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Ab initio study of native point-defects in CoSbjs:
Understanding off-stoichiometric doping properties
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Undoped Co-rich CoSb; is known to be n-type at room temperature and changed into p-type at high
temperature above about 500 K, while undoped Sb-rich CoSbs is p-type independently of temperature. Based
on ab initio calculations, it is found that Co-interstitial-pairs cause the n-type doping in Co-rich CoSb;. Above
the pair decomposition temperature, which depends on the Sb deficiency, isolated Co interstitials can lead to
the p-type doping. Co vacancies are found to dominate the p-type doping in Sb-rich CoSbs.
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I. INTRODUCTION

CoSb;s skutterudite compounds have attracted great atten-
tion for the promising application in a good thermoelectric
material.'~* In growth of CoSbs, a nonstoichiometric condi-
tion is easily encountered.>® The CoSb; grown with undoped
has either n-type>'° or p-type>°~'# conductivity. The differ-
ent types of CoSbs have been tentatively considered to be
related to a slight deviation from the stoichiometric ratio of
COSb3_5,6,9,10

The Sb/Co ratio can be controlled by the volatilization of
Sb, which can occur at high temperature during the growth
process>%!0 and/or incorporation of excess Sb.!? The detailed
studies on the nonstoichiometric CoSb; have found puzzling
dependences of the carrier types on the Sb/Co ratio and the
measurement temperature of Seebeek coefficient. In Sb-rich
CoSbs, a positive Seebeek coefficient (p-type) has been
found and a negative value (n-type) has been measured in
Co-rich CoSb, at room temperature.>%!° While the p-type in
Sb-rich CoSbs is preserved as increasing the temperature, the
n-type in Co-rich CoSb; has been found to be changed into
p-type at high temperature above about 500 K.>7-10

The knowledge of the governing native point-defects and
their electrical properties, such as defect levels, are essential
to understand the electrical properties of nonstoichiometric
CoSbs. Although the bulk electronic structure®!>-13 and ther-
moelectric properties* have been studied extensively by us-
ing density-functional theory calculations, there has been
lack of comprehensive theoretical studies on the native
point-defects in CoSb;. In Ref. 8, Sb vacancies (Vg,) and
Sb-interstitials (Sb;) were considered for the nonstoichiomet-
ric native point-defects without detailed discussions on the
stabilities. Due to the easy volatility of Sb, Vg, has been
treated as an important native point defect in Co-rich
CoSb;.8-10 However, in this study, we show that Co vacan-
cies (V,) and Co interstitials (Co;) are significant of playing
key roles in determining the off-stoichiometric doping prop-
erties in CoSbs. We find that V, and Co; are the dominant
p-type sources in Sb-rich and Co-rich CoSbs, respectively,
and Co;-pairs can cause the n-type doping in Co-rich CoSbs.
The decomposition temperature of the Co;-pairs corresponds
to the transition temperature of the majority carrier types in
Co-rich CoSbs;, which is estimated to be about 420-600 K
depending on the Sb deficiency with the Co; concentrations
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of an order of 10" cm™. The stabilities and the detailed
atomic and electronic structures of the native point-defects in
CoSby; are discussed.

II. METHODS

We performed density-functional theory calculations as
implemented in the Vienna ab initio simulation package
code.!”” The projector-augmented wave pseudopotentials?’
and the local density approximation (LDA) for the exchange
correlation energy?! were used. A kinetic energy cutoff of
300 eV, 256-atomic cubic supercell, and the I' point for the
k-point sampling were used. The Hellmann-Feynman forces
were relaxed until less than 0.01 eV/A.

The calculated bulk properties of CoSbs are summarized
in Table I, compared with the other calculations and experi-
ments. The calculated lattice and internal parameters are
a=8.917 A, ©#=0.333, and v=0.155. They are close to the
other LDA calculation.!® The calculated lattice constant, a, is
slightly lower than the experimental value of a=9.0385 A.22
The theoretical value of a=8.917 A was used in our defect
calculations.

The calculated LDA band gap is 0.26 eV, which is close to
the other LDA calculation, 0.22 eV,' and higher than the
generalized-gradient approximation (GGA) calculations,
0.17 and 0.118 eV.'%!7 The calculated gap is smaller than the
experimental gap of about 0.5 eV.'4? In spite of the gap
underestimation, the LDA can give essential information on
defect systems in various semiconductors.’*?> No gap cor-
rection was applied in this study.

Only the crystalline skutterudite structure was considered
for the defect host, not a disordered system. Experimentally,
single crystalline!""'21426 and poly-crystalline®>~'%!3 CoSbs,
samples have been studied. By the large 256-atomic super-
cell (CogsSbgy), the presence of a single native point defect
in the supercell yields the defect concentrations of 1.56% for
Veo and Co; and 0.52% for Vg, and Sb,. The interactions
between supercells are found to be weak and the energy con-
vergence with respect to the supercell size is achieved within
the accuracy of less than 200 meV, as will be discussed in
Sec. III B.

III. RESULTS

A. Atomic structures

We first investigate the atomic structure of Co;. We find
six different Co; structures and the most stable one is shown
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TABLE I. Comparison between experimental and theoretical results for the lattice (@), internal parameters

(u and v), and band gap (E,) of CoSbs.

« o
Reference Method (A) u v (eV)
Our calc. LDA 8.917 0.333 0.155 0.26
Ref. 16 LDA 8.94 0.3328 0.1599 0.22
Ref. 16 GGA 9.14 0.3332 0.1594 0.17
Ref. 17 GGA 9.144 0.3330 0.1592 0.118
Ref. 22 Expt. 9.0385 0.33537 0.15788
Ref. 14 Expt. 0.55
Ref. 23 Expt. 0.5

in Fig. 1(a). The Co; is located between 3 Sb, pnictide rings,
and has the coordination number of seven consisted of 5
Co;-Sb and 2 Co;-Co bonds (sevenfold Co,). We find the
energy of Co; is well correlated with the coordination num-
ber of Co,. At the void center, where there is no Sb, pnictide
ring in the skutterudite CoSbs [Fig. 1(f)], the Co; has no bond
and is 2.41 eV higher in energy. On the plane of a pnictide
ring, the coordination number of Co; is four [Figs. 1(d) and
1(e)], and it is 1.16—1.59 eV higher in energy. When the Co;

(a) 7-fold Co; (0.00 eV) (b) 6-fold Co; (0.43 eV)

(d) 4fold Co(l) (1.16 eV)

¢) 5-fold Co; (0.57 eV)

53

(f) 0-fold Co; (2.41 eV)

(e) 4-fold Coy(ll) (1.59 eV)

0

FIG. 1. (Color online). Relaxed atomic structures of various Co;
structures. The small and large circles are Co and Sb atoms, respec-
tively. The interstitial atoms are indicated by the blue (dark gray)
color. The energies relative to the most stable sevenfold Co; are
indicated.

has the coordination numbers of five [Fig. 1(c)] and six [Fig.
1(b)] (sixfold Co,) separately, the energies are found to be
higher by 0.57 and 0.43 eV, respectively. We could not find
an interstitial site, where the Co; has more than seven coor-
dination number, and the sevenfold Co; structure is thought
to be the most stable one in the skutterudite CoSb;. The
relative stabilities are for the neutral charge state and similar
for the charged states of Co;.

For Sb,, two different atomic structures are found [Figs.
2(a) and 2(b)]. Figure 2(a) shows the most stable void-center
Sb; configuration. When Sb; is located at the Sb, ring-center
site, it is 2.38 eV higher in energy. The large energy differ-
ence in the neutral charge state is also found for the charged
states of Sb;.

The eight Co atoms in the skutterudite CoSb; conven-
tional cell are all equivalent, and there is only one possible
inequivalent atomic site for the V,. The relaxed atomic
structure of Vi, is shown in Fig. 2(c). In the V, structure,

(a) void—center Sb; (0.00 eV)

(b) ring-center Sb; (2.38 eV)

FIG. 2. (Color online). Relaxed atomic structures of (a) void-
center Sb;, (b) ring-center Sb;, (¢) V¢, and (d) Vgp,. The small and
large circles are Co and Sb atoms, respectively. The interstitial at-
oms are indicated by the blue (dark gray) color. The dashed circles
indicate the vacancy sites. For Sb;, the energies relative to the most
stable void-center Sb; are indicated.
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there is no large lattice distortion, but slight changes in the
nearby Sb, bond lengths are found. In the ideal skutterudite
CoSbs, the long Sb-Sb bond length of Sb, is 2.984 A, and
the short one is 2.864 A in our calculations. In the V, struc-
ture in the neutral charge state, the long bond near the V, is
increased by about 0.5% (2.997 A), and the short bond by
about 1% (2.882 A).

The 24 Sb atoms in the CoSb; conventional cell are all
equivalent by symmetry and there is only one possible in-
equivalent atomic site for the V. The relaxed atomic struc-
ture of Vg, is shown in Fig. 2(d). The Sb, pnictide ring is
broken by the single Vg, and the Sb; broken ring is distorted
with accompanying a large lattice relaxation. The two Sb-Sb
bond lengths of the Sbs in the neutral charge state are 2.830
and 3.036 A, which are shorter by 1.2% and longer by 1.7%
than the short and long bonds of the Sb, in CoSbs;, respec-
tively. The Sb; broken ring is rotated by about 6° from the
original position of Sby, and the £ Sb-Sb-Sb bond angle is
calculated to be 93.8°.

B. Formation energies

In order to compare the stabilities between the native
point-defects in various charged states under off-
stoichiometric condition, we calculated the formation energy
(Ej) of a defect as a function of Co (uc,), Sb (ug), and
electronic (w,) chemical potentials, which is defined as the
following:

E=E, = ncoprco — Nsprsp + G Mes (1)

where E, is the total energy of the supercell containing a
defect, nc, and ng, are the number of Co and Sb atoms in the
supercell, and ¢ is the charge of the defect. The formation
energy of CoSb; bulk is referenced to E;=0 by the condition
of peo+3us,=E,(CoSbs). The total energy of a pure Co hcp
metal is chosen for the uc, in the Co-rich limit, and the total
energy of a pure Sb rhombohedral metal for the ug, in the
Sb-rich limit. The calculated heat of formation of CoSb; with
respect to the Co and Sb metals is —1.39 eV/CoSbs, which
is close to the experimental value of —1.276 eV/CoSb,
(=123.158 kJ/mol) for the sample grown at 1000 K.?’ Be-
tween the Co-rich and Sb-rich limit, the CoSb; bulk is stable
with respect to the Co and Sb metals, and the pure Co and Sb
metal formation is prevented. The electronic chemical poten-
tial, u,, can be written as u,=e+E,, where &/ is the Fermi
level with respect to the valence-band maximum (VBM) en-
ergy, E,. The determination of the E, of the defect-
containing CoSb; supercell is done by EU=ES°Sb3+AEv,
where E505b3 is the VBM energy of CoSb; bulk, and AE,, is
the electrostatic energy shift between the bulk and the defect-
containing supercells. The detailed calculation method of the
defect formation energy is described in many literatures.?8-3!

For the most stable configurations of the native point-
defects shown in Sec. III A, the calculated formation ener-
gies as a function of the Fermi level, &y, are drawn in Fig. 3.
In the Co-rich limit, the Co; is found to be exceptionally low
in formation energy. It is about 0.80 eV in the neutral charge
state, while those of Sb;, V,, and Vg, are over 2.0 eV. Thus,
the Co; is expected to be the dominant native point defect in
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FIG. 3. (Color online). Calculated formation energies of Co;,
Sb;, Vo, and Vg, plotted as a function of the Fermi level in the (a)
Co-rich and (b) Sb-rich limit of CoSbs. The dashed and dotted lines
indicate the intrinsic Fermi levels at room temperature and 600 K,
respectively. The pinning level by the dominant defects is indicated
by &f.

Co-rich CoSbs. In Sb-rich CoSbs, the V, is found to be the
dominant. The formation energy is about 1.5 eV in the neu-
tral charge state. The Vg, is found to be very high in forma-
tion energy both in Co-rich and Sb-rich CoSb;. The breaking
of the strong covalent Sb, pnictide ring bonds [Fig. 2(d)] is
considered to require high energies. Although Vg, has been
thought to be an important defect with the typical Sb-
deficiency in CoSb;,5719 its concentration is not expected to
be high.

Since the calculations on the defect-containing supercells
can give spurious electrostatic interactions between super-
cells, we checked the formation energy changes by the Ma-
kov and Payne correction scheme.’?> For V, in the (1-),
(2-), and (3-) charged states [same in the (I1+), (2+), and
(3+) charged states], the monopole correction leads to the
increases in the formation energies by 0.034, 0.137, and
0.308 eV, respectively. The dipole and quadrupole correc-
tions yield the changes of —0.012, —0.048, and —0.108 eV
for the (1-), (2-), and (3-) charged states, and —0.010,
—0.041, and —0.092 eV for the (1+), (2+), and (3+) charged
states, respectively. Thus, the total corrections including the
monopole, dipole, and quadrupole interactions are only
0.022, 0.088, and 0.200 eV for the (1-), (2-), and (3-)
charged states, and similarly 0.024, 0.096, and 0.216 eV for
the (1+), (2+), and (3+) charged states, respectively. The
total energy corrections are only a few tens of meV up to the
doubly charged states and about 200 meV for the triply
charged states. These values do not significantly affect the
formation energies of the native point-defects shown in Fig.
3, and do not change the main results without the correc-
tions. It is basically due to the high dielectric constant of
33.5 in CoSb; (Refs. 12, 18, and 33) and the large supercell
containing 256 atoms. Thus, the spurious electrostatic inter-
actions between supercells are considered to be small in our
calculations.
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We also checked the formation energies of Vi, in differ-
ence supercell sizes. The formation energy of Vc, in the (0),
(1-), (2-), and (3-) states are 1.508, 1.603, 1.722, and 1.866
eV in the Sb-rich limit in the 256-atomic supercell, respec-
tively, when the gf is at the VBM. They are, in 32-atomic
supercell, 1.674, 1.628, 1.644, and 1.721 eV, respectively.
The differences are only —166, 25, 78, and 145 meV, re-
spectively, and thus the convergence of the formation ener-
gies with respect to the supercell size is considered to be
achieved within less than 200 meV in our 256-atomic super-
cell calculations.

C. Electronic structures

From the defect formation energies as a function of the &,
in the band gap shown in Fig. 3, we can see the electrical
properties, such as transition levels, of the defects. The pre-
ferred charge state of a defect can be identified by comparing
the formation energies between difference charge states. At
the cross points of the formation energies of a defect between
difference charge states indicate the transition levels, which
are seen as kinks in the formation energy lines (we put dots
at the kinks for clarity) in Fig. 3. When g is near the VBM,
if the defect prefers to be negatively charged, it is an accep-
torlike defect generating a hole in the VBM, while when & is
near the conduction-band minimum (CBM), if the defect to
be positively charged, it is a donorlike defect easily giving a
free electron to the CBM. We can also find the equilibrium
Fermi level under the dominant presence of a defect. For
example, in the dominant presence of acceptors (negatively
charged defects), the equilibrium Fermi level becomes lo-
cated near the VBM, while in the dominant presence of do-
nors (positively charged defects), the equilibrium Fermi level
lies near the CBM.

In Co-rich CoSbs, the Co; is the dominant native point
defect species. The Co; is found to be an acceptorlike defect.
The calculated (0/1-) acceptor level lies at E,+58 meV
(Fig. 3). The number of valence electrons of a Co atom is
nine. The fully occupied four 3d-like states of Co; are found
inside the valence bands, and the singly occupied topmost
3d-like state is found just above the VBM, as shown in the
calculated projected local density of states in Fig. 4(a). The
singly occupied 3d-like state in the gap acts as the acceptor
state, making the Co; be a shallow single acceptor in CoSbs.
By the bonding of Co; with the surrounding 7 Co and Sb
atoms [Fig. 1(a)], the 3d-like states are stabilized with low-
ering their levels, by which the two 4s electrons are intra-
atomically transferred into the 3d-like states. The single
4s-like state of Co; is found to be delocalized inside the
conduction bands.

In a narrow gap semiconductor, the intrinsic carrier con-
centrations can be significant even at room temperature. The
CoSbjs has a high electronic density of states near the CBM,
as compared to that near the VBM.!5-7 Thus, the intrinsic
(without defects) Fermi level (s?.) is located at the lower part
of the band gap. The calculated &? is E,+0.11 eV at room
temperature, indicated in Fig. 3, and E,+0.10 eV at 600 K.
The Co; (0/1-) transition level and the corresponding pin-
ning Fermi level (s?) by the dominant presence of Co,’s are
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FIG. 4. (Color online). Projected local electronic densities of
states of (a) Co;, (b) Vo, (¢) Sb;, and (d) Vg in the neutral charge
states. Gap is shown by the gray shade. The defect levels are sche-
matically indicated by the short thick vertical bars near the peaks.
The thin vertical lines in the gap indicate the highest singly occu-
pied level.

found to be lower than the 8? [Fig. 3(a)], resulting in a higher
concentration of holes as a majority carrier and thus p-type
in Co-rich CoSb;.

The Vc, can act as a shallow acceptor. The calculated
(0/1-) transition level lies at E,+85 meV (Fig. 3). The V¢,
can be charged up to (3-), and the calculated (1-/2-) and
(2—/3-) transition levels are E,+109 and 134 meV, respec-
tively. The Co cation and Sb anion in CoSb; have the formal
oxidation states of the Co** and Sbi_. By the V(, formation,
i.e., by the absence of a Co atom, three electrons are lack in
CoSb;, and thus three holes are generated in the Sby-related
valence bands. The highest occupied state of an Sb, molecu-
lar species is known as ,.3* There are 6 Sb, rings adjacent
to a V¢, and thus the 6 m4-like states of the 6 Sb, become
the defect-related states of V,. The emerged defect states
into the gap induced by the 7, are found to be two and
slightly above the VBM [see Figs. 4(b) and 5], and thus the
Vo is a shallow triple acceptor. A single electron can be

Co; Voo Sb; Vo
_@ O
# [Sb 4,1 Sbi  sb Sb Sb Vg,
-5p  _5p -5p -5p
_ee
Co;-3d

FIG. 5. Schematic figure of the defect-related states of Co;, V,,
Sb;, and Vg, in the neutral charge state.
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released from the Vi, (Vé;t), when the Fermi level is very
low below E,+58 meV (Fig. 3), i.e., the V¢, can also act as
a hole trap. In the dominant presence of V, in Sb-rich
CoSbs, the & is thus pinned slightly above the VBM, as
indicated by an arrow in Fig. 3(b). The pinning level, &%, is
found to be lower than the intrinsic Fermi level, &, of
CoSbs, and thus the dominant presence of V, can lead to a
higher concentration of holes and p-type in Sb-rich CoSbs.

For completeness, we shortly discuss the electronic struc-
tures of Sb; and Vg, even though they are high in formation
energy. The Sb; is found to be a shallow triple acceptor. The
calculated (0/1-), (1-/2-), and (2—/3-) levels are E,+44,
96, and 146 meV, respectively (Fig. 3). The topmost valence
state of an Sb atom is triply degenerated 5p. At the void-
center site, the Sb; has a cubic symmetry and the level de-
generacy is conserved. The defect state of Sb; is found to be
5p-like occupied by three electrons, of which levels are
slightly above the VBM [see Figs. 4(c) and 5], and thus the
Sb; is a shallow triple acceptor.

The defect state of Vg, is related to the Sb-5p states of the
Sb; broken ring. The Sb anion is in the Sb'~ oxidation state
in CoSbs. In the absence of a Sb atom in CoSbs, a single
electron is unpaired. Due to the large lattice distortion [Fig.
2(d)], the Sb 5p-like defect states become deep inside the
band gap, as shown in Fig. 4(d). We find the Vg, can be a
deep hole trap of Vg, and also a deep electron trap of Vi or
ng The (1+/0), (0/1-), and (1-/3-) transition levels are
calculated to be E,+125, 149, 199 meV, respectively. The
defect-related states of the Co;, V., Sb;, and Vg, are sche-
matically drawn in Fig. 5 for easy view.

D. Co-interstitial pair

In Co-rich CoSbj;, the formation energy of Co;, is very low
as described above. The equilibrium concentration of Co; is
estimated from [Co;]=N, exp(—Q,/kT,), where N, is the
number of available sites for Co,’s, {); is the formation en-
ergy of Co,, and T, is the growth temperature. The N is
3.385%10%* cm™ 1n CoSb;, which is calculated from the
theoretical lattice constant of 8.917 A and the 24 Co; avail-
able sites in the conventional cell. The experimental growth
temperature varies from about 900 to 1500 K.36-8-10:13 When
the growth temperature is 1200 K, the [Co;] is calculated to
be about 1.5 X 10" cm™. At the growth temperature of 1400
K, the [Co;] is as rich as 4.5X 10" cm™. In such a high
concentration of Co; in Co-rich CoSb;, we examined the pos-
sibility of Co;-pair formation. We consider six different
Co;-pair structures shown in Fig. 6. Three of them are con-
sisted of two sevenfold Co;’s [Figs. 6(a)-6(c)], and two of
them are consisted of sevenfold and sixfold Co;’s [Figs. 6(d)
and 6(e)]. One is consisted of two sixfold Co;’s [Fig. 6(f)].
Among the Co;-pairs, the closest pair between two sevenfold
Co;’s is found to be the most stable, which is shown in Fig.
6(a). In this pair structure, each Co; has the coordination
number of eight with the additional Co;-Co; bond. The other
sevenfold Co;-pairs are higher in energy by about 0.02-0.10
eV [Figs. 6(b) and 6(c)]. Although the energy difference is
not large, the additional Co;-Co; bond formation in the pair
structure shown in Fig. 6(a) is considered to make the struc-
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(a) 7-7 Co;(l) (0.00 eV) (b) 7-7 Co,(ll) (0.02 eV)

(¢) 7-7 Co,(Ill) (0.10 eV) d) 7-6 Co,(l) (0.13 eV)

§:38:

) 7-6 Co;(ll) (0.30 eV) f) 6-6 C0;(0.60 eV)

¥

FIG. 6. (Color online). Relaxed atomic structures of Co;-pairs
consisted of [(a), (b), and (c)] two sevenfold Co;’s (7-7 Co;), [(d)
and (e)] sevenfold and sixfold Co;’s (7-6 Co;), and (f) two sixfold
Co;’s (6-6 Co;). The relative energies relative to the most stable (a)
7-7 Co; configuration are indicated. The small and large circles are
Co and Sb atoms, respectively. The Co;’s are indicated by the blue
(dark gray) color.

ture be the most stable. When the sixfold Co; is involved in
the pair structure, the energies are found to be higher by
about 0.13-0.30 eV in the sevenfold and sixfold Co;-pairs
[Figs. 6(d) and 6(e)] and 0.60 eV in the sixfold and sixfold
Co;-pair [Fig. 6(f)].

The formation energy of the most stable Co;-pair is plot-
ted as a function of the Fermi level, in compared with that of
the isolated two Co;’s, in Fig. 7(a). The Co;-pair is found to
be more stable than two isolated Co;’s, especially when the
Fermi level is at the lower part of the band gap. The binding
energy depends on the Fermi level. When the Fermi level is
at the VBM in p-type CoSbs, it is 0.47 eV. When the Fermi
level is near the CBM in n-type CoSbs, it is found to be
negligible.

By pairing of the Co;’s, the 3d-like defect states of Co;’s
are mixed and those levels are altered. The calculated local
density of states of the Co;-pair is drawn in Fig. 7(b), which
can be compared with that of the isolated Co,; shown in Fig.
4(a). We find that the singly occupied highest 3d-like state of
Co; becomes deeper inside the band gap by the pairing and
fully unoccupied. Two of the resonant occupied 3d-like
states of Co; are found to be emerged inside the band gap
with fully occupied. The occupied 3d-like gap states are

085206-5



CHAN-HYUN PARK AND YONG-SUNG KIM

’5_
O 2-0 [ T T T T I T T T T I T I7 -_
N 0 3
> —(b) (Co-Co) 4 8
@ 15 L 1<
= 18
9 - ]
g 10 12
() o
< - >
£ 05 1
© — [
€ |l o
5 0.0 e
[T
Energy (eV)

1 T TTTTTT T TTTITm II TTT 600
- L I ! /!
Z 081 () () .
S T I 500
goer : /11 =
204 | 400 -°
s [ - ! 1
@ 02~ - | 300

8 Z I 1 I oL AN |I Ll

00 400 600 800 197 10 10 102

Temperature (K) [Co], (cm's)

FIG. 7. (Color online). (a) Calculated formation energies of
Co;-pair and two isolated Co;’s plotted as a function of the Fermi
level in the Co-rich limit of CoSbs. (b) Calculated projected local
density of states of Co;-pair in the neutral charge state. (c) Relative
portions of Co; [ 7(Co;)], and Co;-pair [ 7(Co;-Co;)] as a function of
temperature, when [Co;], is 4.5X10' cm™ (solid) and 1.5
X 10" ecm™ (dashed). (d) Calculated T as a function of [Co,],.

found to act as donor levels. Thus, the Co;-pairs have both
the donor characters in the (Co,-Co,)'* and (Co;-Co;)**
states, and the acceptor characters in the (Co-Co,)!~ and
(Co,-Co;)*" states, as can be seen in Fig. 7(a). When the Co;
pairs are dominant in Co-rich CoSbs, the Fermi level is ex-
pected to be pinned between the (1+/0) and (0/1-) transi-
tion levels, which are E,+123 meV and E,+163 meV, re-
spectively, as indicated by &} in Fig. 7(a). The pinning level,
8?, is found to be higher than the intrinsic Fermi level, s?, of
CoSb;. The formation of the Co;-pairs as a dominant defect
species therefore can higher the Fermi level above the sj(? of
CoSbs, resulting in the n-type doping in Co-rich CoSbs.

E. Decomposition of Co;-pairs

The weak binding energy of Co;-pairs implies that, at high
enough temperature, the Co;-pairs can be decomposed into
the isolated Co;’s. We estimated the decomposition tempera-
ture (7,) of Co;-pairs in Co-rich CoSbs, which can corre-
spond to the transition temperature of the majority carrier
types. The decomposing reaction of (Co;-Co;) —2Co; is con-
sidered. During the decomposition process, the pinning
Fermi level should be changed from the high s}’ in the paired
state to the low &}" in the isolated state [see &} and &}" in
Fig. 7(a)] by the change in the dominant defect species.
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Thus, we consider the reaction between the neutral species,
i.e., (Coi-Coi)°—>2Co?, which is an endothermic reaction
with the formation enthalpy change (AH) of 0.27 eV. To
consider the temperature effect, we calculate the Gibbs free
energy change (AG) as AG=AH—-TAS including the entropy
change (AS). The entropy change between the reactants and
the products is estimated by the configurational entropy
change, AS=k{In[N(N-1)]-In(2N)}, where N is the number
of available sites per a single Co, in a fixed concentration of
Co;’s. By pairing, the number of available sites per a Co;-pair
becomes 2N. The total number of available sites (Ny) is
3.385X 10%* ¢cm™. If [Co;],, which is the total concentration
of Co; including the isolated and paired Co;’s ([Co;]
+2[Co,-Co,]), is 10" em™3, the N is Ny/[Co,],=3385.

There can be also vibrational enthalpy and entropy
changes between the isolated and paired states. However,
their contributions are found to be very small, only an order
of AH~37 meV and TAS~96 meV at 600 K, because the
additional Co;-Co; bond in the paired state has a weak vibra-
tional frequency; the calculated value for the Co;-Co; stretch
mode is 275 cm™!. The zero point energy is only about 17
meV. The TAS by the configuration entropy change is 0.384
eV at 600 K. Without the vibrational contributions, the esti-
mated T, can be an upper bound.

The calculated relative portions of Co; [7(Co;)] and
Co;-pair [ 7(Co;-Co;)] with respect to the [Co;], are drawn in
Fig. 7(c). For [Co,],=4.5% 10" cm™, at low temperature
below 530 K, the Co;-pair is found to be dominant, and the
isolated Co; becomes dominant against the Co;-pair above
530 K. The T.. of 530 K is close to the experimental values of
500-600 K.>710 In Fig. 7(d), we plot the calculated T, as a
function of [Co,],. When [Co,], is 1.5X 10" c¢m™, the T, is
found to be about 450 K [Figs. 7(c) and 7(d)]. Such a de-
creased T, has been also observed in experiment as increas-
ing the excess Sb, i.e., decreasing the Sb deficiency.'”

IV. CONCLUSION

In conclusion, in Sb-rich and Co-rich CoSbs, V¢, and Co,,
respectively, are found to be the dominant native point-
defects. Both the V-, and Co; are acceptorlike defects. The
Co;’s can be paired and the pair is found to be a donorlike
defect. In Sb-rich CoSbs, the V, can lead to the p-type
doping. In Co-rich CoSbs, at low temperature, where the Co;
pairs are not decomposed, the Co;-pairs can give the n-type
doping. At high temperature, the Co;-pairs are decomposed
into the isolated Co,’s, and the Co-rich CoSb; can be p-type
doped.
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