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Abstract: Filled skutterudites are currently studied as promising thermoelectric materials due to their
high power factor and low thermal conductivity. The latter property, in particular, can be enhanced
by adding scattering centers, such as the ones deriving from low dimensionality and the presence
of interfaces. This work reports on the synthesis and characterization of thin films belonging to the
Smy,(FexNij _y)4Sby-filled skutterudite system. Films were deposited under vacuum conditions by
the pulsed laser deposition (PLD) method on fused silica substrates, and the deposition temperature
was varied. The effect of the annealing process was studied by subjecting a set of films to a thermal
treatment for 1 h at 423 K. Electrical conductivity ¢ and Seebeck coefficient S were acquired by the
four-probe method using a ZEM-3 apparatus performing cycles in the 348-523 K temperature range,
recording both heating and cooling processes. Films deposited at room temperature required three
cycles up to 523 K before being stabilized, thus revealing the importance of a proper annealing
process in order to obtain reliable physical data. XRD analyses confirm the previous result, as only
annealed films present a highly crystalline skutterudite not accompanied by extra phases. The
power factor of annealed films is shown to be lower than in the corresponding bulk samples due to
the lower Seebeck coefficients occurring in films. Room temperature thermal conductivity, on the
contrary, shows values comparable to the ones of doubly doped bulk samples, thus highlighting the
positive effect of interfaces on the introduction of scattering centers, and therefore on the reduction
of thermal conductivity.

Keywords: thermoelectricity; skutterudites; thin films; pulsed laser deposition; power factor; ther-
mal conductivity

1. Introduction

The increasing global energy demand, together with the very real greenhouse emis-
sions and global warming issues, is becoming increasingly alarming, leading scientists to
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search for new sustainable energy sources and energy-saving routes. Undoubtedly, in order
to reduce the carbon footprint, several alternatives should be explored, such as solar [1] and
wind [2] power, as well as fuel cell [3,4] technologies. In this scenario, thermoelectricity is a
promising and attractive property of materials which could play a notable role in the future
global requirement of energy due to its dual function in power generation and refrigeration.
Thermoelectric generators (TEGs) can be employed for a wide spectrum of purposes, for
example as radioisotope heat sources for space applications, or as power supplies in remote
areas, or in the automotive field [5,6]. Especially for the thin films discussed in this paper,
the applicative possibilities as thermoelectric energy harvesting to power Internet of Things
(IoT) sensors and devices are important [7-10].

The thermoelectric (TE) materials” performance is evaluated through the dimension-
less figure of merit ZT:

oS?

ZT ==~ 1)

with o being the electrical conductivity, S the Seebeck coefficient, T the absolute tempera-
ture and k the thermal conductivity. Furthermore, k consists of the sum of the electronic
thermal conductivity k. and the lattice thermal conductivity k; [11]. In addition, k, and ¢
are firmly correlated to each other through the Wiedemann-Franz law:

ke/o=LT )

with L being the Lorentz number. The optimization of ZT points toward boosting power
factor (PF), namely the 0S? product, and abating thermal conductivity. ¢ and S show an
opposite behavior depending on doping and charge carrier concentration; since, as shown
before, o and k. are interdependent, individually adjusting these parameters is a very
difficult task, which requires deep knowledge of the material band structure. The phonon
contribution to thermal conductivity k, on the contrary, is essentially independent of ¢
and S, and the attempt to minimize its value by reducing the phonon mean free path is the
most easily accessible phenomenological approach to the optimization of thermoelectric
materials. This idea relies on the expression of ky:

kp = %val 3)

where C; is the specific heat at constant volume, v the sound velocity, and ! the phonon
mean free path. The most common technique consists of the introduction of scattering
centers, for instance through density enhancement [12], porosity control [13], nanostruc-
turing [14], mesostructuring [15] or precipitation of nano-sized secondary phases [16]. A
further method, consisting of the introduction of substitutional and/or interstitial atoms,
underlies the optimization of skutterudites.

Given all the described conditions, it has become clear that the best compromise,
able to reconcile the maximization of o and S and the minimization of k;, can be found
in semiconductors [17]. Among the many classes of materials currently studied, such as
Heusler phases [18] and clathrates [19], filled skutterudites play a relevant role due to
the possibility of obtaining n- and p-conducting materials within the same system just by
changing the number of doping ions [20].

Skutterudites MX3 [21,22] (M = transition metal, X = pnictogen atom) crystallize
in a body-centered cubic cell (Pearson symbol cI32, Im3 space group, isotypic crystal:
CoAs3) with two different atomic sites, namely the 8c (1/4, 1/4, 1/4) and the 24g (0, y, 2),
occupied by M and X, respectively. MXg strongly tilted corner-sharing octahedra, and
an Xy icosahedral cage with its center in the 2a site located in (0, 0, 0), consequently
form. Such a material is characterized by a value of k that is too high to be exploited for
thermoelectric applications [23], but if a proper R atom (R = rare earth or alkaline-earth
element) enters the cavity, k;, is significantly lowered thanks to the vibrational modes of
the vibrating guest, which hinder the propagation of heat-carrying phonons [24], and ZT
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is consequently enhanced. In this respect, filled skutterudites RM4Xj; follow the phonon-
glass electron-crystal (PGEC) concept [11], stating that ideal thermoelectric materials should
conduct heat like glass and electricity like a crystal, and thus have low thermal conductivity
and high electrical conductivity. Some examples of high-quality outcomes are the n-type
(St,Ba,Yb)Co4Sb1p with ZT ~ 2.0 at 835 K [25] and the p-type DDg 7Fe3CoSb1, with ZT > 1.3
at 856 K [26]. As previously mentioned, in the majority of filled skutterudite systems, both
p- and n-type compounds can be synthesized from the same parent compound by tuning
the filling ratio of the R atom and the partial substitution of the M atom, thus creating a
lot of different compounds, such as Fe/Ni- [27,28] and Fe/Co- [29,30] based ones. At the
same time, the insertion of two different M atoms, similarly to the doping by two different
rare earths [27] or the partial substitution of Sb by Sn [31] or Ge [32], is responsible for the
creation of additional scattering centers, and thus for a further lowering of k..

The reasons behind the study of skutterudite thin films are therefore twofold: on one
hand, a basic scientific motivation leads us to investigate the effect of low dimensionality
and the presence of interfaces, which make thin films particularly interesting as a source of
further phonon scattering [33,34]. On the other hand, from a technological point of view, it
is desirable to produce flexible and robust TE devices, able to harvest heat from curved or
irregularly shaped surfaces, overcoming the flat, bulky and fragile commercial TE devices.
Nevertheless, in spite of the relevance of these issues, very few works are devoted to the
deposition of skutterudite thin films and to their characterization, and almost all of them
deal with CoSbjs [35,36] and CoSb3-deriving compounds [33,37,38].

This work reports on the deposition by pulsed laser deposition of thin films of two
filled skutterudites belonging to the Smy, (FexNi; _,)4Sb1; system. The effects on the struc-
tural and transport properties of the deposition and the annealing temperature were
studied. The deposition at room temperature, followed by an annealing process at 423 K,
was revealed to be essential for the obtainment of crystalline films and preferable to a high-
temperature deposition. While power factor is lower in films than in the corresponding
bulk samples due to the lower Seebeck coefficients, room temperature thermal conductivity
exhibits values comparable to the ones of doubly doped bulk samples; this encouraging
result suggests the positive effect of the presence of interfaces on the introduction of scatter-
ing centers, and therefore on the reduction of thermal conductivity. Starting from this point,
our future works will be focused on achieving further reduction in thermal conductivity
by introducing artificial nanoparticles.

2. Materials and Methods
2.1. Preparation of Porous Samples and Dense Targets

Two compositions of the Smy,(FeyNij _,)4Sby; filled skutterudite system were prepared
by the conventional melting—quenching—annealing technique with nominal (x = 0.63;
y=0.20) and (x = 0.70 y = 0.40), being the former at the n/p crossover, and the latter p-
conducting, respectively [39]. The Sm content was chosen based on the results described
in [28]. Additionally, Sb was added in a slight excess compared to the stoichiometric
quantity in order to compensate for the possible loss caused by its non-negligible vapour
pressure (0.133 Pa at 873 K [40]). Small pieces of pure elements (Fe, Alfa-Aesar, 99.99 wt.%;
Ni, (Alfa-Aesar, Kandel, Germany), 99.99 wt.%; Sm (NewMet, Waltham Abbey, UK);
99.9 wt.%; and Sb (Mateck, Jiilich, Germany), 99.99 wt.% were weighted in the specified
amounts and placed under vacuum in quartz tubes. The mixtures were then thermically
treated at 1223 K for 1 h to ensure the homogenization of the liquid phase, and then hastily
cooled in a water bath to improve microcrystallinity and facilitate the subsequent annealing
process. As-cast samples were then annealed in vacuum at 873 K for 7 days in order to
promote the formation of the desired phase, and subsequently ground in mortar operating
within an Ar-filled glovebox in order to prevent oxidation.

The sample with x = 0.63 was densified by spark plasma sintering (SPS, home-made
machine at the University of Pavia, Italy) at 773 K for 5 min under a pressure of 50 MPa.
Discs’ diameters ranged between 1 and 1.5 cm, depending on the availability of the starting
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material. Targets of specimens with x = 0.70 were prepared by the open die pressing
technique (ODP, at CNR-ICMATE in Lecco, Italy). Powders were encapsulated into an iron
sleeve; the inner surface was covered with a layer of BN to prevent sticking and to facilitate
the sample removal after the process. The specimen was preheated at 773 K for 3 min and
pressed with its axis horizontally oriented between two heated plates of a hydraulic press.
The dense sample is provided with a characteristic shape, giving the possibility to obtain
two distinct targets. Samples are named Fe63 and Fe70, depending on Fe % amount with
respect to the total (Fe + Ni) content.

2.2. Characterization of Porous Samples and Dense Targets

Morphology and composition of both porous and dense samples were studied by
electron microscopy coupled to energy dispersive X-ray spectroscopy (SEM-EDS, Oxford
Instruments, Abingdon, UK, model 7353 with Oxford-INCA software v. 4.07, Link Ana-
lytical — Oxford Instruments, Abingdon-on-Thames, UK, working distance: 15 mm, live
time: 40 s); to this purpose small pieces were encapsulated in resin and micrographically
polished prior to being analyzed. EDS analyses were performed on at least five points for
each selected area. Microhardness of porous samples was measured by means of a VMHT
microhardness tester (Leica, Wetzlar, Germany) provided with Vickers indenter. A test
load of 50 g was applied with a dwell time of 15 s; 10 tests were performed on each sample.

Powders obtained from grinding bulk samples were analyzed through X-ray diffrac-
tion by a Bragg—Brentano powder diffractometer (Philips PW1050/81, Amsterdam, The
Netherlands, Fe-filtered Co K radiation, power settings: 30 mA, 40 kV) making use of a
zero-background sample holder in the 20°-110° angular range.

2.3. Deposition of Thin Films

Filled skutterudite thin films were grown by the pulsed laser deposition (PLD) tech-
nique using a Nd:YAG (266 nm, 10 Hz) laser (LOTIS TII, Minsk, Belarus). Squared silica
pieces were chosen as substrates, undergoing firstly a cleaning process at 773 K for 2 h,
and then being glued by means of silver paint on an Inconel plate which was then inserted
into the PLD chamber. The laser was shot on the dense Fe63 and Fe70 targets with an
energy density of about 4.2 J/cm? for a deposition time of 60 min under high vacuum
(10~* Pa). Films were deposited both at room temperature and at 423 K, and a set of the
former batch was subjected to an annealing process at 423 K for 1 h under a flux of argon
gas (200 cm?/ min). Films are named Fe63_RT, Fe70_RT, Fe63_423, Fe70_423, Fe63_ann
and Fe70_ann according to the Fe amount, as previously elucidated, and to the process the
sample was subjected to: RT (deposition at room temperature), 423 (deposition at 423 K),
ann (annealed). In Table 1, an overview of the experimental conditions of film deposition
is reported.

Table 1. Experimental conditions of the thin film depositions.

Sample Deposition Deposition Target—Substrate Annealing
Temperature [K] Time [min] Distance [mm] [min-K]
Fe63_RT 293 60 35 -
Fe63_423 423 60 35 -
Fe63_ann 293 60 35 60-423
Fe70_RT 293 60 35 -
Fe70_423 423 60 35 -
Fe70_ann 293 60 35 60423

2.4. Characterization of Thin Films

Morphology and composition of thin films’ surfaces were studied by electron mi-
croscopy coupled to energy-dispersive X-ray spectroscopy (lower electron detector, LED-
SEM, JEOL/JSM-7100F, Akishima, Japan); to this purpose, the surface of the films was
coated with gold prior to being analyzed. EDS analyses were performed on at least five
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points for each selected area. The thermoelectric parameters, such as electrical conductivity
(0) and Seebeck coefficient (S), were concurrently measured by the four-probe method
between 348 and 523 K using a ZEM-3 (ULVAC Advance-Riko, Chigasaki, Japan) appa-
ratus under a partial He pressure to assure the thermal transport between the heater and
the sample. The thickness of samples was evaluated by means of a Dektak 6M Stylus
profilometer (Bruker, Billerica, MA, USA).

All samples were subjected to the X-ray diffraction analysis, both before and after
the thermoelectrical characterization by a Bragg-Brentano powder diffractometer (Smart
Lab3 Rigaku Corporation, Tokyo, Japan) using the Cu K radiation in the 10°~100° angular
range with angular step 0.02° (power settings: 40 mA, 40 kV).

The picosecond time-domain thermoreflectance (TD-TR) technique using a customized
focused thermal analysis system based on PicoTR (PicoTherm, Tsukuba, Japan) was utilized
to measure thermal conductivity of the samples at room temperature in the cross-plane
direction [41-44]. Details are reported in the section Appendix A.

3. Results and Discussion
3.1. Morphological, Compositional and Structural Properties of Porous and Dense Samples

The surface of bulk annealed samples appears highly porous, as depicted in Figure 1a,b,
where microphotographs taken on both samples by secondary electrons (SE) are shown.

Figure 1. SE-SEM microphotographs of the polished surface of bulk samples (a) Fe63 and (b) Fe70.

Backscattered (BS) images and EDS analyses suggest that the main phase is the desired
skutterudite, with composition Smy 17(Feq 0Nig.40)3.755b12 and Smg 3g(Feg 9Nip 21)3.755b12
for samples Fe63 and Fe70, respectively. Nevertheless, the presence of the additional phase
SmSb,, which is commonly found in non-perfectly monophasic samples belonging to this
system [45], can be observed too, as can be inferred from Figure 2.

Figure 2. BS-SEM microphotograph of the polished surface of sample (a) Fe63 and (b) Fe70.

The presence of the aforementioned additional phase, as well as of a tiny amount of
Sb, is confirmed by the results of X-ray acquisitions, as observable in Figure 3.
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Figure 3. X-ray diffraction pattern of sample Fe70 and calculated diffractograms of skutterudite, Sb
and SmSb;. In the experimental pattern, Miller indexes of the skutterudite phase are indicated, as
well as the position of the main peaks of the additional phases Sb and SmSb, (asterisks).

Microhardness was measured at several points of both phases on the Fe70 surface;
results clearly show a clustering of data around two values, namely 462(23) and 373(14)
HYV, the former being associated to skutterudite and the latter to the SmSb; extra phase.
Such a value for skutterudite is in good agreement with the values of samples belonging to
the (Sm,Gd), (FexNi; _y)4Sby, system [27].

After the densification process, both compositions show a significant density en-
hancement, as clearly depicted in Figure 4, presenting the surface of targets as revealed
by SE-SEM.

Figure 4. SE-SEM microphotograph taken on dense Fe70 sample.

3.2. Morphological, Structural and Transport Properties of Thin Films

The morphology of thin films is shown in Figures 5 and 6, which present LED-SEM
photos of the films’ surfaces.

Films deposited at room and at high temperature present a large difference: while the for-
mer (Figure 5a,b and Figure 6a,b) show a very smooth texture, the latter (Figures 5c and 6¢)
present uniformly distributed nanosized grains appearing on the films’ surfaces. Under
a brief analysis with the EDS, they appear richer in Sb compared to the film. As can be
inferred from the high magnification image taken on the sample Fe70_ann (se Figure 7), the
typical grain size of these films is around 20 nm. Analogous morphology can be observed
on other samples of both series. On the surface of all films, the presence of drops with sizes
ranging from 1 to 2 um is noticeable, typical of films deposited via PLD [46]. In order to
reduce this inconvenience as much as possible, a study regarding the dependence of the
morphology from the laser energy density is required in the future.
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Figure 6. Top view LED-SEM images of samples (a) Fe70_RT, (b) Fe70_ann and (c) Fe70_423.
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100 nm

—

Figure 7. Top view high magnification LED-SEM images of sample Fe70_ann.

The X-ray diffraction (XRD) patterns collected on the three films belonging to the Fe70
series are presented in Figure 8; analogous behaviors are shown by the Fe63 series. Both
samples as-deposited at room temperature (Fe63_RT and Fe70_RT) are shown to be mostly
amorphous. After undergoing the annealing process, both films (Fe63_ann and Fe70_ann)
exhibit the peaks corresponding to the skutterudite structure, indicating the formation of
a crystalline structure. It has to be noticed that, at variance with bulk samples, annealed
films present only the desired skutterudite phase, and not additional ones. On the contrary,
samples deposited at 423 K (Fe63_423 and Fe70_423) show both skutterudite and undesired
additional phases, such as Fe-Ni antimonides or residual-free Sb, similarly to bulk samples.

El:

S F

2 F

= F

c F

L r

E L Fe70_423
Y Fe70_ann
. twigun Fe70_RT
10 20 30 40 50 60 70 80 90

2 theta [°]

Figure 8. X-ray diffraction patterns of films belonging to the Fe70 series ({ refers to the secondary
phases Sm and SmSby).

The importance of the annealing process is illustrated by the electrical conductivity
measurements cycling. As depicted in Figure 9, representing the ¢ measurement of sample
Fe70_ann, it is clearly visible that during the first heating cycle up to 523 K, the ¢ drops
suddenly around 325-425 K to a lower o range, attesting to a remaining instability of
the annealed films during the measurement. However, after the first heating cycle, the o
became perfectly reproducible; all samples follow this trend. It is highly likely that the first
temperature cycle acts as a further annealing process, which promotes the obtainment of a
higher crystallinity degree, even if the appearance of new phases was not observed. As a
consequence, only results deriving from annealed films will be considered hereinafter.

Data reported in Figure 10, showing the trend of ¢ vs. temperature for both com-
positions of annealed films, confirm the semiconducting nature of the samples and the
substantial closeness of their electrical conductivity values. A comparison with data of the
(Sm,Gd)y (FexNij _y)4Sb1, skutterudite [27] indicates that the present o values are not far
from the ones of dense samples with x = 0.8, while they are significantly higher than those
of Sm-filled bulk samples [47].
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Figure 9. Electrical conductivity measurement cycles performed on sample Fe70_ann. Lines are
guides to the eye.
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Figure 10. Trend of the last cycle of the electrical conductivity as a function of temperature for
samples Fe63_ann and Fe70_ann.

The Seebeck coefficient S is presented in Figure 11 as a function of temperature for
both annealed films. The two compositions present very similar data and result to be p-
conducting, with values remarkably lower than the ones of (Sm,Gd)-filled compositions [27]
and of Sm-filled bulk samples [47]. In comparison with thin films, the Sm-filled skutterudite
bulks present larger sizes of grains (72-307 nm) and lower density (82-97%), depending
on composition and on the applied sintering pressure, according with the calculations
reported in [39]. The larger size of the grains and relatively lower density of the bulks with
respect to films could be responsible for a higher electron scattering, which conversely
yields higher values of S. As a general remark, it can be observed that both samples exhibit
a weak dependence on temperature. As already observed in the two aforementioned
cases, even in the present one the trend of S vs. T shows a maximum at ~500 K, as the
measurement extends over a sufficiently broad temperature range.
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Figure 11. Trend of the Seebeck coefficient as a function of temperature for samples Fe63_ann and
Fe70_ann.

Making use of the measured o and S values, the power factor (PF = 05?) has been
estimated for both compositions, as shown in Figure 12. As a consequence of the afore-
mentioned maximum in S, even in the trend of PF a maximum occurs roughly at the same
temperature as in S. Regarding the absolute values of the two observed maxima, they are
323 pW/m-K? and 466 pW/m-K? for samples Fe63_ann and Fe70_ann, respectively, which
are significantly lower than the corresponding data of the (Sm,Gd)-filled skutterudite [27].
The reason behind this behavior can be found in the cited lower value of the Seebeck
coefficient with respect to the dense doubly doped system [27].

600 -
—&— Fe63_ann
500 | —&— Fe70_ann g
— 9~ COy5 S Texny I il

LT o Ag-doped CoSb,
£ 400
3
S 300
7]
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L
7]
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Figure 12. Trend of the power factor as a function of temperature for samples Fe63_ann and Fe70_ann
compared to other samples in literature, namely Co158ySbg 04 Tepp 14 [37] and Ag-doped CoSbs [48].

For sake of comparison, the power factor of our films is compared with other skut-
terudite thin films reported in literature. It can be observed that our data are comparable
with the ones of Co158Sbep 04 Ters 14 [37] and significantly higher than those of Ag-doped
CoSbs [48].

A comparison with thermal conductivity data of (Sm,Gd)-doubly doped [27], even
if limited to room temperature data, shows interesting implications. Values of k of films,
reported in Table 2, are very close to the ones of the doubly doped sample with x = 0.50
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(k=216 W/m:K) and only slightly higher than the one of the sample with x = 0.80
(k=1.59 W/m:-K), where the amount of filling ions, and hence of scattering centers, is
noticeably higher. This result is very encouraging, as it suggests that the presence of
interfaces acts similarly to the introduction of two different filling ions in terms of the
creation of scattering centers. It can therefore be hypothesized that a better tailoring of the
film composition, for instance by introducing more than one filler, or by partly substituting
Sb for a proper atom, can lead toward a further reduction of thermal conductivity and an
enhancement of ZT.

Table 2. Thickness, RT and high-T Seebeck coefficient and thermal conductivity of samples Fe63_RT,
Fe63_ann, Fe70_RT and Fe70_ann.

Sample Thickness S@RT S @ 523K k
[nm] [uV/K] [uV/K] [W/m-K]
Fe63_RT 490 71.6 72.7 -
Fe63_ann 300 65.6 74.1 1.91
Fe70_RT 520 1.30 3.68 -
Fe70_ann 200 68.0 78.2 2.21

4. Conclusions

In the framework of the optimization of the thermoelectric properties of Sb-based
filled skutterudites, thin films of two compositions belonging to the Sm; (FexNij_,)45Sb1,
system were deposited by PLD. The system was chosen because of the promising thermo-
electric performance exhibited by the corresponding bulk samples. The cited properties are
expected to be improved by the introduction of further scattering centers represented by
the low dimensionality and the presence of interfaces, which are typical features of films.

Depositions were performed both at room and at high (423 K) temperature; moreover,
the former samples were annealed at 423 K. X-ray diffraction suggests the highest phase
purity in annealed samples; accordingly, transport property values become stable only
after three cycles up to 523 K, thus highlighting the importance of the annealing process.
Regarding the transport properties of annealed films, electrical conductivity assumes
values comparable to the ones of bulk samples, while the Seebeck coefficient is shown
to be far lower, which determines lower values of the power factor. Room temperature
thermal conductivity is similar in Sm-doped films and in (Gd,Sm)-doped bulk samples,
thus suggesting that the presence of interfaces in films acts similarly to the introduction
of different filler ions in bulk samples. The annealing process also causes the reduction of
both carriers’ concentration and their mobility.
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Appendix A

The picosecond time-domain thermoreflectance (TD-TR) technique using a customized
focused thermal analysis system based on PicoTR (PicoTherm) was utilized to measure
thermal conductivity of the samples in the cross-plane direction. For the measurements, a
100 nm layer of Pt was sputtered on the surfaces of the thin films. front-heat front-detect
(FF) configuration was used (Figure A1).

Thin film (Pt)
Probe beam

Pump beam
(Pulse)

Sample

Detector

Figure A1. Diagram of thermo-reflectance measurement with FF configuration.

To perform measurements, a 100 nm layer of Pt was sputtered on the surfaces of thin
films. The front-heat front-detect (FF) configuration was employed, making use of the
mirror-image method [49]. In the framework of this technique, the temperature history of
the FF configuration can be explained as follows:

Te(t) = bf\/><1+22v exp( Fif)> (A1)

d? Ce\2
=t (=t A2
- (bf> (A2)
bf_bs
= A3

where T; is a parameter called heat diffusion time (in Pt layer), v is a dimensionless
parameter, by is the thermal effusivity of Pt layer, by is the thermal effusivity of the sample,
dg is the thickness of the Pt layer and «s is the thermal diffusivity of the Pt layer.

We already know the value of Cg, thus we can determine the thermal effusivity of
the sample bs. We can also determine thermal conductivity of the samples ks by using
following equation

2
= (A4
CsPs
where ¢; and pg are the specific heat capacity and density of the sample, respectively.

Table Al shows the thermal properties at room temperature of annealed films; Figure A2
shows the thermo-reflectance signals obtained from the same samples and from reference
substrates. For our samples we considered cs = 220 J/kg-K and p, = 7360 kg/m?3.

Table A1. Thermal properties of samples Fe63_ann and Fe70_ann.

Heat Diffusion Thermal Thermal
Sample Time Y Effusivity Conductivity
¢ [s] bs [J/s*°m’K)] ks [W/(m-K)]
Fe63_ann 55.5 x 10710 0.747 1757 1.91

Fe70_ann 6.21 x 10710 0.717 1890 221
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Figure A2. Thermo-reflectance signals of skutterudite samples.

References

1.  Sen, Z. Solar energy in progress and future research trends. Prog. Energy Combust. Sci. 2004, 30, 367-416. [CrossRef]

2. Zerrahn, A. Wind Power and Externalities. Ecol. Econ. 2017, 141, 245-260. [CrossRef]

3. Ma,S,; Lin,M;; Lin, T.-E,; Lan, T,; Liao, X.; Maréchal, F.; Van Herle, J.; Yang, Y.; Dong, C.; Wang, L. Fuel cell-battery hybrid systems
for mobility and off-grid applications: A review. Renew. Sust. Energ. Rev. 2021, 135, 110119. [CrossRef]

4. Artini, C. RE-doped ceria systems and their performance as solid electrolytes: A puzzling tangle of structural issues at the average
and local scale. Inorg. Chem. 2018, 57, 13047-13062. [CrossRef] [PubMed]

5. Cézar, LR,; Pujol, T.; Massaguer, E.; Massaguer, A.; Montoro, L.; Gonzalez, J.R.; Comamala, M.; Ezzitouni, S. Effects of module
spatial distribution on the energy efficiency and electrical output of automotive thermoelectric generators. Energies 2021, 14,
2232. [CrossRef]

6.  Zoui, M.A,; Bentouba, S.; Stocholm, ].G.; Bourouis, M. A review on thermoelectric generators: Progress and applications. Energies
2020, 13, 3606. [CrossRef]

7. Petsagkourakis, I.; Tybrandt, K.; Crispin, X.; Ohkubo, I.; Satoh, N.; Mori, T. Thermoelectric materials and applications for energy
harvesting power generation. Sci. Technol. Adv. Mater. 2018, 19, 836-862. [CrossRef]

8.  Haras, M,; Skotnicki, T. Thermoelectricity for IoT—A review. Nano Energy 2018, 54, 461-476. [CrossRef]

9.  Tarancon, A. Powering the IoT revolution with heat. Nat. Electron. 2019, 2, 270-271. [CrossRef]

10. Nandihalli, N.; Liu, C.J.; Mori, T. Polymer based thermoelectric nanocomposite materials and devices: Fabrication and character-
istics. Nano Energy 2020, 78, 105186. [CrossRef]

11.  Slack, G.A. New Materials and Performance Limits for Thermoelectric Cooling. In CRC Handbook of Thermoelectrics, 1st ed.; Rowe,
D.M., Ed.; Taylor and Francis: Boca Raton, FL, USA, 1995; pp. 407—439.

12. Li, Y; Qiu, P; Duan, H.; Chen, J.; Snyder, G.J.; Shi, X.; Brummerstedt Iversen, B.; Chen, L. Enhanced thermoelectric performance
in rare earth-filled skutterudites. J. Mater. Chem. C 2016, 4, 4374-4379. [CrossRef]

13.  Khan, A.U,; Kobayashi, K; Tan, D.-M.; Yamauchi, Y.; Hasegawa, K.; Mitome, M.; Xue, Y.; Jiang, B.; Tsuchiya, K.; Golberg, D.; et al.
Nano-micro porous skutterudites with 100% enhancement in ZT for high performance thermoelectricity. Nano Energy 2017, 31,
152-159. [CrossRef]

14. Rogl, G.; Rogl, P. Skutterudites, a most promising group of thermoelectric materials. Curr. Opin. Green Sust. Chem. 2017, 4,
50-57. [CrossRef]

15. Benyahia, M.; Ohorodniichuk, V.; Leroy, E.; Dauscher, A.; Lenoir, B.; Alleno, E. High thermoelectric figure of merit in mesostruc-
tured Ing 25Co04Sb1; n-type skutterudite. J. Alloys Compd. 2018, 735, 1096-1104. [CrossRef]

16. Rogl, G.; Rogl, P. How nanoparticles can change the figure of merit, ZT, and mechanical properties of skutterudites. Mater. Today
Phys. 2017, 3, 48-69. [CrossRef]

17.  Snyder, G.J.; Toberer, E.S. Complex Thermoelectric Materials. Nat. Mater. 2008, 7, 105-114. [CrossRef]


http://doi.org/10.1016/j.pecs.2004.02.004
http://doi.org/10.1016/j.ecolecon.2017.02.016
http://doi.org/10.1016/j.rser.2020.110119
http://doi.org/10.1021/acs.inorgchem.8b02131
http://www.ncbi.nlm.nih.gov/pubmed/30289693
http://doi.org/10.3390/en14082232
http://doi.org/10.3390/en13143606
http://doi.org/10.1080/14686996.2018.1530938
http://doi.org/10.1016/j.nanoen.2018.10.013
http://doi.org/10.1038/s41928-019-0276-4
http://doi.org/10.1016/j.nanoen.2020.105186
http://doi.org/10.1039/C6TC01000H
http://doi.org/10.1016/j.nanoen.2016.11.016
http://doi.org/10.1016/j.cogsc.2017.02.006
http://doi.org/10.1016/j.jallcom.2017.11.195
http://doi.org/10.1016/j.mtphys.2017.12.004
http://doi.org/10.1038/nmat2090

Materials 2021, 14, 5773 14 of 15

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Chen, S.; Ren, Z. Recent progress of half-Heusler for moderate temperature thermoelectric applications. Mater. Today 2013, 16,
387-395. [CrossRef]

Dolyniuk, J.A.; Owens-Baird, B.; Wang, J.; Zaikina, J.V.; Kovnir, K. Clathrate thermoelectrics. Mater. Sci. Eng. R 2016, 108,
1-46. [CrossRef]

Artini, C.; Fanciulli, C.; Zanicchi, G.; Costa, G.A.; Carlini, R. Thermal expansion and high temperature structural features of the
filled skutterudite Smg (FexNij_ «)4Sb1o. Intermetallics 2017, 87, 31-37. [CrossRef]

Sales, B.C. Filled skutterudites. In Handbook on the Physics and Chemistry of Rare Earths, 1st ed.; Gschneidner, K.A,, Jr., Bunzli,
J.-C.G., Pecharsky, V.K., Eds.; North Holland: Amsterdam, The Netherlands, 2003; Volume 33, pp. 1-34.

Uher, C. Skutterudite-Based Thermoelectrics. In Thermoelectrics Handbook—Macro to Nano, 1st ed.; Rowe, D.M., Ed.; Taylor and
Francis: Boca Raton, FL, USA, 2005; Chapter 34; pp. 1-17.

Uher, C. In search of efficient n-type skutterudite thermoelectrics. In Proceedings of the 21st Conference on Thermoelectrics,
Long Beach, CA, USA, 29 August 2002; IEEE: Long Beach, CA, USA, 2002; pp. 35-41.

Keppens, V.; Mandrus, D.; Sales, B.C.; Chakoumakos, B.C.; Dai, P.; Coldea, R.; Maple, M.B.; Gajewski, D.A.; Freeman, E.J.;
Bennington, S. Localized vibrational modes in metallic solids. Nature 1998, 395, 876-878. [CrossRef]

Rogl, G.; Grytsiv, A.; Rogl, P.; Peranio, N.; Bauer, E.; Zehetbauer, M.; Eibl, O. n-Type skutterudites (R,Ba,Yb),Co4Sb1> (R = Sr, La,
Mm, DD, SrMm, SrDD) approaching ZT = 2.0. Acta Materalia 2014, 63, 30—43. [CrossRef]

Rogl, G.; Renk, O.; Ghosh, S.; Mallik, R.C.; Grytsiv, A.; Bursik, ]J.; Schafler, E.; Tuomisto, F.; Bauer, E.; Rogl, P. Properties of HPT-
Processed Large Bulks of p-Type Skutterudite DDy 7Fe3CoSby, with ZT > 1.3. ACS Appl. Energy Mater. 2021, 4, 4831-4844. [CrossRef]
Artini, C.; Carlini, R.; Spotorno, R.; Failamani, F.; Mori, T.; Mele, P. Structural properties and thermoelectric performance of the
double filled skutterudite (Sm,Gd)y(FexNij_x)4Sb12. Materials 2019, 12, 2451. [CrossRef] [PubMed]

Artini, C.; Zanicchi, G.; Costa, G.A.; Carnasciali, M.M.; Fanciulli, C.; Carlini, R. Correlations between structural and electronic
properties in the filled skutterudite Smy,(FexNij_,)4Sb1y. Inorg. Chem. 2016, 55, 2574-2583. [CrossRef] [PubMed]

Rogl, G.; Grytsiv, A.; Heinrich, P; Bauer, E.; Kumar, P; Peranio, N.; Eibl, O.; Horky, J.; Zehetbauer, M.; Rogl, P. New bulk p-type
skutterudites DDy 7Fe; 7Coj 3Sb1y_xXx (X = Ge, Sn) reaching ZT > 1.3. Acta Mater. 2015, 91, 227-238. [CrossRef]

Rogl, G.; Grytsiv, A.; Bauer, E.; Rogl, P.; Zehetbauer, M. Thermoelectric properties of novel skutterudites with didymium:
DDy (Fe;_xCox)4Sb1; and DDy(Fe; 4 Nix)4Sb1y. Intermetallics 2010, 18, 57-64. [CrossRef]

Artini, C.; Carlini, R.; Gigli, L.; Fanciulli, C. Compositional optimization and structural properties of the filled skutterudite
Smy(FexNil,x)4Sb11,5Sn0_5. Metals 2020, 10, 692. [CI‘()SSRef]

Shaheen, N.; Sufyan Javed, M.; Ullah Shah, H.; Hussain, S.; Ashfag Ahmad, M.; Raza, R.; Saleem, M.; Zhou, X. Enhanced
thermoelectric properties in Ge-doped and single-filled skutterudites prepared by unique melt-spinning method. Ceram. Int.
2018, 44, 12610-12614. [CrossRef]

Liang, G.-X.; Zheng, Z.-H.; Li, F;; Luo, J.-T; Jin, H.; Zhang, X.-H.; Fan, P. Nano structure Ti-doped skutterudite CoSbj thin films
through layer inter-diffusion for enhanced thermoelectric properties. J. Eur. Ceram. Soc. 2019, 39, 4842-4849. [CrossRef]

Fu, G.; Zuo, L.; Chen, J.; Lu, M.; Yu, L. Thermoelectric properties of DC-sputtered filled skutterudite thin film. J. Appl. Phys. 2015,
117, 125304. [CrossRef]

Daniel, M.V,; Lindorf, M.; Albrecht, M. Thermoelectric properties of skutterudite CoSbj thin films. J. Appl. Phys. 2016, 120,
125306. [CrossRef]

Zheng, Z.-H.; Li, F; Luo, ].-T.; Liang, G.-X.; Ma, H.-L.; Zhang, X.-H.; Fan, P. Thermoelectric properties and micro-structure
characteristics of nano-sized CoSbj thin films prefabricating by co-sputtering. J. Alloys Compd. 2018, 732, 958-962. [CrossRef]
Bourges, C.; Sato, N.; Baba, T.; Baba, T.; Ohkubo, I.; Tsujii, N.; Mori, T. Drastic power factor improvement by Te doping of rare
earth-free CoSbs-skutterudite thin films. RSC Adv. 2020, 10, 21129-21135. [CrossRef]

Colceag, D.; dauscher, A.; Lenoir, B.; da Ros, V.; Birjega, R.; Moldovan, A.; Dinescu, M. Pulsed laser deposition of doped
skutterudite thin films. Appl. Surf. Sci. 2007, 253, 8097-8101. [CrossRef]

Artini, C.; Cingolani, A.; Valenza, F.; Anselmi-Tamburini, U.; Latronico, G.; Mele, P. Effect of the sintering pressure on structure
and microstructure of the filled skutterudite Smy (FexNiy.x)4Sb1> (x = 0.50-0.80, y = 0.17-0.55). Mater. Res. Bull. 2021, 139,
111261. [CrossRef]

Weast, R.C. Handbook of Chemistry and Physics, 56th ed.; CRC Press: Cleveland, OH, USA, 1975.

Kakefuda, Y,; Yubuta, K.; Shishido, T.; Yoshikawa, A.; Okada, S.; Ogino, H.; Kawamoto, N.; Baba, T.; Mori, T. Thermal conductivity
of PrRhy gB,, a layered boride compound. APL Mater. 2017, 5, 126103. [CrossRef]

Piotrowski, M.; Franco, M.; Sousa, V.; Rodrigues, J.; Deepak, FL.; Kakefuda, Y.; Baba, T.; Kawamoto, N.; Owens-Baird, B.; Alpuim,
P; et al. Probing of thermal transport in 50 nm Thick PbTe nanocrystal films by time-domain thermoreflectance. J. Phys. Chem. C
2018, 122, 27127-27134. [CrossRef]

Daou, R.; Pawula, F; Lebedev, O.; Berthebaud, D.; Hebert, S.; Maignan, A.; Kakefuda, Y.; Mori, T. Anisotropic thermal transport
in magnetic intercalates Fe, TiS,. Phys. Rev. B. 2019, 99, 085422.

Gao, W,; Liu, Z.; Baba, T.; Guo, Q.; Tang, D.M.; Kawamoto, N.; Bauer, E.; Tsujii, N.; Mori, T. Significant off-stoichiometry effect
leading to the N-type conduction and ferromagnetic properties in titanium doped Fe, Val thin films. Acta Materialia 2020, 200,
848-856. [CrossRef]

Artini, C.; Castellero, A.; Baricco, M.; Buscaglia, M.T.; Carlini, R. Structure, microstructure and microhardness of rapidly solidified
Smy (FexNij_y)4Sby, (x = 0.45, 0.50, 0.70, 1) thermoelectric compounds. Solid State Sci. 2018, 79, 71-78. [CrossRef]


http://doi.org/10.1016/j.mattod.2013.09.015
http://doi.org/10.1016/j.mser.2016.08.001
http://doi.org/10.1016/j.intermet.2017.03.025
http://doi.org/10.1038/27625
http://doi.org/10.1016/j.actamat.2013.09.039
http://doi.org/10.1021/acsaem.1c00409
http://doi.org/10.3390/ma12152451
http://www.ncbi.nlm.nih.gov/pubmed/31374847
http://doi.org/10.1021/acs.inorgchem.5b02932
http://www.ncbi.nlm.nih.gov/pubmed/26895078
http://doi.org/10.1016/j.actamat.2015.03.008
http://doi.org/10.1016/j.intermet.2009.06.005
http://doi.org/10.3390/met10050692
http://doi.org/10.1016/j.ceramint.2018.04.058
http://doi.org/10.1016/j.jeurceramsoc.2019.06.044
http://doi.org/10.1063/1.4916238
http://doi.org/10.1063/1.4963111
http://doi.org/10.1016/j.jallcom.2017.10.207
http://doi.org/10.1039/D0RA02699A
http://doi.org/10.1016/j.apsusc.2007.02.149
http://doi.org/10.1016/j.materresbull.2021.111261
http://doi.org/10.1063/1.5005869
http://doi.org/10.1021/acs.jpcc.8b04104
http://doi.org/10.1016/j.actamat.2020.09.067
http://doi.org/10.1016/j.solidstatesciences.2018.03.012

Materials 2021, 14, 5773 15 of 15

46.

47.

48.

49.

Mustoufa, S.; Tsuyuguchi, S.; Arashi, T.; Nishida, M.; Hino, T. Formation of Droplets on Thin Film Surface in Pulsed Laser
Deposition Using Metal Targets. Q. J. Jpn. Weld. Soc. 2003, 21, 338-343.

Carlini, R.; Khan, A.U.; Ricciardi, R.; Mori, T.; Zanicchi, G. Synthesis, characterization and thermoelectric properties of Sm filled
Fey_«NixSby,. J. Alloys Compd. 2016, 655, 321-326. [CrossRef]

Zheng, Z.H.; Wei, M; Luo, ].T.; Li, F; Liang, G.X,; Liang, Y.; Hao, J.; Ma, H.L.; Zhang, X.H.; Fan, P. An enhanced power factor via
multilayer growth of Ag-doped skutterudite CoSbs thin films. Inorg. Chem. Front. 2018, 5, 1409-1414. [CrossRef]

Baba, T. Analysis of One-dimensional Heat Diffusion after Light Pulse Heating by the Response Function Method. Jpn. J. Appl.
Phys. 2009, 48, 05EB04. [CrossRef]


http://doi.org/10.1016/j.jallcom.2015.09.141
http://doi.org/10.1039/C8QI00207J
http://doi.org/10.1143/JJAP.48.05EB04

	Introduction 
	Materials and Methods 
	Preparation of Porous Samples and Dense Targets 
	Characterization of Porous Samples and Dense Targets 
	Deposition of Thin Films 
	Characterization of Thin Films 

	Results and Discussion 
	Morphological, Compositional and Structural Properties of Porous and Dense Samples 
	Morphological, Structural and Transport Properties of Thin Films 

	Conclusions 
	
	References

