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Abstract A deeper understanding of the parameters that affect the dimensionless
figure of merit, the development of new concepts and the use of innovative synthesis techniques has recently led to systems with better thermoelectric performances.
Here we present part of the work that has been recently performed in our groups in
order to get new and improved thermoelectric systems. Two new systems, electrical conducting glasses and doped tellurium films, are proposed as new families of
thermoelectric materials.
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Power factor
Electronic contribution to the thermal conductivity
Lattice (phonon) contribution to the thermal conductivity
Phonon Glass Electron Crystal
Glass temperature
Crystallization temperature
Electrical resistivity
Grazing incidence x-ray diffraction
Scanning electron microscopy
Energy dispersive x-ray spectroscopy
Rutherford backscattering spectroscopy
Electrical resistivity of bismuth doped tellurium regions

1 Introduction
The climate changes that are being observed on a planetary scale, together with the
recent oil crisis, has woken up public opinion to the serious consequences of an
exaggerated consumption of primary resources and increase of pollution. A better
use of energy became top priority for most of the developed countries, in particular
of the European Union.
Following its general environmental politics, which has as primary objective to
keep the maximum increase of the average world temperature below 2◦ C, the European Union has recently established as main targets a 20% decrease of greenhouse
effect gases emission (when compared with the 1990 levels), a 20% increase of
the energy efficiency and a rise of the renewable energy sources proportion to 20%
by 2020.
The research of new environment friendly energy sources and the energy consumption optimization are therefore priority targets. A huge and almost unexplored
reservoir of “green” energy is the electricity generation from temperature gradients.
Thermoelectric materials are able to convert directly electrical energy into thermal
energy and, reversibly, thermal energy into electrical. In many applications, thermoelectric energy generation uses zero-cost input energy (waste, heat of exhaust pipe of
cars, etc.). Moreover, the complete absence of moving parts and the absence of substances as fluorinated cooling agents makes thermoelectric devices highly attractive.
The actual thermoelectrical devices use materials developed until the early 1960s,
mainly based on the Bi2 Te3 and Si–Ge phases. However, their efficiency is small
(<10%). It is therefore fundamental to identify new systems which could lead to
higher device efficiencies.
A deeper understanding of the parameters that affect the thermoelectric performance, the development of new concepts and the use of innovative synthesis
techniques have recently led to the identification of materials, as skutterudites,
clathrates, half-Heusler and low dimensional systems, with improved thermoelectric
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characteristics (see review by Godart et al. in this volume [1]). However, the efficiency increase is limited in bulk materials and the cost of low dimensional systems
is very high and therefore new systems need to be identified. In the next section the
fundamentals of the thermoelectric effects and figure of merit will be presented,
together with the new concepts on the parameters that affect the thermoelectric
performance. Section 3 is devoted to the presentation of two new systems with
promising thermoelectric performances. Finally, this chapter will finish with a conclusions section.

2 The Thermoelectric Effects and Figure of Merit
The three thermoelectric effects, Seebeck, Peltier and Thomson, were discovered
during the first half of the nineteenth century. The first one was discovered by Seebeck, in 1821, and consists in the formation of an electrical potential difference, ΔV,
when a circuit made of two different electrical conducting materials is submitted to
a temperature gradient, ΔT. The Seebeck coefficient is defined as S = ΔV/ΔT.
Peltier effect was discovered in 1834: when an electrical current, I, is applied to
the circuit there is a heat absorption, Q, in one of the junctions and its liberation on
the other. The Peltier coefficient is given by Π = Q/I.
The third thermoelectric effect, the Thomson effect, is observed when there are
simultaneously present in an electrical circuit, a temperature gradient and an electrical current. There is absorption or liberation of heat in each individual segment of
the circuit, being the thermal flux given by dQ/dx = τ I dT/dx, where x represents
the spatial coordinate and τ is the Thomson coefficient of the material. Thomson
also show that the Seebeck and Peltier effects are related by Π = S.T = Q/I.
The optimization of a compound or material for thermoelectrical applications
mainly implies the maximization of a dimensionless number, the figure of merit ZT,
that depends only on the material and is given by
Z T = S2 Tσ/λ,,
where T represents the absolute temperature, S is the Seebeck coefficient, and σ and
λ represent the electrical and thermal conductivities, respectively (for a deeper examination of the efficiencies of a thermoelectric material see review by Godart et al.
in this volume [1]). ZT maximization can be done via both the maximization of the
numerator, S2 σ (also called power factor), and the minimization of the denominator
(thermal conductivity).
Figure 1 shows the Seebeck coefficient, electrical conductivity and power factor as a function of the charge carriers concentration on a logarithmic scale. The
Seebeck coefficient decreases with the increasing concentration, whereas the electrical conductivity increases. Therefore, a maximum on the power factor is observed for concentrations of ∼1018 –1021 carriers/cm3 , which correspond to low gap
semiconductors or semimetals. The identification of Bi2 Te3 -based materials, which
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Fig. 1 Maximization of the power factor, S2 σ, through carrier concentration tuning.

have ZT ∼ 1 and are one of the most used materials for commercial thermoelectrical
devices, followed this criterion.
The thermal conductivity is a second factor that must be optimized in order to
maximize ZT: a material will increase its thermoelectric performance with the decrease of its thermal conductivity.
The thermal conductivity can be seen as a sum of two main different contributions, λ = λe + λL , where λe represents the electronic contribution and λL is the
contribution from the lattice vibrations (phonons). The electronic contribution to
thermal conductivity is related with the electrical conductivity via the Wiedemann–
Franz law, λe = LTσ, where L represents the Lorentz factor. Therefore, ZT can be
rewritten as
S 2 λe
ZT =
L λe + λL
being evident that its maximization implies the minimization of the phonons contribution.
At the beginning of the 1990s Slack presented the new concept of “Phonon Glass
Electron Crystal” (PGEC) [2], which proposes the research of compounds that conduct the electricity as a crystalline material and the heat as a glass. Based on this
concept new improved thermoelectric materials, as skutterudites and clathrates, have
been identified. The research of new thermoelectric systems based on the PGEC
concept has lead to an intense effort to understand better the mechanisms that affect the phonons propagation without changing significantly the electrical charge
propagation. Some general rules have been identified from these works, the most
important ones being presented in Table 1. It must be stressed that these rules are
not exclusive and several can exist simultaneously in the same material.
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Table 1 Main general approaches to develop improved thermoelectrical systems by using the
“Phonon Glass Electron Crystal” concept.
Approach
Effects on phonons
Materials (examples)
Heavy atoms weakly bounded
Phonon-scattering
Skutterudites, clathrates
to the structures
centers
Complex structures
Increase the optical
Clathrates, Yb14 MnSb11
phonon modes
Inclusions, impurities
Increase diffusion (affects
Composites
more phonons than
carriers)
Solid solutions
Increase mass fluctuations
Half-Heusler systems
(higher phonon
scattering)
Grain boundaries
Reduce the phonons
Low dimensional systems
mean free path

3 New Systems
3.1 Conducting Glasses
A careful analysis of the main general approaches recently developed to obtain improved thermoelectric systems shows that the new materials must have complex
structures, including the presence of inclusions and impurities, and should have
mass fluctuations and disorder. A type of materials that follows all these principles
are the glasses. Indeed, they have extremely complex structures, with a certain degree of order only at small distances, and present mass fluctuations, easily allowing
high concentrations of inclusions and impurities.
Metallic glasses have been widely studied in the 1970s–1980s. The reported
electrical conductivity and Seebeck coefficient values indicate that these types
of materials are not suitable for thermoelectrical applications: in fact, they show
Seebeck coefficients values typical of metals, ranging between ±5 μV/K [3–7].
Moreover, their electrical conductivity is smaller than the crystalline counterparts
due to the intrinsic disorder. However, it is known that the maximum of the power
factor is observed for low gap semiconductors and semimetals, and not for metals. Therefore, to identify glasses with improved thermoelectric performances it is
necessary to center the investigation on the low gap semiconductor and semimetal
glasses.
Numerous semiconducting glasses have been reported in the literature (see, for
instance, [8, 9]), most of them based on pnictides and chalcogenides. One in particular, Ge20 Te80 , is based only on two elements, is formed mainly by heavy atoms,
and has been described as easy to prepare [10]. Moreover, its electrical transport
properties have already been studied, being reported as having high Seebeck coefficients, albeit presenting small electrical conductivity values [11]. Previous works
have also shown that doping it with copper or silver can increase dramatically the
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Fig. 2 Cux Gey Tez general composition glasses (black squares) studied in the work presented
in [14].

electrical conductivity [12,13]. For all these reasons we decided to use the Ge20 Te80
glass as a starting test material, in order to check the possibility of optimizing the
thermoelectrical performance of a glass by changing its composition [14].
Several samples with Cux Gey Tez general compositions close to Ge20−x Te80−y
Cux+y (Fig. 2), together with the Cu25 T5 Te70 (T = Si, Ga) ones, have been prepared by melt spinning, as described elsewhere [14]. The quality of the samples
was checked by powder x-ray diffraction and differential thermal analysis measurements, together with optical microscope observations.
The materials have in general a glassy aspect (Fig. 3a), the disordered state being
confirmed by the x-ray diffraction results for most of the samples (Fig. 4) [14]. However, it has been observed that some materials with higher copper concentrations
frequently present regions where crystallization already starts (Fig. 3b), most probably being a sign of inhomogeneities on the cooling. X-ray diffractograms, made on
powders representative of the totality of the sample, also reflect this reality, many of
the higher copper concentration samples showing small crystallization peaks. The
extreme composition Cu30 Te70 , albeit still presenting some disorder, is already crystallized and its electrical transport properties were not studied. The higher facility
for samples with larger copper concentration to crystallize can be also deduced from
the differential thermal analysis measurements: a decrease of the glass and crystallization temperatures are observed for the doped materials, when compared with
the Ge20 Te80 (Fig. 5). Therefore, it can be concluded that there is a decrease of the
glass stability with the increase of the copper concentration, which implies higher
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Fig. 3 Optical micrographs of the Cu15 Ge7.5 Te77.5 (a) and Cu22.5 Ge2.5 Te75 (b) melt-spinning
samples.

Fig. 4 Powder x-ray diffractograms of the Ge20 Te80 , Cu7.5 Ge15 Te77.5 , Cu15 Ge10 Te75 and
Cu30 Te70 samples.
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Fig. 5 Differential scanning calorimetric thermogram of the Cu20 Ge5 Te74 glass sample. Tg and
TC represent, respectively, the glass and crystallization temperatures.
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Fig. 6 Temperature dependence of the electrical resistivity for the Ge20 Te80 -based glasses.

cooling rates to obtain the disordered state. Moreover, the low glass transition temperature limits their use to temperatures close to the ambient. For all these reasons,
the study of the effect of glass stabilizers addition on Ge20 Te80 -based glasses needs
to be performed.
The thermoelectric performance of Ge20 Te80 -based conducting glasses was
tested by measuring their Seebeck coefficients and electrical resistivities as a
function of the temperature [14]. Special care was taken in order to make the
measurements on purely glassy pieces, preferably with a needle-like shape.
All samples show a semiconductor behavior, with the electrical resistivity increasing with the decreasing temperature (Fig. 6). A strong dependence of the
resistivity with the composition is observed. The analysis of the influence of the different components concentration in the electrical resistivity (Table 2) indicates that
copper concentration is the main factor: a decrease on the room temperature electrical resistivity of five orders of magnitude can be observed when the composition
changes from Ge20 Te80 (∼3 × 108 μΩ m [11]) to Cu27.5 Ge2.5 Te70 (∼3 × 103 μΩ m)
[14]. Moreover, a decrease of the energy gap from ∼0.47 to ∼0.13 eV is also observed when changing from Ge20 Te80 to Cu27.5 Ge2.5 Te70 [11, 14].
Given the strong dependence of the electrical conductivity with composition one
could also expect a corresponding huge change of the Seebeck coefficient. However,
only a decrease from 960 μV/K to 394 mV/K has been observed for the extreme
compositions (Ge20 Te80 and Cu27.5 Ge2.5 Te70 ). Furthermore, the measurements of
the Seebeck coefficient as a function of temperature (Fig. 7) show an almost constant
variation, particularly for the higher copper concentration samples.
The large decrease of the electrical resistivity together with low drop of the
Seebeck coefficient, observed during the Ge20 Te80 -based conducting glasses composition optimization, lead to a huge increase of the power factor: the Ge20 Te80
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Table 2 Electrical transport properties of the Ge20 Te80 -based glasses.
ρ300 K
Ea(High T)
S300 K
S2 /ρ
Glass composition
(μΩm)
(meV)
(μV/K)
(μW/K2 m)
Ge20 Te80
2.77 × 108
470
960
3.3 × 10−3
1.6 × 105
244
540
2
Cu15 Ge7.5 Te77.5
Cu20 Ge5 Te75
2.9 × 106
263
453
1 × 10−1
3
6 × 10
164
415
29
Cu22.5 Ge2.5 Te75
2.5 × 103
126
394
62
Cu27.5 Ge2.5 Te70
Cu25 Si5 Te70
5.2 × 103
125
357
25
2.5 × 103
134
344
47
Cu25 Ga5 Te70

59

Reference
[11]
[14]
[14]
[14]
[14]
[15]
[15]

Fig. 7 Variation of the Seebeck coefficient as a function of the temperature for the Ge20 Te80 -based
glasses.

presents a value of 3 × 10−3 μW/K2 m, five orders of magnitude lower than the
Cu27.5 Ge2.5 Te70 , which has a value higher than 6 × 101 μW/K2 m. The very low
values of thermal conductivity observed in this type of glasses (<0.2 W/K m for
Ge20 Te80 [14]) lead to ZT > 0.1 at 300 K for the Cu27.5 Ge2.5 Te70 sample, making
them interesting materials for thermoelectric applications.
The work described was only a first study of the possibility of using conducting
glasses for thermoelectrical applications. Much work on the exploration of other
systems and optimization of compositions is still to do, in order to get the proper
materials. However, this study clearly indicates that conducting glasses are very
promising materials and a strong efforts should be made to investigate their thermoelectric properties.
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3.2 Bismuth Doped Tellurium Films
Low dimensional systems are actually considered one of the most important types
of thermoelectric materials. Indeed, ZT values as high as 2.4 have already been
reported in the literature for Bi2 Te3 /Sb2 Te3 superlattice devices [16]. However, they
are difficult to prepare, frequently not reproducible, and their preparation costs are
very high. Therefore, the identification of new, simple and easy-to-prepare systems
is also needed for these kinds of materials.
Many of the most promising recently discovered thermoelectric materials have
tellurium as one of the main constituents [1]. This element has been widely studied,
mainly in Japan in the late 1940s and early 1950s, for semiconductor applications,
its thermoelectric properties being also explored [17–23].
Tellurium is an element that has a small value of thermal conductivity at room
temperature and ambient pressure (∼2 W m−1 K−1 ) [24], and presents a semiconductor behavior, with an energy gap of ∼340 meV) [21, 25]. Moreover, its Seebeck
coefficient was reported to be high, albeit very sensitive to impurity concentrations [22]. The electrical conductivity of pure tellurium crystals is low, but can be
increased significantly with doping [22], making it a good candidate for thermoelectrical applications if higher power factor values are obtained.
Studies on tellurium low dimensional systems, in particular on films, have
been performed from the beginning of the last century [17, 26–28]. However,
non-reproductive behavior was observed on tellurium thin films, which was later
identified as being due to the absorption of atoms and molecules at the surface
[29–31]. Only for thicknesses greater than 180 nm does the effect of gas absorption
become negligible [29]. Doping effect studies on tellurium films are scarce [32, 33]
and, to the authors’ best knowledge, no work has been made with bismuth in low
dimensional systems. Moreover, only one work was recently reported on bulk materials, with the carrier concentration significantly increasing with the bismuth doping
content [34]. On the other hand, several studies have been made on tellurium-doped
bismuth materials [35–38]. Most probably, this discrepancy is due to the small solubility limit of bismuth on tellurium (∼0.1 atom %) [34].
One way of overcoming the solubility limits imposed by thermodynamic rules
can be achieved using ion implantation by introducing bismuth ions into the tellurium. Ion implantation is a well established technique in the semiconductor field
and allows the incorporation of any element in a matrix to concentrations well above
the equilibrium values [39]. Therefore, we decided to use the ion implantation technique to prepare films with high bismuth doping concentrations and study their
effect on the electrical transport properties. Additionally, being a ballistic process,
ion implantation also increases the structural disorder, with a consequent decrease
of the thermal conductivity, as observed in Bix Te3 /Sb2 Te3 multilayers implanted
with silicon [40, 41].
The films were prepared by evaporation of high purity tellurium (99.999%, metal
basis) on glass substrates and under a pressure of <10−6 mbar, as describe elsewhere [42]. Their thicknesses were controlled during deposition in order to be
insensitive to the atmospheric gases and Rutherford Backscattering Spectrometry
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Fig. 8 Grazing incidence x-ray diffractogram of a deposited tellurium film with the major peaks
labeled.

(RBS) analysis of the evaporated films confirms an average thickness of 500 nm. The
quality of the films was checked by grazing incidence x-ray diffraction (GIXRD)
and by scanning electron microscopy (SEM) observation, and their composition homogeneity was studied by energy dispersive x-ray spectroscopy (EDS).
Figure 8 shows a typical x-ray diffractogram of the deposited tellurium films.
All peaks can be indexed to the ambient pressure tellurium trigonal crystal structure [43], albeit their intensities indicate some texture with a preferential orientation
along the a axis.
The tellurium films were implanted with bismuth with fluences ranging from
5 × 1015 to 2 × 1016 Bi+ /cm2 . The energy was 170 keV corresponding to an implantation range of 37 nm, according the theoretical predictions of the simulation
code SRIM2006 [44].
After implantation GIXRD measurements of films show no structural changes,
with the diffractograms identical to the undoped ones and with all peaks belonging
to the tellurium trigonal crystal structure. SEM/EDS observations of the implanted
films point to a homogeneous distribution of the bismuth atoms, with no signs of
visible precipitates. In any case we cannot rule out the presence of precipitates with
dimensions below the detection limits of the technique. In fact the presence of pure
Bi or Bi2 Te3 precipitates in the nanometer range is a possibility to consider since
the maximum concentration of Bi in the Te films highly exceeds the solubility limit.
The thickness of the implanted Te layer after the implantation and the concentration profile of the Bi were measured by RBS. The spectrum obtained for the film
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Fig. 9 Experimental RBS spectrum of a tellurium film implanted with nominally
1 × 1016 Bi+/cm2 implantation fluence (open squares) and calculated curve by assuming a
Gaussian implantation profile. The measured fluence is 8.6 × 1015 Bi+/cm2 .

implanted with 1 × 1016 cm−2 is shown in Fig. 9. The results reveal a reduction of
about 50% of the thickness of the films implanted with the highest fluences indicating that a significant sputtering effect occurred during the implantation. Also the
measured fluences show a decrease of 5–10% relative to the nominal values compatible with a self-sputtering process. The Bi profile, due to the sputtering process,
extends from the surface up to ∼70 nm with a maximum around 20 nm (Fig. 10).
The maximum concentration values measured for the implanted fluences were in
the range of 3–8 atom % in the implanted regions (Fig. 10). In order to have a better
control of the implantation profile further studies are necessary to establish the implantation conditions that minimize the sputtering yield. This a relevant parameter
considering the low surface binding energy (2.02 eV) of Te responsible for the high
sputtering yields determined.
Even though the sputtering effects limit the maximum concentration attainable
of Bi in Te by ion implantation, the results clearly show that values much higher
than the ∼0.1 atom % reported for an equilibrium situation [34] are possible,
confirming that this technique is suitable for doping tellurium with large bismuth
concentrations.
The electrical transport properties of the films were studied by measuring
the electrical resistivity and Seebeck coefficient variation as a function of the
temperature.
A change from a semiconductor to a semimetallic behavior can be seen with the
bismuth doping (Fig. 11). Annealing the implanted films at 200◦ C for 10 min recovers the semiconductor behavior, which is most probably due to the formation of
Bi2 Te3 precipitates. However, this point still needs further clarification. An energy
gap of 56 meV (Table 3) is obtained for the unimplanted tellurium film, much lower
than what would be expected for this element (∼340 meV). The annealed films also
show energy gaps of the same order of magnitude as the undoped sample. These

Author's personal copy
New Approaches to Thermoelectric Materials

63

6

Concentration (at.%)

Bi
4

2

0
0

50

100

150

Depth (nm)
Fig. 10 Concentration profile of bismuth in a Te film implanted with a fluence of 1 × 1016 cm−2 .

Fig. 11 Electrical resistivity of tellurium films as a function of temperature (TT 200◦ C represent
implanted films after heat treatments at 200◦ C for 10 min).

lower calculated values possibly indicate that the tellurium used in the films preparation had already some impurities.
It is important to emphasize that bismuth exists only in a limited volume of the
tellurium film, close to the surface and, consequently, the samples can be considered
as a double layer. Therefore, a more careful analysis of the resistivity data implies
the consideration of the samples as two resistances in parallel, which correspond
to pure and bismuth doped tellurium regions (ρBi ). By using this approximation
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Table 3 Electrical transport properties of the bismuth doped tellurium films.
Film type
Pure Te
Bi impl. 5 × 1015 cm−2
Bi impl. 1 × 1016 cm−2
Bi impl 2 × 1016 cm−2
Bi impl. 1 ×
1016 cm−2 HT 200◦ C
Bi impl 2 ×
1016 cm−2 HT 200◦ C

ρBι 300K (μΩm)
738
28
26
55
66

Ea (meV)
56
–
–
–
53

S300K (μV/K)
187
188
145
29
147

S2 /ρ (μW K−2 m−1 )
47
1262
809
15
327

152

50

172

194

it is possible to calculate more accurate resistivity values for the bismuth doped
tellurium regions (Table 3) than the average values obtained if the total thicknesses
are considered. A significant decrease of the resistivity at room temperature (of more
than one order of magnitude) can be seen in the bismuth doped tellurium regions,
when compared with pure tellurium. The annealing increases the resistivity values,
albeit not recovering the pure tellurium ones.
Measurements of the Seebeck coefficient as a function of the temperature indicate that the conduction is mainly hole-type for all films (Fig. 12). Bismuth doping
decreases the room temperature Seebeck coefficient by ∼25%, from ∼200 μ V/K,
for the unimplanted and 5 × 1015 cm−2 implanted film, to ∼150μ V/K for 1 − 2 ×
1016 cm−2 implanted films. These results are in agreement with the presence of
small amounts of impurities already in the undoped films, as a Seebeck value of
−200 μ V/K has been reported for high-purity bulk tellurium, together with an extreme sensitivity of thermopower to doping [22].
In all films is observed a linear decrease of the Seebeck coefficient with the decreasing temperature. Albeit they present similar values, there is a change from a
convex to a concave curve with implantation, the annealing partially recovering the
convex curvature, in agreement with the complex band structure of tellurium [25].
Thermoelectric power is mainly sensitive to the less electrical resistive part of
the samples and, therefore, the measured Seebeck coefficients are mostly coming
from those regions. In the case of tellurium films, and considering the electrical resistivity differences in the bismuth doped and undoped regions, this means that the
measured Seebeck coefficients mainly come from the contribution of the bismuth
doped tellurium regions, and consequently, as a first approximation, can be considered as only coming from those regions. As a result, a power factor of those regions
can be roughly estimated if the calculated electrical resistivity of the bismuth doped
tellurium regions and the measured Seebeck coefficients are considered.
An increase of almost two orders of magnitude in the power factor of the best
doped film (bismuth implanted with 5 × 1015 cm−2 fluence) is observed, when compared with the pure tellurium film (Table 3). The best doped film has a power factor
of ∼1,260 μ W K−2 m−1 , which is already close to those obtained on the Bi2 Te3
based phases (2,000 − 4,000 μ W K−2 m−1 ) and points to a good possibility of obtaining high performance thermoelectric materials by implantation (if the thermal
conductivity of bulk tellurium is considered, a ZT value of ∼0.2 is already obtained
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Fig. 12 Seebeck coefficients of the tellurium films, as a function of temperature (TT 200◦ C represent implanted films after heat treatments at 200◦ C for 10 min).

at 300 K for the best doped film). However, a better understanding and optimization
of the implantation process is still need in order to get bismuth doped tellurium films
with thermoelectric performances suitable to practical applications.

4 Conclusions
The deeper understanding of the parameters that affect the thermoelectric performance, together with the development of new concepts and the use of novel
synthesis techniques, have recently led to the identification of materials with improved thermoelectric characteristics. Nevertheless, there are still strong limitations
on those materials and the discovery and investigation of new systems are highly
desirable.
The identification and use of general rules based on the “Phonon Glass Electron Crystal” concept, which affect the phonons propagation without changing
significantly the electrical charge propagation, can lead to the development of new
improved thermoelectrical systems. Here were presented two new systems, electrical conducting glasses and doped tellurium films, which we think that should
be studied more deeply. Albeit not yet optimized, both show interesting thermoelectric performances, with room temperature ZT values higher than 0.1. However,
much work is still to do on these two new systems, from the development of n- and
p-type conducting materials and increasing of the thermoelectric performances, to
the enhancement of the glass stabilization and the optimization of the implantation
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conditions, before they could be considered as high-efficiency thermoelectric materials with practical use. The rising of the global need for sustainable energy should
encourage not only the optimization of the already identified promising systems, but
also the development of new families with better thermoelectric properties.
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42. Lopes, E.B., Gonçalves, A.P., Alves, E. et al.: to be published
43. Adenis, C., Langer, V., Lindqvist, O.: Reinvestigation of the structure of Tellurium. Acta Cryst.
C 45, 941–942 (1989)
44. Ziegler, J.F., Biersack, J.P., Littmark, U: The Stopping and Range of Ions in Matter, Vol. 1.
IBM Research, New York (2006)

