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A B S T R A C T

A systematic study of the filled skutterudite system Smy(FexNi1-x)4Sb11.5Sn0.5 was carried out with the aim of 
investigating the effect of the partial substitution of Sb by Sn on the structural and thermoelectric properties of 
the material. The presence of Sn induces a shift of the p/n crossover toward lower values of x compared to the 
corresponding Sn-free system, as a consequence of the smaller number of electrons supplied. Moreover, a 
discontinuity at the p/n crossover is observed in the cell parameter and related structural features. The ther-
moelectric properties suggest lower thermal conductivity values in comparison to similar Sn-free skutterudite 
systems, resulting in higher ZT. This result highlights the significant role of Sn in creating new scattering centers 
able to affect the phonon transmission through the crystal lattice.

1. Introduction

Thermoelectricity is commonly considered as a valid energy har-
vesting technology, which allows recovering waste heat by converting it 
directly into electricity [1− 5]. Applications range from thermoelectric 
radioisotope generators for space explorations [6] to hybrid 
solar-thermoelectric generators [7,8], thermoelectric coolers [9,10], 
wearable technology [11], thermal energy conversion in buildings [12], 
and green hydrogen production [13]. Waste heat can come from a va-
riety of sources, such as industrial activity or home, and even from the 
human body: the wide temperature range covered by such different 
environments requires the use of different thermoelectric materials [14, 
15]. Thermoelectric modules are made of several high-performance p- 
and n-type semiconductor legs, electrically connected in series and 
thermally in parallel. The performance of such modules depends on the 
thermoelectric performance of the materials of each individual leg, 
which is estimated by the so-called figure of merit (ZT), defined as 

ZT =
(
σS2) T

/
(kph + kel) (1) 

where σ is the electrical conductivity, S the Seebeck coefficient, T the 
absolute temperature, kph and kel the phonon and electron thermal 
conductivity, respectively, and the product (S2σ) the power factor (PF).

A high ZT can be achieved either by increasing the power factor (PF) 
or by suppressing the thermal conductivity. Even if both approaches are 
feasible, from the experimental viewpoint the latter is more readily 
achievable, since it mainly involves the introduction and engineering of 
scattering centers, which contribute to the reduction of the phonon 
thermal conductivity by reducing the phonon mean free path [16,17]. 
This approach, leaving kel, and consequently σ, intact, follows the 
well-known PGEC (Phonon Glass Electron Crystal) concept [18], stating 
that ideal thermoelectric materials should conduct heat like glass and 
electricity like a crystal.

Several materials are currently studied in this context, such as 
organic materials [19], and among inorganic ones, half Heusler phases 
[20,21], chalcogenides [22,23], clathrates [24], and high-entropy alloys 
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[25,26]. In addition to the mentioned material classes, filled skutter-
udites are ideal candidates to be optimized as thermoelectric materials, 
since they possess a reasonably high power factor (on average around 
1.5–2 mW/mK2), and can be easily manipulated through the introduc-
tion of guest atoms, which significantly lower phonon thermal con-
ductivity [27− 29]. Skutterudites MX3 (M ––– transition element, for 

example Co, Fe, Rh or Ir, and X ––– pnictide atom), crystallize in a 

body-centered cubic cell (space group: Im3, isotypic crystal: CoAs3). The 
two crystallographic positions, namely the 8c (¼, ¼, ¼) and the 24 g (0, 
y, z), are populated by M and X, respectively: an icosahedral cavity X12 is 
therefore formed with its center in 2a (0,0,0).

In general, scattering centers can be of different nature, namely point 
defects (vacancies, susbstitutional or interstitial atoms), nano-
precipitates [30], grain boundaries, dislocations, pores [31] and so on; 
in this respect, the dimensionality reduction through thin film deposi-
tion [32] also plays a role in the suppression of kph due to the strain 
arising at the substrate/film interface [33,34]. In the particular case of 
filled skutterudites, scattering centers are mainly guest atoms occupying 
the 2a position at the center of the cavity. This cage, generally oversized 
with respect to the cations, is able to retain, even if through loose bonds, 
the largest lanthanide and alkaline earth ions, thus achieving at least a 
partial filling. The guest cations vibrate around their equilibrium posi-
tions, giving rise to a rattling motion which strongly lowers kph. Based on 
this, many different filled skutterudites have been synthesized: even 
limiting to Sb-based skutterudites, filling with Sm [35], Ce [36] and Yb 
[37] has been attempted. Furthermore, since multifilling is even more 
effective, this approach has also been explored, and DD (DD ––– 

didymium, a Pr/Nd mixture) [38], Mm (Mm ––– mischmetal) [39], 
Sm/Gd [40], and Ba/Sr/Pr/Nd/Yb [41] have been satisfactorily used as 
filler mixtures. In addition to multifilling, the partial substitution of Co 
by another transition element, as well as its total substitution by a pair of 
different metals, has also been attempted with the aim of inserting 
additional scattering centers, leading, for example, to the synthesis of 
Fe/Co [42-45], Co/Ni [46-48], Fe/Ni [28,40,49,50], and Fe/Co/Ni [39, 
51] skutterudites. A further path to be pursued with the aim of reducing 
kph in filled skutterudites is the introduction of scattering centers by 
partial substitution of Sb with one or more aliovalent elements, such as 
Sn [52,53], Ge [42,54], Te [55,56], Se [57], Se/Te [57,58], Te/S [59], 
or Te/Sn [60,61]; this approach is expected to be particularly effective, 
since the heat-carrying phonons in skutterudites are associated with the 
vibrational modes of the Sb rings, so a disordering effect on the latter 
should strongly influence the phonon thermal conductivity [62-64].

All the above-mentioned substitutions exert an effect not only on the 
thermal transport of the material, but also on its electronic properties, i. 
e. on the conduction regime of skutterudite. Even without resorting to 
band structure calculations, the electronic structure of the parent skut-
terudite CoSb3 can be correctly described according to the Zintl concept, 
which predicts that the compound is a compensated semiconductor with 
diamagnetic properties [27], as indeed experimentally observed. The 
introduction of a guest cation in 2a, contributing a certain number of 
electrons, is difficult to achieve [65], due to the high stability of the 
compound. Electron-deficient skutterudites, such as those with Co partly 
or totally replaced by a lighter transition element, on the contrary, 
require an electron contribution to reach stability. This is the case, for 
instance, of Fe/Ni- [35] and Co/Ni- [39] based skutterudites, which host 
a certain amount of filler cations that do not perfectly counterbalance 
the electron requirement of a compensated semiconductor, thus giving 
rise to p- and n- compounds. Partial substitution of Sb with an aliovalent 
element also influences the electronic count of the compound. In 
particular, the introduction of Sn, an atom characterized by an electron 
less than Sb in the outer shell, determines a broadening of the p-region 
by shifting the p/n crossover toward a lower Fe content, as already 
observed in previous preliminary studies conducted on Smy(FexNi1-x) 
Sb12-δSnδ [66] and CoSb3-δSnδ [67].

In this work a systematic study performed on several samples 
belonging to Smy(FexNi1-x)Sb11.5Sn0.5 is described with the aim of 
investigating the effect of the partial substitution of Sb by Sn on the 
electronic and thermoelectric properties of the system, as well as to 
correlate these features with the average crystal structure of the skut-
terudite. The results are discussed in comparison with those deriving 
from the corresponding Sn-free system [35] and other similar skutter-
udite systems.

2. Material and methods

2.1. Synthesis

Seven samples belonging to the Smy(FexNi1-x)4Sb11.5Sn0.5 system 
with 0.43 ≤ x ≤ 0.64, and 0.17 ≤ y ≤ 0.34 (characterized by a pro-
gressive and concomitant increase in both Fe and Sm: x = 0.43, 0.45, 
0.47, 0.50, 0.54, 0.58, 0.64; y = 0.17, 0.19, 0.20, 0.23, 0.26, 0.26, 0.34) 
were synthesized by the melting-quenching-annealing technique. The 
synthesis was performed starting from the pure elements Fe (Alfa-Aesar, 
99,99 wt%), Ni (NewMet, 99.9 wt%), Sn (Sigma Aldrich, 99.99 wt%), 
Sb (Mateck, 99.999 wt%), and from the precursor compound 
Sm0.15Sb0.85 previously prepared. Reagents were placed in quartz am-
poules and then sealed under vacuum. The synthetic process consisted in 
a thermal treatment at 1223 K for 1 hour to allow the reagents to melt 
and react, followed by rapid cooling in air. Subsequently, an annealing 
treatment was performed at 873 K for 10 days.

The precursor compound Sm0.15Sb0.85 was obtained by reacting Sb 
with Sm (NewMet, 99.9 wt%) in a sealed Ta crucible placed in an in-
duction furnace; it was used to increase the homogeneity of the final 
samples and to minimize the Sm losses due to oxidation during the 
melting treatment.

The compositions were chosen in order to synthesize both p-type and 
n-type skutterudites; the Sm content, i.e. the y value, was selected in 
agreement with the results obtained in [66]. Samples were named 
Fe43_Sn, and so on, based on the Fe content in % in relation to the total 
amount of (Fe + Ni).

2.2. Optical and electron microscopy

A preliminary view of the vertical section of the specimens was ob-
tained by optical microscopy, with a LEICA ICC50 W. Then, the samples 
were sputter-coated with a 6 nm thick gold layer on the surface and 
observed by scanning electron microscopy (Cambridge INCA 300 with 
PentaFET EDS detector sensitive to light elements, Z > 5, Oxfordshire, 
UK), coupled with EDS microprobe to obtain information on their 
composition and morphology. Before the compositional analysis, a 
quantitative optimization procedure was carried out using a Co standard 
(99.995 wt%) in order to correct the filament current and the beam spot 
size on the sample. Images of the samples were collected using both 
backscattered and secondary electrons.

2.3. X-ray diffraction

The samples were ground and sieved trough a 44 μm mesh sieve to 
obtain homogeneous powders, which were placed on a zero-background 
Si sample-holder and analyzed by a Bragg-Brentano powder diffrac-
tometer equipped with a Cu anticathode (Bruker D4 Endeavor, Cu Kα 
radiation). XRD patterns were collected in the range 10◦ < 2θ < 100◦

with angular step 0.02◦, 1 s per step. The refinement of the structural 
models was performed with the Rietveld method using the FullProf 
software [68].

2.4. Differential scanning calorimetry (DSC)

Thermal characterization of the specimens was performed by dif-
ferential scanning calorimetry (DSC) with a LABSYS Evo to evaluate the 
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decomposition temperature of the skutterudite, and with a SETARAM 
DSC11 to measure heat capacity (Cp).

The former analyses were carried out from 303 K to 1123 K on 
powders in a sealed Ta crucible under Ar atmosphere. The heating rate 
in the 303–473 K range was set at 10 K/min, while from 473 K to 1123 K 
it was reduced to 5 K/min. Then samples were cooled down to room 
temperature at 10 K/min.

Cp measurements were performed by a Calvet calorimeter. The 
reference and the working cell, surrounded by two thermopiles, were 
subjected to a temperature program from room temperature to 773 K. 
The investigation involved three steps: a) the implementation of a ’zero 
test’, performed by using two identical empty sample holders to reveal 
the possible heat flux difference between the reference and working 
cells; b) the experimental test performed with the sample in the exper-
imental cell; c) the calibration with Al2O3 as a standard. To ensure the 
reliability of the experimental results, the investigation was performed 
at constant heating rate and uniform Ar flow, and within an equally 
scanned temperature range.

2.5. Measurement of transport properties

The Seebeck coefficient (S) at room temperature was measured by a 
home-made instrument that provides the voltage produced by the 
sample under the application of a stable temperature difference of about 
10 K.

To perform transport measurements as a function of temperature, 
bulk specimens were ground, sieved and pressed in rectified presses; 
pellets with a diameter of 10 and a thickness of 1.5 mm were obtained. 
Then, disks were inserted into glass ampoules subsequently sealed under 
vacuum and sintered at 823 K for 7 days to reduce the porosity of the 
starting material; the density of the sintered pellets ranges between 80 % 
and 90 %. S and resistivity (ρ) were then simultaneously measured in the 
temperature range 323–723 K using a Linseis Messgeraete GmbH LSR-3 
instrument under He atmosphere in a four-contact configuration.

The thermal diffusivity (α) of 5 specimens (Fe43_Sn, Fe45_Sn, 
Fe47_Sn, Fe54_Sn, Fe64_Sn) was measured on the same disk samples 
under low vacuum and in the same temperature range as S and ρ. These 
measurements were carried out using a Linseis Messgeraete GmbH LFA- 
500 light flash instrument equipped with a Xe lamp. The thermal con-
ductivity (k) was calculated via the following equation: 

k = α⋅d⋅Cp (2) 

where d is the sample density, and Cp is the specific heat at constant 
pressure.

The uncertainties associated with the measurements are 7 % for the 
Seebeck coefficient, 7 % for the electrical resistivity, 9 % for thermal 
conductivity, and 30 % for the figure of merit.

3. Results

3.1. Morphological, structural and compositional characterization

Scanning electron microscopy images reveal a high porosity of the 
annealed samples; moreover, in addition to the filled skutterudite, 
which is by far the main phase, small amounts of extra phases, such as 
(Fe,Ni)Sb2 and Sb1-zSnz, can be detected in some samples. The former 
appears from x = 0.54, and its amount slightly increases with the in-
crease of Fe content (a table collecting the amount of extra phases for 
each sample, as revealed by EDS, is reported in the Supplementary 
Material). The latter is a solid solution formed due to the size similarity 
of Sb and Sn; depending on the sample, the Sn amount within Sb1-zSnz 
ranges between 1 and 9 at%. Fig. 1a, for example, shows the polished 
surface of the Fe47_Sn sample: the presence of holes (black regions) and 
of some needle-like crystals of Sb1-zSnz dispersed inside the skutterudite 
matrix is visible. According to SEM micrographs, the average size of 

skutterudite crystals is about 10 µm, as can be observed in Fig. 1b, where 
crystals grown inside a surface hole of the Fe47_Sn sample can be seen.

The superimposed diffraction patterns of all samples are shown in 
Fig. 2; the skutterudite reference diffractogram is contained in the entry 
no. 1530708 of the Pearson’s Crystal Database [69]. The diffraction data 
were analyzed with the Rietveld method by optimizing a structural 
model containing the filled skutterudite phase, and, when necessary, 
incorporating additional phases. The background of each diffractogram 
was modeled by fitting ~70 experimental points selected from the 
collected pattern; the peak profiles were modelled by pseudo-Voigt 
functions. In the last rounds of refinement, the structural parameters 
of the skutterudite (the lattice parameter, the atomic x and y coordinates 
of Sb, as well as the Sm occupancy in the crystallographic site 2a), the 
nine peak parameters, the scale factor and the background points, were 
simultaneously refined. The amounts of each element within the filled 
skutterudite were determined as follows. The Sm occupancy factor was 
obtained by Rietveld refinements by alternatively optimizing the 2a 
occupancy factor and the Sm isotropic displacement parameter (Biso); 
this procedure was followed to avoid correlation effects, until both pa-
rameters converged to a stable value. Subsequently, they were allowed 
to vary simultaneously: since they did not change significantly, it was 
possible to confirm that they had reached stability. Fe and Ni occu-
pancies were fixed at the value obtained from EDS and not allowed to 
vary due to the similarity of their scattering factors. The overall occu-
pancy of the 24 g position, i.e. the one populated by Sb and Sn, was 
considered full, based on the results of both EDS and Rietveld re-
finements. The amounts of Sb and Sn were fixed at the value provided by 
EDS; when allowed to vary during refinements, they proved to be stable, 
which confirmed the stability of the refinement process and the cor-
rectness of the structural model. Fig. 3 reports the Rietveld refinement 
plot of Fe64_Sn; Table 1 collects the agreement factors, as well as the 

Fig. 1. SEM microphotograph taken on the polished surface of Fe47_Sn a) by 
backscattered electrons and b) by secondary electrons.
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nominal and experimental composition of the filled skutterudite in the 
seven samples (with the latter deriving from the combined results of EDS 
and XRD analyses, as previously described), and the energy gap (Eg), 
which will be discussed later; the raw data provided by EDS are collected 
in the Supplementary Material.

The first interesting result comes from the comparison between 
nominal and experimental compositions. It can be observed that the 
largest discrepancy between the two values occurs at low Fe content, 
with the nominal amount being lower than the experimental one. This 

evidence finds an explanation considering that x values lower than 0.50 
in Smy(FexNi1-x)4Sb12 are close to the boundary of the skutterudite sta-
bility region, as shown in [35], where the lowest experimental x was 
0.37. Based on the Zintl model, the introduction of Sn is expected to 
enlarge the skutterudite stability region, as described in more detail in 
the Discussion; in any case, the present result suggests that x ~ 0.40 
represents the lower limit of the Fe content.

A further conclusion to be drawn from the comparison of nominal 
and experimental compositions concerns the Sn content of the samples. 

Fig. 2. Diffraction patterns of all the samples displayed in a stacked sequence. Asterisks and triangles mark the presence of Sb1-zSnz and (Fe,Ni)Sb2, respectively.

Fig. 3. Rietveld refinement plot of Fe64_Sn. The red dotted and the black continuous lines are the experimental and calculated pattern, respectively; the blue line at 
the bottom is the difference curve. Green vertical bars correspond to the calculated positions of Bragg peaks of the different phases (from top to bottom: skutterudite; 
(Fe,Ni)Sb2; Sb1-zSnz).

Table 1 
Nominal and refined composition, Rietveld agreement factors and energy gap (Eg) for each sample.

Sample Nominal composition Refined composition χ2 RB Eg [meV]

Fe43_Sn Sm0.15(Fe0.35Ni0.65)4Sb11.50Sn0.50 Sm0.17(Fe0.43Ni0.57)4Sb11.63Sn0.37 9.37 9.54 109
Fe45_Sn Sm0.18(Fe0.40Ni0.60)4Sb11.50Sn0.50 Sm0.19(Fe0.45Ni0.55)4Sb11.54Sn0.46 8.66 9.14 108
Fe47_Sn Sm0.22(Fe0.45Ni0.55)4Sb11.50Sn0.50 Sm0.20(Fe0.47Ni0.53)4Sb11.60Sn0.40 10.10 10.05 94
Fe50_Sn Sm0.23(Fe0.50Ni0.50)4Sb11.50Sn0.50 Sm0.23(Fe0.50Ni0.50)4Sb11.58Sn0.42 8.88 9.66 48
Fe54_Sn Sm0.26(Fe0.55Ni0.45)4Sb11.50Sn0.50 Sm0.26(Fe0.54Ni0.46)4Sb11.56Sn0.44 10.8 10.91 122
Fe58_Sn Sm0.27(Fe0.60Ni0.40)4Sb11.50Sn0.50 Sm0.26(Fe0.58Ni0.42)4Sb11.61Sn0.39 10.4 3.93 75
Fe64_Sn Sm0.34(Fe0.65Ni0.35)4Sb11.50Sn0.50 Sm0.34(Fe0.64Ni0.36)4Sb11.60Sn0.40 3.46 4.32 92
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In contrast to the nominal stoichiometric amount of Sn, which is 0.5 for 
each formula unit, the experimental amount is always slightly lower, 
ranging between 0.37 and 0.46. It is worth noting that Fe64_Sn is the 
sample with the highest Fe content hosting Sn at the Sb site; all attempts 
to synthesize Sn-containing samples with higher Fe content were 
unsuccessful.

The most direct result from the Rietveld refinements is the trend of 
the cell parameter as a function of the Fe content. This plot, reported in 
Fig. 4, similarly to what has already been observed in other similar 
systems [35,40], is characterized by a linearly increasing behaviour with 
increasing x, due to the larger ionic size of Fe with respect to Ni. Again, 
and in in analogy with the corresponding Sn-free skutterudite [35], as 
well as with the (Sm,Gd)-filled one [40], a change in slope occurs: in the 
present system it takes place at x ~ 0.53.

A further significant refined parameter provided by the Rietveld 
method is the atomic displacement parameter (Biso) of the filler atom. Its 
behaviour, reported in Fig. 5, is indeed typical of filled skutterudites, as 
it assumes particularly high values at low Fe content, and strongly de-
creases with increasing x; however, it remains quite high even at high Fe 
content when correlated with the large atomic weight of Sm. This 
feature, common to other similar systems [35,40], can be explained 
taking into account that two main factors contribute to Biso, namely 
dynamic and static disorder. The first is triggered by thermal agitation; 
the latter, on the contrary, can be associated with the presence of more 
than one atomic species in an atomic site, or with an incomplete occu-
pation of the site. In filled skutterudites the contribution of the filler 
atom to the dynamic disorder, despite its high atomic mass, is quite high 
at every composition, being it located inside an oversized cage, and 
therefore weakly bound to the 12 Sb atoms. However, the major 
contribution comes from the static disorder, due to the very low occu-
pancy factor of the 2a position. This evidence can be verified by 
observing the trend of the refined values of y vs. x for both the Sn-doped 
and the Sn-free system [35], reported in Fig. 6: they show a linear in-
crease in the amount of Sm (y), as a response to the need for a pro-
gressively greater electron supply due to the progressive substitution of 
Ni4+ with Fe2+. In particular, the very low values of y at low Fe amount 
are responsible for the very high values of the Sm Biso at low x. It should 
be noted at this point that the assignment of the 4+ oxidation state to Ni 
[27] has not been confirmed experimentally; however, it works very 
well in predicting the position of the p/n crossover in (Fe,Ni)-based 
skutterudites [35], as will be described in more detail in the Discussion, 
and is therefore generally accepted.

The DSC curves collected on all the samples are reported in Fig. 7. A 
similar behaviour is observed for all compositions, with two endo-
thermic signals occurring in the temperature range 890–900 K and 

Fig. 4. Trend of the cell parameter as a function of x in Smy(FexNi1- 

x)4Sb11.5Sn0.5. The two different data sets (0.43 ≤ x ≤ 0.54 and 0.54 ≤ x ≤ 0.64) 
are fitted by two different regression lines. Error bars are hidden by 
data markers.

Fig. 5. Atomic displacement parameter (Biso) of Sm as a function of the Fe 
amount (x).

Fig. 6. Trend of Sm vs. Fe content (y vs. x) for both Sn-doped and Sn-free 
samples. The latter data are those from ref. [27]. Error bars are hidden by 
data markers. Inset: data of room temperature Seebeck coefficient for 
Sn-doped samples.

Fig. 7. DSC curves of samples belonging to the Smy(FexNi1-x)4Sb11.5Sn0.5 sys-
tem collected during heating. Inset: onset temperature of decomposition as a 
function of the Fe content.
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950–980 K, respectively, the one at the higher temperature being the 
most intense. The inset to Fig. 7 reports the trend of the onset temper-
ature of the latter signal as a function of the Fe content x. The stability of 
the filled skutterudite will be analyzed in detail in the Discussion 
section.

3.2. Thermoelectric characterization

The Seebeck coefficients as a function of temperature are reported in 
Fig. 8. Based on their sign, it can be concluded that up to x = 0.50 
samples are n-conductors, while at higher Fe content they are p-con-
ductors. In this regard, the position of the p/n crossover can be identified 
between x = 0.50 and x = 0.54. All compositions exhibit a maximum in 
the absolute value of the Seebeck coefficient; this trend is quite common 
in semiconductors, and generally reflects a similar behaviour of the 
electrical resistivity. This pattern concerns the fact that at low temper-
ature extrinsic charge carriers prevail, while beyond the maximum 
electron–hole pairs are excited across the energy gap. The presence of 
the maximum allows the estimation of the energy gap (Eg) via the 
Goldsmid and Sharp equation [70]

Smax =
Eg

2eTmax
(3) 

where e is the electron charge, Smax and Tmax are the maximum value of 
S, and the temperature where the maximum occurs, respectively; Smax 
and Tmaxwere evaluated by fitting experimental data to a fourth order 
polynomial function. According to this expression, the Eg values re-
ported in Table 1 were found.

The resistivity data, reported in Fig. 9, reveal a weak temperature 
dependence, with the only exception of Fe50_Sn and Fe54_Sn, i.e. the 
samples in the immediate vicinity of the p/n crossover. The last- 
mentioned compositions show in fact a marked semiconducting 
behaviour, implying higher resistivity values compared to other samples 
and a decreasing trend of resistivity almost through the entire temper-
ature range explored. At lower and higher Fe contents, a more pro-
nounced n- and p-character develops, respectively, and a maximum in 
the resistivity trend of ρ vs. T occurs, indicating a progressive change 
from metallic to semiconducting behaviour with increasing tempera-
ture; the maximum shifts towards lower temperatures approaching the 
p/n crossover from both directions. All these features are quite common 
in Fe/Ni filled skutterudites, since they have already been observed in 
other similar systems, such as (Sm,Gd)- [40], DD- (DD ––– didymium) 
[71], (Ba,Sr,DD,Yb)- [41], and Yb- [37] filled (Fe1-xNix)4Sb12 skutter-
udites. The occurrence of the above maximum, hence of the transition 
from a metallic to a semiconducting regime, is consistent with a shift of 
the Fermi level towards the band gap as the p/n crossover approaches. 
Furthermore, the shift of the metal/semiconductor threshold towards 

lower temperatures as the p/n crossover approaches, is most likely 
related to the band gap contraction already observed for similar systems 
[71]. Indeed, resistivity and Seebeck are in good agreement, since the 
minimum temperature of Tmax recorded in resistivity occurs in proximity 
to the minimum value of the calculated energy gap, as evident from the 
comparison with data reported in Table 1.

The combined effect of electrical conductivity (σ) and S gives rise to 
the behaviour of the power factor (PF), reported in Fig. 10 as a function 
of temperature. All data series present a maximum, whose position 
(Tmax) changes with the Fe content x. In particular, Tmax takes the 
minimum value close to the p/n crossover, which, according to Seebeck 
measurements, is located between x = 0.50 and x = 0.54. Interestingly, 
the behaviour of Tmax vs. Fe content, represented in Fig. 11 for re-
sistivity, Seebeck coefficient, power factor, and ZT, is approximately 
similar for all these properties.

The thermal conductivity k of the five samples listed in paragraph 2.5 
is reported as a function of temperature in Fig. 12. All data series are 
characterized by an increasing trend, in good agreement with other 
similar systems [40,71]. It is also interesting to note that the higher the 
Sn content actually entering the structure, the lower the thermal con-
ductivity, as deduced from the low k values of Fe45_Sn and Fe54_Sn, 
which, according to the data collected in Table 1, contain the highest 
amount of Sn among all the studied compositions. The attribution of the 
k reduction to the introduction of Sn into the structure is confirmed by 
the trend of the phonon thermal conductivity kph. This parameter, re-
ported in Fig. 13, was calculated by subtracting the electron 

Fig. 8. Trend of the Seebeck coefficient as a function of temperature.

Fig. 9. Trend of the electrical resistivity as a function of temperature.

Fig. 10. Trend of the power factor as a function of temperature.
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contribution kel from the overall thermal conductivity. To do this, the 
Wiedemann-Franz law 

kel =
L0

ρ T (4) 

was used, where L0 is the Lorenz number, calculated through the See-
beck coefficient, as suggested in [72]. The particularly low value of kph is 

confirmed for the two above-mentioned samples, suggesting that this 
effect is most likely due to the partial substitution of Sb with Sn through 
the reduction of the phonon mean free path.

All the described properties contribute to ZT, which is plotted as a 
function of temperature in Fig. 14. As expected from the particularly low 
k values of Fe45_Sn and Fe54_Sn, the highest ZT values are indeed 
exhibited by these compositions. All data show a maximum, the position 
of which is close to that observed in the PF trend.

4. Discussion

The evaluation of the structural and thermoelectric properties of the 
Smy(FexNi1-x)4Sb11.5Sn0.5 system cannot ignore the question of the 
thermodynamic stability of the skutterudite. To gain insight into this 
point, the results of DSC measurements are discussed in comparison with 
those obtained on Sn-free samples [73] taking as a reference the ternary 
Fe-Ni-Sb diagram, and in particular the pseudobinary Fe25Sb75-Ni25Sb75 
phase diagram [74], reproduced in Fig. 15. According to the latter work, 
the monophasic stability field of unfilled skutterudite (η) is quite nar-
row, since it only extends around the Fe/Ni equimolar composition for a 
few percent. However, the field broadens with the insertion of a filler 
ion, such as Sm [73], even if it is not entirely clear whether the extra 
phases Sb and (Fe,Ni)Sb2 found in Sm-filled skutterudite at x > 0.63 and 
x < 0.50 are in equilibrium or metastable. Again according to [74], 
beyond the compositional limits of the monophasic field, the skutter-
udite is stable together with Sb and (Fe,Ni)Sb2 (ε); furthermore, it is 
formed through the following two peritectic reactions: 

1018 KL + δ → ε                                                                           (5)

915 KL + δ + ε → η                                                                       (6)

where η is the skutterudite, ε is (Fe,Ni)Sb2, and δ is (Fe,Ni)Sb.
In the light of these considerations, the endothermic signal occurring 

in the thermograms of the Sn-doped system at lower temperature (see 
Fig. 7) can be associated with Eq. 6, while the one at higher temperature 
refers to Eq. 5. Compared to the unfilled skutterudite [74], and even to 
the Sn-free system [73], the Sn-doped skutterudite studied in this work 
exhibits both reactions at slightly lower temperatures. The knowledge of 
the decomposition temperature of skutterudite is of great significance to 
keep the annealing temperature below this threshold. Regarding the 
stability of the observed extra phases, it is indeed not clear whether they 
are in thermodynamic equilibrium or not; in other words, the position of 
the boundary between the (η) and the (Sb + ε + η) fields is doubtful. As 
to this, a previous study performed on the corresponding Sn-free skut-
terudite may be helpful [50]. According to this study, the rapid solidi-
fication of the samples induces the disappearance of the extra phases in 
the compositions with x between 0.50 and 0.70; in the Sn-doped system, 

Fig. 11. Trend of Tmax vs. the Fe content for resistivity, Seebeck coefficient, 
power factor, and ZT.

Fig. 12. Trend of the overall thermal conductivity as a function of temperature.

Fig. 13. Trend of the phonon thermal conductivity as a function of 
temperature.

Fig. 14. Trend of ZT as a function of temperature.
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the skutterudite stability region is apparently narrower and shifted to-
ward lower x values.

The refined values of the Sm y content, reported in Fig. 6 for the Sn- 
doped and the Sn-free system [35] as a function of the amount of Fe x, 
show an increasing trend, indicating a progressive filling of the 2a po-
sition. This evidence is in good agreement with the increasing demand 
for electrons caused by the substitution of Ni4+ with Fe2+, as well as with 
the cage dimensions with increasing amount of Fe. However, the elec-
tronic count shows that the number of electrons supplied by the filler ion 
does not exactly match the amount of charge needed by both systems to 
reproduce the electronic count of a compensated semiconductor, such as 
CoSb3. Instead, the electron content is highest at low x values and lowest 
at high x values, thus giving rise to n- and p-skutterudites, respectively. 
In particular, in Fig. 6 the solid lines represent the ideal y values needed 
to reproduce the electronic count of a compensated semiconductor, 
calculated assuming that Fe and Ni are respectively in the 2+ and 4+
oxidation state [27], as previously discussed; the dashed lines fit 
experimental data. For each of the two systems the two lines cross at a 
composition corresponding to the p/n crossover as predicted by the 
structural analysis. The prediction is well confirmed by the measure-
ment of Seebeck coefficient at room temperature, reported in the inset 
for the Sn-doped system, and in ref. [35] for the Sn-free one: the 
maximum value of S, corresponding to the composition in which the 
charge carrier density reaches its minimum, is found in the first system 
between x = 0.50 and x = 0.54, i.e. where it is predicted based on the 
structural analysis. In the latter it occurs in the vicinity of x = 0.63, 
which again corresponds to the position of the crossover predicted by 
the structural analysis for that system [35]. The shift of the crossover 
toward lower x values with the partial replacement of Sb with Sn occurs 
as a consequence of the smaller number of electrons contributed by Sn 
compared to Sb. This problem is of particular interest when designing a 
thermoelectric module, since the knowledge of the conduction regime of 
the material is of fundamental importance.

The p/n crossover also leaves its mark in several structural parame-
ters, further confirming its position. Similarly to what was observed in 
the Sn-free system, [35] also in the present one a change of slope in the 
trend of the cell parameter as a function of the Fe content occurs at x, as 
can be deduced from Fig. 4. This evidence, whose origin is still not 
completely clear, is most likely attributable to a change in the Fe spin 
state that occurs at the crossover. A similar discontinuity can also be 
observed in the interatomic distance Sm-(Sb,Sn), which shows a sharp 
increase near x = 0.50, following the trend of the cell parameter; this 

behaviour can be observed in Fig. 16.
The sum of the fractional coordinates y and z of the 24 g position, 

occupied by the pnictide atom, is a further significant structural 
parameter, being an indicator of the proximity to the ideal condition of 
complete filling of the 2a position, as stated by Oftedal [75] and later 
partly amended by Kjeksus et al. [76]. The sum (y + z) tends in fact to 0.5 
as the full occupancy of the 2a-centered cages in Sb-based filled skut-
terudites approaches; when this value occurs, the groups of four 
neighbouring Sb atoms assume a square shape, while for any other value 
they are rectangular. More generally, in all filled skutterudites this 
parameter increases with increasing filling degree at site 2a. Interest-
ingly, unlike the Sn-free system, where a value close to 0.494 is reached 
asymptotically at the highest Fe content without experiencing any 
discontinuity [35], in the Sn-filled system (y + z) assumes a more or less 
constant value close to 0.492 up to Fe54_Sn, and increases sharply at 
higher Fe content, thus highlighting the occurrence of a discontinuity at 
the crossover. The trend of (y + z) in the Sn-free and Sn-doped samples is 
reported in Fig. 17 as a function of the Fe content. As a final observation, 
it can also be noted that the skutterudite decomposition temperature, 
represented in the inset to Fig. 7, also shows a peculiar trend consisting 
in a linear increase up to x = 0.54, followed by a series of lower and 
roughly constant temperature values around 980 K, indicating once 
again the presence of a discontinuity in the vicinity of the p/n crossover.

The discussion of the thermoelectric properties of the studied system 
should include comparison with other similar skutterudite-based sys-
tems. Typically, comparisons will be made with Sn-free systems having 

Fig. 15. Isopleth at 75 at% Sb of the ternary diagram Fe-Ni-Sb. η: skutterudite; 
ε: Fe-rich (Fe,Ni)Sb2; εNi: Ni-rich (Fe,Ni)Sb2; δ: (Fe,-Ni)Sb. The compositional 
range studied in this work is indicated. Reproduced from ref. [61]; original data 
derive from ref. [62].

Fig. 16. Trend of the Sm-(Sb,Sn) interatomic distance as a function of the Fe 
content x.

Fig. 17. Trend of the sum of Sb fractional coordinates y and z in Sn-free and Sn- 
doped samples as a function of the Fe content x. Data of Sn-free samples are 
reproduced from ref. [27].
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the same or another trivalent rare earth as a filler ion and a Fe/Ni 
content close to that of the samples studied in this work, in order to 
highlight the effect of the partial substitution at the Sb position. Such 
systems are for example YbyFe0.5Ni0.5Sb12 [37], DDyFexNi1-xSb12 [38], 
SmyFexNi1-xSb12 [40], (Ba,DD,Yb)y(FexNi1-x)Sb12 [41], and (Ce, 
Yb)y(FexNi1-x)4Sb12 with x = 0.51 [77]. The comparison between the 
present and other Sn-doped systems, on the contrary, is not straight-
forward, since information on other Sn- (or Ge-) doped (Fe,Ni)-based 
skutterudites is not available in the literature, to our knowledge. The 
differences in thermoelectric properties should in fact be attributable 
both to the presence of Sn (or Ge), and to the different electronic count 
due to the presence of transition metals other than Fe and Ni. For this 
reason, this comparison will generally be avoided.

With reference to the Seebeck coefficient S, it can be noted that the 
trend of this parameter as a function of temperature is strictly connected 
to that of other (Fe,Ni)-based skutterudites doped with trivalent filler 
ions. In the case of DDyFexNi1-xSb12 [38], for example, there is a close 
similarity between the behaviour of the sample with x = 0.5 and that of 
the Sn-doped sample with x = 0.45 and x = 0.47 described in this work: 
all these compositions are n-conductors, and are similar both in terms of 
S value and behaviour as a function of temperature, with a minimum 
localized in the vicinity of 500 K. The reason behind this evidence is to 
be found in the electronic count of the two systems: for a given x, the 
presence of Sn shifts the filler content toward higher values, as evident in 
Fig. 6. In other words, the electronic count of a certain Sn-free sample is 
achieved in Sn-doped samples at a slightly lower x, reflecting in the 
result described. A substantially different trend is presented, on the 
contrary, by samples belonging to the YbyFe0.5Ni0.5Sb12 system [37]: all 
of them are n-conductors, but with significantly different values of S, as a 
consequence of the different amount of Yb introduced into the cell, and 
of the different oxidation state of Yb, which can assume either the 
trivalent or the divalent oxidation state. Consequently, in the (Ba,DD, 
Yb)y(FexNi1-x)Sb12 system [41], the lower electron contribution of the 
bivalent Ba makes the composition with x = 0.52 a p-conductor.

Regarding electrical resistivity, it can be observed that for x = 0.5, 
the electrical resistivity is higher in our Sn-doped samples than in the Sn- 
free and DD-doped ones belonging to the DDyFexNi1-xSb12 system [38]. 
This evidence can be explained considering the lower number of charge 
carriers occurring in Sn-doped samples due to the proximity of x = 0.5 to 
the x value corresponding to the p/n crossover, which is found at x ~ 
0.54, as previously described. This behaviour is also well confirmed by 
the resistivity values displayed by SmyFexNi1-xSb12 with x = 0.5 [40], 
which are similar to those of the DDyFexNi1-xSb12 system. Conversely, 
the resistivity value of the Sn-doped sample with x = 0.5 is consistent 
with that of (Ce,Yb)y(FexNi1-x)4Sb12 with x = 0.51 [77], most likely due 
to the presence of Yb, which occurs in a mixed 2+/3+ oxidation state 
[78], thus providing a lower number of charge carriers compared to the 
Sm- and the DD-filled system.

According to the data reported in Fig. 12, a particularly low overall 
thermal conductivity is exhibited by Fe45_Sn and Fe54_Sn, i.e. by the 
compositions in the immediate vicinity of the p/n crossover. In com-
parison to all studied compositions in the system DDyFexNi1-xSb12 [38], 
YbxFe2Ni2Sb12 [37] and (Sm,Gd)yFexNi1-xSb12 [40], the Sn-doped sam-
ples exhibit a lower k at each temperature; the same can be said also for 
kph, at least where this value is explicitly calculated, i.e. for DDy-

FexNi1-xSb12 and (Sm,Gd)yFexNi1-xSb12. A further comparison can be 
made with Sn-doped samples belonging to other skutterudite systems, 
such as Nd0.6Fe2Co2Sb12-xSnx [53] and DDyFexCo1-xSb12-δSnδ [42], 
which show thermal conductivity values in good agreement with those 
of the samples studied in this work.

The analysis of ZT as a function of temperature allows us to draw 
some conclusions. As mentioned above, the ZT data of all the samples 
considered present a maximum occurring at a temperature that depends 
on the proximity to the p/n crossover. As already noted, the temperature 
trend where the ZT maximum occurs follows that of PF, which in turn 
resembles that of S; this feature is visible in Fig. 11. Focusing on the 

absolute value of the maximum ZT (ZTmax) exhibited by each sample, 
the data presented in Fig. 14 show that ZTmax varies between ~ 0.15 
(Fe64_Sn) and ~ 0.45 (Fe45_Sn). Comparing these data with those of the 
corresponding Sn-free system, it results that all the compositions 
considered in the present study have a higher ZTmax than the Sn-free 
system with x = 0.50 (ZTmax ~ 0.1 [40]), with some compositions 
(Fe45_Sn, Fe47_Sn, Fe54_Sn) showing a much higher value. Further-
more, the three last-mentioned compositions show a ZTmax value com-
parable to that of the Sn-free sample with x = 0.80, i.e. a p-conducting 
sample: this is a particularly appreciable result, since in (Fe,Ni)-based 
filled skutterudites it is known that p-conducting compositions are 
characterized by significantly higher PF and ZT values [79]. The com-
parison with other (Fe,Ni)-based skutterudites highlights that all ZTmax 
values of the Sn-doped samples are higher than those of DD0.08Fe2-

Ni2Sb12 [38], YbyFe2Ni2Sb12 [37], and (Ce,Yb)yFe2.8Ni1.2Sb12 [77]. 
Interestingly, the composition with x = 0.54 has a ZTmax even higher 
than DD0.40Fe2.8Ni1.2Sb12 [38], again a p-conducting skutterudite. It can 
therefore be concluded that partial substitution of Sb by Sn induces an 
improvement of the thermoelectric properties of the corresponding 
Sn-free skutterudite system, mainly in terms of lowering of kph and 
enhancement of ZT, as expected by the introduction of additional scat-
tering centers in the structure.

5. Conclusions

A systematic study of the filled skutterudite Smy(FexNi1- 

x)4Sb11.5Sn0.5 was conducted with the aim of determining the role of Sn 
in modifying the structural and thermoelectric properties of the system. 
Seven samples belonging to the above system with x ranging between 
0.43 and 0.64, and y ranging between 0.17 and 0.34 were synthesized by 
the melt-quench-annealing technique. The morphology, crystal struc-
ture, thermodynamic stability and thermoelectric properties of the 
samples were analyzed.

Three main conclusions can be drawn. 

− The p/n crossover shifts from x ~ 0.63 to x ~ 0.54 when passing from 
the Sn-free to the Sn-doped system, because of the smaller number of 
electrons provided by Sn compared to Sb, which requires a larger 
electron contribution from the filler atom.

− A discontinuity in the cell parameter, as well as the decomposition 
temperature, occurs at the p/n crossover. This evidence, also 
observed in the corresponding Sn-free system, marks the correlation 
between electronic and structural properties of the material.

− A significant increase in ZT occurs compared to the corresponding 
and other similar Sn-free systems as a consequence of the lower 
thermal conductivity induced by the presence of Sn, responsible for 
the creation of new scattering centers.

As a general conclusion, it can be stated that the partial substitution 
of the pnictide atom by an aliovalent atom influences the electronic, 
structural and thermoelectric properties of the studied filled skutter-
udite; in particular, the creation of new scattering centers interacting 
with heat-carrying phonons is effective in improving the thermoelectric 
properties of the material.
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