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Although n-type skutterudites modified by electropositive fillers have been extensively studied, research on p-type
skutterudites filled with electronegative elements remains scarce. In this work, a series of sulfur/selenium (S/Se) co-filled
and iron (Fe)-doped p-type skutterudite samples with a nominal composition of Sg _,Se,Fep2Co3.gSbyp (x = 0.025, 0.05,
0.075, 0.1) were rapidly synthesized via the high-temperature and high-pressure (HPHT) technique. Phase analysis in-
dicates that the as-prepared samples possess a pure skutterudite structure without obvious impurity phases. Microstruc-
tural observations demonstrate that S/Se co-filling can effectively regulate the grain morphology and the evolution of
grain size. Electrical transport measurements reveal that Fe substitution successfully induces p-type conductivity and
optimizes the carrier transport behavior. Meanwhile, S/Se co-filling introduces strong phonon scattering, which signifi-
cantly reduces the lattice thermal conductivity. For the optimal Sg 755eg.025Fe0.2Co3.8Sbys, fitting based on the Debye—
Callaway model confirms that the resonant frequencies of S and Se are 43.96 cm ™! and 35 cm™!, respectively. Finally, the
S0.075S€0.025Fep.2Co3 gSb, sample achieves a maximum z7" value of approximately 0.22 at 673.15 K. This study provides
a feasible strategy for constructing electronegative element co-filled p-type skutterudites and deepens the understanding of
multiscale phonon scattering mechanisms in thermoelectric materials.

Keywords: S/Se co-filling, skutterudites, thermoelectric materials, high-temperature and high-pressure
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1. Introduction

In the face of intensifying global energy shortages and
environmental challenges, the enhancement of energy utiliza-
tion efficiency and the high-yield recovery of waste heat have
become issues of crucial importance.!!-?! In this context, ther-
moelectric materials, which offer the capability for direct con-
version of waste heat into electrical energy, have attracted con-
siderable research interest. The performance of thermoelectric
materials is quantitatively assessed by the dimensionless fig-
ure of merit, denoted as z7':

_ SPoT

zT a (1)

where S corresponds to the Seebeck coefficient, o corresponds
to the electrical conductivity, 7 corresponds to the absolute
temperature, and K corresponds to the thermal conductivity.!
Improving the conversion efficiency requires an enhancement
of the power factor (PF = $%26) in thermoelectric materials,
concurrently with a reduction in thermal conductivity, present-
ing a substantial challenge for synergistic optimization.

Since the introduction of the phonon glass-electron crys-
tal (PGEC) concept by Slack in 1995, skutterudite has
been extensively investigated as a leading candidate for ther-
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moelectric applications in the mid-temperature regime (500—
800 K), attributed to its body-centered cubic cage structure
(space group Im3) and considerable potential for property
modulation.[*] Binary CoSbs, the prototypical skutterudite
compound, exhibits excellent electrical transport performance,
including high electron mobility, along with low cost and en-
vironmentally benign constituents. The intrinsic lattice voids
(2a sites) within the crystal structure can accommodate guest
filler atoms, and multi-element substitution can be realized
at Co or Sb sites, thereby providing a flexible structural
foundation for the synergistic optimization of thermoelectric
performance.!!! However, the material’s relatively high lattice
thermal conductivity (7 W-m~!-K~!) substantially limits its
energy conversion efficiency, constituting a major obstacle for
practical implementation. At present, the primary strategies
for reducing the thermal conductivity of CoSbjs include cage-
site filling, substitution at matrix atomic sites, and nanostruc-
turing. Among these, cage-site filling is considered the most
consistent with the PGEC principle, as it concurrently facili-
tates enhanced phonon scattering and effective modulation of
charge carriers. Electropositive elements such as Ce, Yb, Ba,
and Ca tend to lose electrons.[*"] When incorporated into the
intrinsic lattice voids, these elements donate carriers to the ma-
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trix. Meanwhile, their localized vibrations within the voids
significantly reduce the lattice thermal conductivity. Such fill-
ing modification techniques are relatively mature, and early
research mainly focused on the fabrication and performance
optimization of n-type skutterudites, with rare earths and al-
kaline earth metals widely employed as fillers.['>1?! In con-
trast, the filling of electronegative elements (S, Se, Cl, Br, I,
F) has attracted research attention only in recent years.[!3-18]
Such modification normally requires site substitution to realize
charge compensation, and is mostly adopted to construct high-

17.19-231 Up to now, system-

performance n-type skutterudites. !
atic studies on electronegative-element-filled p-type skutteru-
dites remain relatively scarce.

This study focuses on p-type skutterudite materials filled
with electronegative elements. A synergistic modification
strategy involving S/Se double filling and Fe substitution is
employed. A series of S/Se double-filled and Fe-substituted
skutterudite samples, denoted as Sg 1 _,Se,Feg,Co3 gSby,, are
synthesized via a high-temperature and high-pressure (HPHT)
technique. Experimental results demonstrate that S/Se dou-
ble filling regulates grain morphology and enhances phonon
scattering, while Fe substitution enables p-type conduction
and optimizes electrical transport properties. Fitting based on
the Debye model indicates that point defect scattering is the
dominant mechanism for reducing lattice thermal conductiv-
ity, with the resonant frequencies of S/Se double filling be-
ing 43.96 cm™! and 35 cm™!, respectively. Consequently,
So.0755€0.025Fe0.2Co3 8Sb1> achieves a peak zT of approxi-
mately 0.22 at 673.15 K, offering a new pathway for optimiz-
ing the performance of p-type skutterudites.

2. Experiment and characterization
2.1. Experimental detials

High-purity sulfur (S) powder, selenium (Se) powder,
iron (Fe) powder, cobalt (Co) powder, and antimony (Sb) pow-
der served as the raw materials, with their detailed specifi-
cations as follows: S powder (purity 99.5%, Aladdin), Se
powder (purity 99.99%, Aladdin), Fe powder (purity 99.95%,
Aladdin), Co powder (purity 99.9%, Aladdin), and Sb pow-
der (purity 99.9%, Aladdin). These powders were meticu-
lously weighed and subsequently blended in accordance with
the targeted nominal stoichiometric ratios corresponding to
S(),l_xsexFeo‘QCO&ng]z (x = 0.025, 0.05, 0.075, 0.1). Fol-
lowing this, the mixed powders were ground in an agate mor-
tar and cold-pressed into cylindrical pellets with dimensions
of 10.5 x 4 mm (diameter x height). The cold-pressed pel-
lets were then wrapped in molybdenum foil to prevent con-
tamination during the subsequent HPHT process, and the
wrapped cylindrical compacts were assembled in the sequence
depicted in Fig. 1. Subsequently, the fully assembled block

was transferred into the cavity of a China-style large-volume
cubic high-pressure apparatus (CHPA, model SPD6 x 1400)
for HPHT synthesis. The HPHT synthesis conditions were
fixed as follows: a pressure of 3.0 GPa, a temperature of 900 K
(627 °C), and a holding time of 30 minutes. Heating inside
the cavity was achieved by passing an electric current through
a graphite tube, while the pressure was controlled via a hy-
draulic anvil system. The temperature inside the cavity was
monitored using a double platinum-rhodium thermocouple;
calibration measurements were performed at different heating
powers to establish the temperature profile and calibrate the
internal temperature of the cavity. Additionally, the pressure
inside the cavity was calibrated against the oil pressure using
standard materials (Ba, Bi, TI) with known phase-transition
points. Through these procedures, skutterudite samples were
successfully synthesized.

Pyrophyllite block
Quartz stone ring
Pyrophyllite ring
Pyrophyllite ring
Molybdenum sheet
Copper strip
Graphite tube
Plug

Insulating ring
Molybdenum strip
Sample

IEIRERRET

Fig. 1. Sample assembly diagram.

2.2. Characterization

The phase composition of the samples was analyzed by
x-ray diffraction (XRD) using a Rigaku D/2550 V/PC diffrac-
tometer (Japan) with Cu-K  radiation (A = 0.15418 nm). The
measurements were performed at 40 kV and 200 mA over a
20 range from 20° to 80°, with a scanning speed of 4°/min
and a step size of 0.02°. The fracture morphology and grain
orientation of the samples were characterized by field emis-
sion scanning electron microscopy (SEM, Hitachi S-4800) at
an accelerating voltage of 5 kV. The as-prepared sample with a
diameter of 10.5 mm and length of 4 mm was cut into two stan-
dard test pieces using an STX-202A wire-cutting machine: a
rectangular bar of 2 mmx2 mmx8 mm and a cylindrical disk
with a diameter of 10.5 mm and thickness of 2 mm. After
cutting, the surfaces of all samples were polished to remove
machining damage. The Seebeck coefficient (S) and electrical
conductivity (o) were measured simultaneously on the rect-
angular bar samples from 323 K to 773 K using a Namicro-
3L variable-temperature thermoelectric measurement system
(JouleYacht, China) under a helium atmosphere. The thermal
diffusivity (o) of the disk samples was tested using the laser
flash method (Netzsch LFA 467, Germany) over the same tem-
perature range. Both sides of the disk samples were sprayed
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with graphite to improve measurement accuracy. The total
thermal conductivity k was calculated using the following re-
lation:

K = AC,D, )

where D is the sample density measured by the Archimedes
method with anhydrous ethanol as the immersion medium,
and G, is the specific heat capacity estimated according to the
Dulong—Petit law.

2.3. Computational details

The first-principles calculations in this work were per-
formed using the Vienna Ab initio Simulation Package (VASP)
based on density functional theory (DFT) with the Perdew—
Burke-Ernzerhof (PBE) functional within the generalized gra-
dient approximation (GGA). The projector-augmented wave
(PAW) method was employed, with a plane-wave cutoff en-
ergy of 450 eV. A 2x2x2 supercell was constructed, and
convergence tests of the total energy were carried out under
different pressures. A I'-centered 5x5x5 k-point mesh was
adopted for Brillouin zone sampling. To ensure the accuracy
of structural optimization, the convergence criteria for energy
and force were set to 1 x 107% eV/atom and 0.01 eV/A, re-
spectively.

3. Results and discussion

Figure 2 displays the XRD patterns of the
So.1—xSexFep2Co3.8Sbyo (x =0.025, 0.05, 0.075, 0.1) samples
synthesized at 3.0 GPa. As illustrated in Fig. 2(a), all major
diffraction peaks can be well indexed to the cubic skutterudite
phase with the Im3 space group (JCPDS PDF#78-0977). No
detectable secondary phases, such as impurity antimonides
or elemental Sb, are observed across the entire composition
range, confirming the formation of single-phase solid solu-
tions and the homogeneous incorporation of S/Se co-filling
and Fe doping into the skutterudite framework under the ap-
plied high-pressure conditions.

Figure 3 shows the cross-sectional SEM images of the
S/Se double-filled Fe-substituted skutterudite samples synthe-
sized at 3.0 GPa. As shown in Fig. 3(a) (x =0.025), the sample
with the lowest Se content possesses relatively large grains.
In contrast, Fig. 3(b) (x = 0.05) shows significant grain re-
finement, presenting the finest and most uniform grain size
distribution among all compositions. With further increasing
Se content, Fig. 3(c) (x = 0.075) and Fig. 3(d) (x = 0.1), the
highest Se content exhibits a gradual grain coarsening behav-
ior. In the filled skutterudite system, both S and Se atoms oc-
cupy the intrinsic cages of the skutterudite lattice, but their
different migration behaviors and interactions with the CoSbs
framework dominate the grain growth kinetics.**! At low Se

content, the introduction of Se atoms induces lattice strain and
suppresses grain growth, leading to refined grains. With in-
creasing Se content, enhanced atomic diffusion and recrystal-
lization promote grain coarsening.!?>! This trend confirms that
the co-filling of S and Se effectively modulates the microstruc-
ture of the skutterudite matrix, which is favorable for tailoring
the thermoelectric properties.

So.1-z5e;Feg 2Co3 8Sbi1a
=
3 ~
2|l T § s8=8% S
2
| & = BIBFT 2 p=0.025
= A l oo | A
4
5 ©=0.05
> A J A 1 A ll A A
=
w0
=] x=0.075
g | WS PR .
S
r=0.1
. 1 11111 | Y
| PDF#78-0977

20 30 40 50 60 70 80
20 ()

Fig. 2. XRD spectra of S/Se double filled Fe substituted skutterudite
samples at HPHT.

Fig. 3. SEM of Sp_,Se,Fep2Co38Sbj, samples: (a) x = 0.025,
(b) x=0.05, (c) x=0.075, (d) x=0.1.

Figure 4 presents the temperature-dependent electrical
properties of the Sg 1 —Se,Feg2Co3z gSbya samples synthesized
at 3.0 GPa.
tivity (o) of all samples exhibits a typical behavior of first

As shown in Fig. 4(a), the electrical conduc-

increasing and then decreasing with rising temperature. At
323 K, the conductivity varies with Se content, showing a
trend of increasing first and then decreasing, with the maxi-
mum value of 3.77x10* S-m~! achieved by the sample with
x = 0.75 (Sg.0255¢€¢.075Fep.2Co3.8Sbis). This temperature de-
pendence is characteristic of heavily doped semiconductors,
where the increase in carrier concentration dominates at low
temperatures, while enhanced phonon scattering leads to a de-
crease in mobility at high temperatures.!*®! Figure 4(b) shows
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the temperature dependence of the Seebeck coefficient (S).
All samples exhibit positive Seebeck coefficients, confirm-
ing their p-type conduction behavior. The Seebeck coefficient
of each sample first increases with temperature and then de-
creases at higher temperatures, which is attributed to the onset
of bipolar diffusion.['”) A maximum Seebeck coefficient of
132.24 uV-K~! is observed at 623 K for the x = 0.025 sam-
ple. These results demonstrate that the S/Se co-filling effec-
tively modulates both the carrier concentration and scattering
mechanism, providing an opportunity to optimize the thermo-
electric performance of the skutterudite system.

To qualitatively understand the effect of S/Se co-filling
on the band structure, DFT calculations were performed on
simplified model compositions with higher filling fractions
(Sep.5So.sFeCo7Sbyy and SeFeCo7Sby4), which preserve the
essential electronic features. Figure 4(c) shows the calcu-
lated band structures of Seqs5SosFeCo7Sbos (green curves)
and SeFeCo7Sby4 (black curves). For the p-type skutteru-
dite system in this study, the non-degenerate Boltzmann ap-
proximation is no longer applicable. Based on the degener-

(b) 140

2%00 400 500 600 700
T (K)
(c) 1.0 T
|
|
0.5 I
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Energy (eV)
=

—0.5FEX

P P S DN X7
7 7 \\\\m‘%a

v NN\ESSE AN
/4’?/%\‘\&\\ 07/2—=S\N

—-1.0
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800
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ate parabolic band model, the Seebeck coefficient of a p-type

semiconductor can be expressed as!>728]

272
ks T 3 1

S = B )
3e (H_Z)EV—EF’

where S is the Seebeck coefficient, kg is the Boltzmann con-

3

stant, e is the elementary charge, E\ is the valence band maxi-
mum energy, Ef is the Fermi level energy, and r is the scatter-
ing factor. For the p-type skutterudite system, phonon scatter-
ing is the dominant scattering mechanism, and thus r = —1/2.
Under identical temperature and scattering conditions, the S
is inversely proportional to the energy difference between the
valence band maximum and the Fermi level (Ey — Eg). For
the S/Se co-filled Seq 5Sg 5FeCo7Sbos at a given doping level,
the Fermi level lies closer to the valence band maximum, lead-
ing to a smaller E, — Ef, which theoretically results in a larger
S. This trend is also consistent with the Seebeck coefficient
data shown in Fig. 4(b), where the sample with the lowest Se
content (x = 0.025, corresponding to the S/Se co-filled case)
exhibits the highest S values.

130F
120F

So.1-eSe;Feg 2Co3.85b12

I -9 x=0.075
-2 =0.05
70r o 2=0.025
0 1 1 1 1
300 400 500 600 700 800
T (K)
0.5 T
(d) |
0.4 :
50.3-
>
& 0.2
(]
=
M o0.1

[e=]

Fig. 4. Temperature dependence curve of electrical properties of S/Se double filled Fe substituted skutterudite samples: (a) conductivity,
(b) Seebeck coefficient. (c) Band structures at 3.0 GPa: Se( 550 sFeCo7Sbys (green curves) and SeFeCo7Sbys (black curves). (d) Magnified

view of the band region near the Fermi level marked in (c).

Figure 5 presents the thermal transport properties of the
So.1x5exFep2Co3.8Sbiy samples synthesized at 3.0 GPa. The
thermal conductivity of a material consists of two components:
the carrier thermal conductivity (k) and the lattice thermal
conductivity (kjy), expressed as

“)

Kiot = Kiat + Kel,

where the carrier thermal conductivity follows the

Wiedemann—Franz law

K = LooT, (5)

where L is the Lorenz number, ¢ is the electrical conductiv-
ity of the material, and T is the absolute temperature.**! As
shown in Figs. 5(a) and 5(b), both the total thermal conduc-
tivity and lattice thermal conductivity of all samples decrease
monotonically with increasing temperature, which is charac-
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teristic of thermal transport in crystalline materials dominated
by phonon—phonon Umklapp scattering. With increasing Se
content in the S/Se double-filled system, the thermal conduc-
tivity of the samples increases. Among them, the sample with
x=0.025 (So.0755€0.025Fe9.2Co3.8Sb2) exhibits the lowest to-
tal thermal conductivity of 2.07 W-m~'K~! at 773 K.

To clarify the impact of S/Se co-filling combined with Fe
substitution on thermal transport properties more clearly, we
performed fitting based on the Debye—Callaway model. The
lattice thermal conductivity of the Sg g75Seg.025Fe.2Co3.8Sbio
sample was calculated and fitted, as shown in Figs. 5(c) and
5(d). The lattice thermal conductivity of the material can be
expressed by the Debye model as follows: 30311

(kBT>3/9D/T xte*
h 0 7o 1 (ex—1)2

kg

= — dx
212, ’

Kiat (6)
where x = /i /kgT, @ is the phonon frequency, Op is the De-
bye temperature, 7. is the relaxation time, kg is the Boltzmann
constant, and 7 is the reduced Planck constant. In this model,
the lattice thermal conductivity primarily depends on the total

phonon relaxation time, which is defined as follows: [3?]

2
v 0]
Tgl = Z +Aa)4—|—Ba)2T"exp (9D> +C(a)27

3T —w})?’

(M

4.0
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where L designates the grain size, @y serves as the resonant
frequency, and A, B, and C correspond to the fitting param-
eters. The terms in the equation, from left to right, represent
the contributions from grain boundary scattering (B), point de-
fect scattering (PD), phonon—phonon scattering (U), and reso-
nant scattering (R), respectively. For skutterudite materials,
the Debye temperature is typically adopted as 287 K, and
the sound velocity is taken as 2700 ms~!
ing fitting parameters are listed in Table 1.3'1 As shown in

Fig. 5(c), the experimental lattice thermal conductivity of the

. The correspond-

So0.0755€0.025Fep.2Co3.8Sbo sample (red circles) shows good
agreement with the fit from the Debye model (green line), in-
dicating that the lattice thermal conductivity of the sample is
governed by a combination of multiple scattering mechanisms.
The fitted resonance frequencies for S and Se are obtained as
43.96 cm~! and 35 cm™!, respectively. To better quantify the
contribution of each scattering mechanism to the reduction in
lattice thermal conductivity, the spectral lattice thermal con-
ductivity (k) arising from different scattering processes was
calculated for the Sg ¢75Seg.025Fep.2Co3.8Sby2 sample prepared
at 3.0 GPa. Its expression is given as follows:[*3]

3 4
kB kBT xeX
2r2v \ h (ex—1)
3.5F ©)

7 3.0}

M

7

g 2.5F

£

= 2.0F

9

1.5F
300 400 500 600 700 800
T (K)

0
*
7

g
@
2
&
3
z

B+PD+U+R
0 5 10 15 20 25 30 35

Frequency (THz)

Fig. 5. Thermal properties of S/Se double filled Fe substituted skutterudite samples: (a) total thermal conductivity, (b) lattice thermal conduc-
tivity, () Kijar experimental values of Sg o75Seq.025Fe02Co3.8Sba sample compared with the predicted ki, curve determined by Debye model
and (d) calculated &, of Sg 9755€0.025Fe0.2C03.8Sb12 sample with different scattering mechanisms prepared at 3.0 GPa.

As shown in Fig. 5(d), U dominates the low-frequency
region (< 10 THz) and serves as the fundamental mecha-

nism suppressing lattice thermal conductivity. In the mid-

to-low frequency range (5-20 THz), the effect of grain B
gradually weakens with increasing frequency. In the high-

frequency region (> 20 THz), PD exhibits absolute dom-
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inance, serving as the primary scattering source for high-
frequency phonons. The sum of all scattering mechanisms
(B+PD+U+R) provides full spectral coverage, manifesting
the multiscale phonon scattering network constructed by the
dual-filling of S/Se and Fe substitution.

Table 1. Parameters related to the calculation of lattice thermal conduc-
tivity using the Debye model.[3!]

Parameter Numerical value
Debye temperature 287 K
Longitudinal wave velocity 3850 ms~!
Shear wave velocity 2450 ms™!
Average sound velocity 2700 ms™!

1.3159x10"° m
7.5273x10728 m3

Average grain size

Atomic volume

Poisson’s ratio 0.17
S resonance frequency 43.96 cm™!
Se resonance frequency 35cm™!

Figure 6 shows the temperature dependence of the zT for
S/Se double-filled Fe-substituted skutterudite samples synthe-
sized at 3.0 GPa. As shown in the figure, the zT values of all
samples exhibit a non-monotonic trend over the entire mea-
sured temperature range, first increasing and then decreas-
ing with rising temperature. This trend is mainly governed
by the temperature-dependent behavior of the power factor
(PF = GSZ). Among them, the Sg ¢75S¢eg.025Fe02Co03.8Sbis
sample achieves a peak z7" of 0.22 at 673.15 K, which is sig-
nificantly higher than that of other samples in most of the mea-
sured temperature range. This result not only reveals the syn-
ergistic regulation mechanism of S/Se double filling on ther-
moelectric properties under high-pressure synthesis, but also
further expands the research direction of p-type skutterudite
materials.

0.25

So.1-z5e;Feg.2Co3.85b1o

0.20f

0.05f

80 400 500 600 700 800
T (K)

Fig. 6. The zT as a function of temperature for Sp ;_,Se,Fep 2Co3 §Sbj,
samples with x = 0.025, 0.05, 0.075, and 0.1.

4. Conclusion

In summary, a series of p-type S/Se co-filled and Fe-
substituted skutterudites Sg 1_xSeyFeg2Co3z gSbi, was rapidly
synthesized by the HPHT method. All samples present a pure

skutterudite phase. The S/Se filling ratio effectively regulates
grain morphology and size by affecting atomic diffusion dur-
ing HPHT processing. Fe substitution at Co sites stabilizes
p-type conduction, while the S/Se ratio tunes the electrical
transport properties. Meanwhile, dual anion filling introduces
strong multiscale phonon scattering, resulting in significantly
suppressed lattice thermal conductivity. Debye—Callaway fit-
ting confirms that grain boundary, point defect, Umklapp,
and resonant scattering act synergistically to reduce thermal

transport. The optimal sample Sy g75S€0.025F€0.2C03.8Sbi2

achieves a maximum z7 of 0.22 at 673.15 K. This work pro-
vides a feasible strategy for designing electronegative-filled p-
type skutterudites via HPHT, offering new insights for opti-
mizing thermoelectric performance.
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