivity
in the charge-compensated compound defect samples could
be explained by the dual-site occupation of Ga impurities and
therefore a dual-character phonon scattering mechanism. The
Ga impurity at the Sb-substitutional site is one type of typical
point defect with size and mass mismatch compared to the
host atoms, leading to the scattering of lattice phonons with rel-
atively high frequencies. The Ga atoms at the void sites behave
as a typical filler species and scatter long wavelength phonons
via resonant scattering mechanisms. Indeed the filled Ga in
CoSb; has a rattling or localized vibration frequency as low as
23 cm!, the lowest among all possible filler species.?’! Such
low-frequency rattling could lead to very effective thermal con-
ductivity reduction.®!! The above discussions and the effective
K; reduction indicate that a broader spectrum of lattice pho-
nons could be directly scattered in the Ga-containing charge-
compensated compound defect skutterudites. The relatively
high Ga doping concentration, when counting Ga impurities at
both the void and Sb sites, could also play a role.

2.2.3. Thermoelectric Figures of Merit

For good thermoelectric materials with very low ki, 2T (2T =
S20T/k) is mainly determined by the thermopower S. As a
special case of filled skutterudites, the CCCD (Gayg),Co4Sby,.
+/2(Gasp)y/, systems have a very low x; value while maintaining
a very large S, leading to a significantly improved zT at rela-
tively low filling fractions (see Figure 8). Furthermore, the
maximum 2T in (Gayg),Co4Sbyy../2(Gagp)y/, samples is quickly
improved from around 0.3 to 0.7 at 600 K, when increasing the
Ga filling fraction from 0.027 to 0.087 (see Figure 8), with a
much stronger compositional dependence than that found for
normal alkali-metal filled skutterudites. The underlying reason
for this stronger dependence is the dual-character phonon
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Figure 7. Temperature dependence of a) total thermal conductivity and
b) lattice thermal conductivity (k) for Ga-containing CCCD skutterudites.
The Kk and x for samples with nominal compositions of (Gay),Co,Sbs,
and Co,Sby,.,(Gagp), (x = 0.1) are also shown for comparison. c¢) Room-
temperature lattice thermal conductivity as a function of the filling frac-
tion of impurities in skutterudites. The ki trends for alkaline- (solid line),
alkaline-earth- (dashed-dotted line), and rare-earth- (dashed line) fillings
are shown for comparison. The black dots represent the Ga-containing
charge-compensated compound defect skutterudites in the present
work, and the triangles represent the group 13 elements-doped single-
type defect skutterudites reported previously'% using the as-reported
compositions.
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scattering of the Ga-induced charge-compensated compound
defects. A maximum zT value of 0.7 (at 600 K) is obtained in
Ga-containing charge-compensated compound defect skutteru-
dites with a Ga filling fraction x = 0.087 (Figure 8). All these
indicate that the charge-compensated dual-site occupancy of
single impurity-doped skutterudites can be used to design the
compound defects, which are beneficial for the realization of
high 2T.

2.2.4. Discussion of Group 13 Elements in Double and
Multiple Filled-Skutterudites

The detailed study on Ga impurities in CoSbs systems presented
here may also shed light on the debate regarding other group
13 element doping in this system, particularly that of indium.
Most likely other group 13 elements, especially In, have a sim-
ilar tendency to form charge-compensated compound defects
in CoSbs. Recent work has demonstrated that group 13 ele-
ments-related double-filled or even multiple-filled skutterudites
show excellent thermoelectric properties with some unusual
phenomena.B3339*1:431 For example, in In-Ba double-filled skut-
terudites,”” the calculated electron concentration decreased
when small amounts of In were introduced as an impurity. In
In-Ce double-filled or multiple-filled skutterudites,*’! excess Sb
and InSb phases were always observed together with the as-
reported multiple dopants filled into the voids. Our previous
workl*3l has demonstrated that Ga-Yb double filling could be
artificially manipulated to produce homogeneously distributed
GaSb nanoparticles. All these examples imply that the interac-
tion between group 13 elements as dual-character dopants and
other usual fillers in CoSbs is quite complicated, and thus this
is worth further investigations in the future.

3. Conclusions

We have demonstrated the amphoteric doping nature of Ga
impurities and have shown that Ga impurities have a charge-
compensated dual-site occupancy character with the ability to
occupy both the 2a void-filling and Sb-24g sites. By combining
first-principles calculations and experimental investigations, we
have proven that the most stable formulations of Ga-containing
skutterudites should be of the type (Gayr),Co4Sbiy./2(Gasy)s2
with charge-compensated compound defects. The Ga-con-
taining charge-compensated compound defect (Gayg),Co,Sby,.
+2(Gagp)y, shows nearly intrinsic semiconducting behavior
with a band structure that is similar to that of binary CoSbs. For
compositions close to(Gayr)Co4Sbyy../5(Gagp)y/z, Ga-containing
CoSb; demonstrated a low carrier concentration and large ther-
mopower. Concommitantly the dual-site occupancy of a single
Ga impurity leads to effective scattering of a wide range of
lattice phonons and an unusually strong reduction in the lat-
tice thermal conductivity with increasing Ga content resulting
in a sharp increase of the thermoelectric figure of merit at
low Ga doping. Our work points to a new approach for opti-
mizing the performance of thermoelectric materials. We think
by searching for impurities with charge-compensated dual-site
occupancy character the x; can be decreased continually while
maintaining a large S.
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4.3. Thermoelectric Transport Properties

e cccp

° (C:e‘fi?‘)Sb‘Q Electrical transport properties, including the

®m NaCo,Sb,, electrical conductivity (o) and Seebeck coef-
(Ref23) ficient (S) were measured using a ZEM-3

0 KCo,Sb,, (ULVAC Co. Ltd.) apparatus under a helium
(Ref22) atmosphere in the temperature range of 300

to 650 K. The thermal conductivity (k) was
calculated using the measured thermal diffu-
sivity, specific heat, and sample density. The
thermal diffusivity and specific heat were
measured in an argon atmosphere using the
laser flash method (NETZSCH LFA 427) and

b) 0
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Figure 8. a) Temperature dependence of thermoelectric figure of merit (zT) for Ga-containing
charge-compensated compound defect (CCCD) skutterudites. b) Maximum zT as a function of
filling fraction x. The black line stands for Ga,Co,Sb,, and is taken from a previous report.
The zT values of the Na- and K- filled skutterudites are also taken from the literature.[?223]

4. Experimental Section
4.1. Sample Synthesis

As indicated above skutterudites have three different atomic
positions: Co sites (8c), Sb sites (24g), and void sites (2a). We
investigated four hypothetical cases corresponding to Ga
occupancy exclusively at the 2a site, at the 8c site, at the 24g
site; and a co-occupancy of Ga at both the 2a and 24g sites.
To investigate these possibilities samples with nominal com-
positions  (Gayg),Co4Sb1y, Co4(Gac,)Sbiz, Co4Sbip.i(Gagp)y
and (Gayr),Co4Sby;.42(Gagp)yz With x changing from 0.03 to
0.06, 0.10, and 0.15 were prepared by a combination process
of melting and long-term high-temperature annealing. High-
purity elements Co (99.99%, shot), Sb (99.9999%, piece), and
Ga (99.999%, shot) were used as raw materials. Binary GaSb
was prepared first, and then this was mixed with Co and Sb
in their desired stoichiometric ratios. The mixture was placed
in a boron nitride crucible, and then sealed in a fused silica
tube under protecting Ar gas. The silica tubes and charges were
heated slowly up to 1353 K, quenched to room temperature, fol-
lowed by annealing at 923 K for one week. The resulting prod-
ucts were ground into fine powders, and consolidated by Spark
Plasma Sintering (SPS) at 873 K under a pressure of 60 MPa,
yielding fully dense bulk samples. A high-density (> 96% of the
theoretical density) was achieved in all samples.

4.2. Structural Characterization

Room-temperature powder X-ray diffraction (XRD) data were
collected on a D/max 2550V diffractometer using Cu Ko radia-
tion to check phase purity and identity. Quantitative elemental
analyses of the sintered samples were performed with a Cameca
SX100 electron probe microanalysis (EPMA) using an acceler-
ating voltage of 20 KeV and averaged over 4 randomly selected
locations.

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

differential scanning calorimetry (NETZSCH
404F3), respectively. The density of the sam-

X ples was measured using the Archimedes

method. Hall coefficients (Ry;) were measured
using a quantum-design physical property
measurement system (PPMS) by sweeping
the magnetic field up to 3T in both positive
and negative directions. The Hall carrier con-
centration (n) was then estimated to be equal to 1/Rye, where
e is the elementary charge. The Hall carrier mobility (u,) was
calculated according to the relation p,, = Ry 0. The estimated
measurement accuracies are listed below for the commer-
cial equipment used: 5% for electrical resistivity, 7% for ther-
mopower, 5% for thermal diffusivity and 1% for density. Thus
the combined uncertainty for ZT was about 20%.

131]

4.4. First-Principles Calculations

All calculations were carried out using the projector augmented
wave (PAW) method, as implemented in the Vienna ab initio Sim-
ulation Package (VASP),F”%8! and the Perdew-Burke-Ernzerhof
generalized gradient approximation (GGA) for the exchange-
correlation potential was used for all the calculations. Please
refer to our earlier publications for computational details.2%*3
All calculations of pure and doped CoSbj; skutterudites were car-
ried out using a supercell (2 X 2 X 2 primitive cell) with a total
of 128 atoms and 8 voids. A 3 x 3 x 3 Monkhorst-Pack uniform
k-point sampling was used for total energy calculations of the
supercell and 15 x 15 x 15 Monkhorst-Pack uniform k-point
sampling was used for other compounds. Lattice constants and
ion positions were optimized. Different configuration structures
were considered and the ones with the lowest total energy were
used for further analysis. The Lorentz number calculations were
carried out within the framework discussed in the literature.>’!
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