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Abstract: Pulsed laser deposition operated by an ultra-short laser beam was used to grow in a vacuum
and at room temperature natively nanostructured thin films of lead telluride (PbTe) for thermoelectric
applications. Different percentages of silver (Ag), from 0.5 to 20% of nominal concentration, were
added to PbTe deposited on polished technical alumina substrates using a multi-target system. The
surface morphology and chemical composition were analyzed by Scanning Electron Microscope
and X-ray Photoelectron Spectroscopy, whereas the structural characteristics were investigated by
X-ray Diffraction. Electrical resistivity as a function of the sample temperature was measured by the
four-point probe method by highlighting a typical semiconducting behavior, apart from the sample
with the maximum Ag concentration acting as a degenerate semiconductor, whereas the Seebeck
coefficient measurements indicate n-type doping for all the samples. The power factor values (up
to 14.9 uW cm~! K=2 at 540 K for the nominal 10% Ag concentration sample) are competitive for
low-power applications on flexible substrates, also presuming the achievement of a large reduction
in the thermal conductivity thanks to the native nanostructuring.

Keywords: thermoelectric properties; nanostructuring; pulsed fs-laser deposition; lead telluride

1. Introduction

In the last decade, a great interest has been growing to find a way of developing
efficient thermoelectric devices for the conversion of heat into electricity by exploiting
the Seebeck effect [1,2], with the aim of re-using the large heat that is typically wasted in
several industrial processes. Additionally, thermoelectric generators have been used to
produce renewable energy, particularly for the conversion of concentrated solar radiation,
both directly [3] or combined with thermionic generators [4,5]. The conversion efficiency of
thermoelectric materials is characterized by the dimensionless figure of merit zT = S?0T/x,
where S, 0, T, and « are the Seebeck coefficient, the electrical conductivity, the absolute tem-
perature, and the thermal conductivity, respectively. Extensive and detailed studies have
established, over a long period of time, that to achieve an optimal value of the coefficient
zT, it is advisable to follow the strategy of the “phonon glass electron crystal” approach [6],
which implies the creation of a material with a tailored structure that has, at the same time,
low thermal conductivity (phonon glass), but high electrical conductivity (electron crystal).
Consequently, several studies came to find a way to optimize thermoelectric material by
maximizing its performance. Nanostructuring is the most diffused approach to improve zT,
by enhancing the Seebeck coefficient via the quantum confinement effect and, at the same
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time, by decreasing thermal conductivity through enhanced phonon scattering at grain
boundaries and interfaces [7-10]. Several complex nanostructures have been designed
for thermoelectric materials: two-dimensional superlattice structures, one-dimensional
nano-systems, and zero-dimensional nanoplates and nanoparticles [11-15].

Compared with bulky systems, the production of thin films has the noteworthy
advantage of being compatible with semiconductor technology. Additionally, thin films can
be easily applied in the fabrication of thermoelectric nano-devices, the research of which is
becoming extremely important thanks to the continuous requirements of miniaturization
and flexibility for the novel application scenario of the Internet of Things [16-18]. However,
the presently low performance of thermoelectric films in terms of conversion efficiency and
temperature stability restricts their real use in the required applications.

Table 1 shows some of the most recent and relevant results obtained from the prepa-
ration and characterization of thermoelectric thin films operating at temperatures higher
than 350 K. Different approaches and solutions in terms of both materials and techniques
were attempted, with the attaining of maximum power factor values in the range of
0.2-4.6 mW m~! K=2, which are typically lower than the values reported for the corre-
sponding bulk material.

Table 1. List of the most recent published works related to the production of thermoelectric nanos-
tructured thin films, displaying material and dopants, technique, power factor at the temperature T,
which maximizes the value, and year of publication.

Material/Dopants Production Technique Ma(x‘:vm;Tl I;z)fvze)erafer}ctor Pu(];::acfaeilgr?ceY)ear
ZnSb RF Magnetron Sputtering 2.35 x 1073 at 533 K 2014 [19]
Big 5Sbq 5Tes KrF excimer PLD 32 x 1073 at390 K 2015 [20]
PbTe Thermal evaporation ~0.45 x 1073 at 400 K 2015 [21]
ZnSb/Cr ArF excimer PLD 0.2 x 1073 at 600 K 2017 [22]
SnTe Thermal evaporation 1.98 x 1073 at 823 K 2018 [23]
Cu,Se XeCl excimer PLD ~0.2 x 1073 at 580 K 2022 [24]
CoSbs/Ag, Ti Magnetron Sputtering 0.31 x 1072 at 623 K 2023 [25]
SbyTez/Ag RF Magnetron Sputtering 4.6 x 1073 at 373K 2023 [26]
Smy (FexNi;_)Sb1» Nd: YAG PLD ~0.38 x 1073 at 525 K 2023 [27]

Among the different thermoelectric materials, lead telluride (PbTe) is a very appeal-
ing thermoelectric material for applications in the range of operating temperatures from
300 to 800 K [28]. Several research efforts have been oriented to the improvement of
the performance of PbTe bulk alloys through nanostructure optimization [29] and /or the
substitution/addition of dopants to adjust both thermal conductivity and carrier concen-
tration [30,31]. However, in the last years, many chalcogenides have lost attraction due to
the high cost, the problem of toxicity, and the decreased material availability.

One of the possibilities to be explored to overcome these issues is to use PbTe as thin
film, with the main intention to reduce the waste of material and, thus, to decrease the
cost of the final device, while maintaining high conversion performance. Many techniques
have been developed for the preparation of PbTe thin films [32-34]. Recently, Pulsed
Laser Deposition (PLD) has been demonstrated to be a technique capable of fabricating
high-quality thermoelectric films [35,36], mainly thanks to its experimental versatility and
capability of almost maintaining the stoichiometry in the transfer of mass from the ablated
target to the depositing substrate, in a vacuum or in a suitable gas atmosphere.

More specifically, femtosecond (fs) laser ablation in a vacuum has been suggested
as a powerful and versatile tool to produce nanoparticles of various materials. With
ultra-short pulses in the fs range, the laser intensity on the target is sufficiently high for
multi-photon absorption processes to take place; therefore, it becomes possible to fabricate
thin films and nanostructures of many materials, along with a low optical absorption
coefficient (or large bandgap) at the specific laser wavelength, such as oxides, nitrides, or
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semiconductors [37,38]. Moreover, the initial laser-heating occurs almost at solid density,
leading the matter to extreme temperature and pressure, generating a great number of
material states, which cannot be produced using longer pulses of comparable fluence.
In addition, laser pulses do not interact with the ejected particles, avoiding unwanted
secondary laser-material interactions or reactions.

This study aims to introduce a simple and fast approach to tune the properties of
nanostructured thermoelectric materials with the addition of potential dopants for achiev-
ing high-performance thin films. The previous works published by our group showed how
it is possible using PLD to obtain PbTe-based granular nanocrystalline film, with features at
the optimum size, i.e., in the range of 20-100 nm [10,39], for scattering the thermal phonons
and, thus, potentially achieving a drastic reduction in thermal conductivity. Despite this
promising evidence, the values of the thermoelectric power factor were still not competi-
tive with the performance of the bulk materials. With the scope of finding a strategy for
improving the overall performance of the thin films, the specific goal of this work was to
investigate the role of Ag incorporation as a possible effective dopant in the PbTe matrix
using PLD activated by an ultrashort laser at the femtosecond pulse duration, by evaluating
the addition of various percentages of atomic Ag in a multi-layer PbTe/Ag structure.

2. Materials and Methods

The experimental setup of the PLD system consists of an ultra-short Spectra Physics
Spitfire Pro XP Ti:Sapphire pulsed laser source (wavelength A = 800 nm, pulse duration
of ~100 fs; energy of 3.7 £ 0.1 mJ/pulse) in front of a stainless steel vacuum chamber
evacuated by a turbo molecular pump (typical background pressure of 5 x 10~/ mbar).
The pulse repetition rate was fixed to 100 Hz (the maximum selectable value is 1 kHz). The
PbTe and Ag targets (commercial 1-inch diameter targets, 99.999% purity) were placed on a
rotating holder during ablation to avoid cratering. The laser beam was focused with an
entrance angle of 45°, by a 1.0 m focal lens. As previously described [35,36], a multi-target
system was used to deposit both materials through a PbTe/Ag multi-layered structure.
The doping process was properly time-regulated and tuned to obtain a final product with
specific Ag atomic percentage composition, promoting the Ag diffusion into the film. For
the doping process, a PbTe/Ag multilayer structure was considered an acceptable attempt
to reach a heavy doping condition. A doping sequence as N x (A(t;)-B(tp)), with A = PbTe,
B = Ag, and t, tp, N as variable parameters according to the nominal Ag concentration,
was used to perform the deposition. The overall deposition time was 30 min for all the
samples. The growth rate was 0.11 pm/min, evaluated by ex-situ measurements of the
film thickness. Technical-grade mirror-polished alumina plates were used as deposition
substrates. All the substrates were ultrasonically cleaned in n-hexane and positioned on a
sample holder maintained at room temperature at ~ 50 mm from the target.

XPS measurements were performed using an ESCALAB 250Xi spectrometer (Thermo
Fisher Scientific Ltd., Basingstoke, UK), equipped with a monochromatic Al Ko source
(1486.7 eV) for XPS and a six channeltrons detection system. The binding energy (BE)
scale was calibrated, positioning the adventitious carbon peak C 1s at BE = 285.0 eV. The
photoemission spectra were acquired at constant pass energy of 50 eV. The Avantage v.5.9
software (Thermo Fisher Scientific Ltd., Basingstoke, UK) was used to collect and process
the spectra.

Surface morphology was characterized by a Field Emission Scanning Electron Mi-
croscopy apparatus (FE-SEM model Supra 40, ZEISS NTS Gmbh, Oberkochen, Germany), to
be able to observe the grown materials at a very high resolution, down to nanometric sizes.

Grazing angle X-ray micro-diffraction (u-XRD) measurements, which are typically
used for investigating the structural parameters of surfaces different from the bulk and
thin films [40], were performed using a Rigaku D/MAX RAPID (Tokyo, Japan) diffraction
system, operating at 40 kV and 30 mA. This instrument is equipped with a Cu K« source,
curved-image plate detector, flat graphite monochromator, variety of beam collimators,
and motorized stage (allowing two angular movements, rotation ¢ and revolution w). The
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u-XRD data were collected as two-dimensional images and then converted into Angle
(20)—Intensity profiles using specific software provided by the producer. The data were
acquired using 50 pum collimator, 1 h of collection time, a fixed revolution angle w (3°),
and rotation angles ® (60°, 75°, 80°, 90°). The peak assignment was made using JCPDS
database, whereas the unit-cell parameters of the PbTe samples were refined from the
u-XRD data using the UNITCELL software [41].

The temperature-dependent electrical characterization was performed in a homemade
vacuum chamber by using the “four-contact-in-line-points probe” method. This method
allows the measurement of sheet resistance under dark conditions and film resistivity
when the thickness is known. Sheet resistance is commonly used to characterize thin
film materials, with almost uniform thickness. The measurements were performed in a
homemade system varying the temperature in the range of 300-600 K under controlled
vacuum conditions (~10~3 mbar). The value of the film thickness used for the calculation
of the electrical resistivity was 3.30 £ 0.05 um, measured by a commercial profilometer and
found almost constant for all the samples. The setup scheme and the details of the method
are reported in a previous paper [42].

The Seebeck coefficient measurements were performed using commercial Seebeck In-
struments K-20 and SB-100 (MMR technologies, San Jose, CA, USA) with a high impedance
amplifier (30 gain) in the temperature range 300-600 K, following the method reported by
Ko and Murray [43].

3. Results

The experiments reported in this article follow the work we have undertaken and pub-
lished on the deposition of thermoelectric PbTe-based thin films via ns- and fs-PLD [35,36].
Our previous experiments verified some fundamental aspects concerning both the PLD
methods with related advantages/limitations and some important properties of the materi-
als themselves, which are usually prepared and studied in the form of bulk solid materials.

In particular, an ultrashort laser for PLD is preferred as an activating source if com-
pared to more traditional ns-pulse laser for the following reasons: (i) the rate of ablation and
subsequent growth of the film is much higher, and layers of micrometers can be obtained
in few minutes; (ii) the material deposited is nanostructured, therefore perfectly functional
to request a specific nano-sized structure; (iii) the stoichiometry of the target is maintained
without any chemical disproportion; (iv) the material obtained resulted in being crystalline
even by keeping the substrate at room temperature; and (v) the adopted multi-target and
multi-layered deposition, which is time-regulated, can potentially give the required atomic
composition, through the entire thickness of the film.

In the present experiments, we have grown room-temperature PbTe films with the
addition of Ag by PLD, operated by an ultra-short fs laser beam, comparing the typical
physical-chemical parameters (microstructural, stoichiometric, and electrical) of films
at different nominal dopant concentrations, whose expected values were calculated as
atomic percentages.

First, the surface chemical composition of the different samples was investigated by
XPS analysis. The obtained results evidenced that PbTe films doped with different amounts
of Ag were deposited. This result is confirmed by the peak-fitting analysis performed on
the spectra shown in Figure 1, shown for PbTel0, as an example. The peaks of Te3ds,»
and Pb 4f;/, positioned at BE = 137.5 eV and 572.2 eV, respectively, were assigned to PbTe.
However, upon contact with air, a thin layer of oxides (few nm) is formed, as evidenced
in the spectra deconvolution, which is then promptly removed after a few seconds of ion
sputtering (Ar*—1 keV). Instead, the Ag spectrum was characterized by a single Ag3ds,,
peak positioned at 368.3 eV, BE value characteristic for Ag’, thus excluding the formation
of secondary phases, such as Ag,Te [21].
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Figure 1. Te3d (a), Pb4f (b), and Ag3d (c) spectra acquired by the investigation of the sample PbTel0.

Table 2 shows the main chemical information derived from the XPS investigation.

Table 2. Values of the XPS atomic concentration of Ag and Pb/Te atomic ratio for the investigated samples.

Sample Name Nominal [Ag] (%) [Ag] (at.%) ! [Pb]/[Te] (at.%/at.%) !
PbTe05 0.5 1.1 1.2
PbTel 1 2.5 1.2
PbTe2 2 4.6 1.1
PbTe5 5 8.8 0.9
PbTel0 10 14.4 0.7
PbTe20 20 249 0.4

! Values measured after the sputtering of the first layers to remove contaminants.

From the analysis of the XPS data, it is possible to state that the atomic [Ag] concen-
tration is quite high with respect to the nominal one. This difference is higher when the
nominal concentration is low because of the time-dependence of the multi-layer process:
for low concentration, the time for a single step is lower and the error increases. However, a
linear dependence between the [Pb]/[Te] atomic concentration ratio and the Ag atomic con-
centration was found (Figure 2a). The amount of Ag corresponding to a stoichiometry close
to the correct one ([Pb]/[Te] = 1) is up to 8.8 at.%, whereas the ratio [Pb]/[Te] drastically
decreases for [Ag] concentration >8.8 at.% when [Te] is much higher than [Pb]. The large
difference from the correct stoichiometry with an excess of Te atoms is surely ascribable
to the high number of Ag atoms, which can physically substitute Pb atoms in the Pb-Te
system but can also produce doping in interstitial sites or by metallic aggregates. Figure 2b
shows the depth profile of the sample PbTe05, which points out how the concentrations of
Pb, Te and Ag are quite constant along the thickness of the film apart from the first surface
layers (due to carbon and oxygen contaminations).

An evident and characteristic granular nanosized structure is clearly visible in mi-
crographs obtained by SEM, as shown in Figure 3 for samples PbTe05 and PbTe20. The
other samples show very similar morphologies and, for brevity, are not reported. An
estimation of the size of the granules was carried out via open-source software for imaging
analysis (Image], National Institutes of Health, Bethesda, MD, USA) [44]. The size of the
granules is randomly distributed from about 220 nm (constituted by few crystallites) down
to approximately 30 nm (consisting of single crystallites).

In Figure 4, the XRD spectra of the undoped PbTe (altaite) and that of the sample
PbTel0 are shown. We state that the films at different Ag compositions present the same
features, without any significant variations in the position and intensity of the reflections
reported for the sample PbTel0.
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Figure 2. (a) [Pb]/[Te] atomic concentration ratio as a function of the Ag concentration; (b) XPS depth

profile for the sample PbTe05.

Figure 3. FE-SEM secondary electrons images of thin films: (a) PbTe05 and (b) PbTe20 at different
magnifications. The nanostructured morphology of PbTe grains (~30 to 220 nm) is evident.
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Figure 4. u-XRD patterns taken at grazing incidence angle of the undoped PbTe, used as a reference,
and the sample PbTel0.

It is possible to state that the deposition at room temperature induces the formation
of a poly crystalline PbTe film, characterized by the position of the main peaks extremely
coherent with the altaite crystal shown in the undoped sample. The crystallite orientation is
predominantly in the (200) plane of the cubic phase. All the samples with the Ag addition
have a reflection at 20 = 38.12°; this diffraction signal can be attributed to the reflection
(111) of Ag nanoparticles [45]. Scherrer’s method [46] was applied to the full width at
half maximum (FWHM) of the main peak (200) of the cubic PbTe to estimate the size of
the crystalline grains. The values of grain size are shown in Table 3 and range from 25
to 39 nm, with a slight increase as a function of the Ag concentration. More interestingly,
the extrapolation of the values of the lattice parameter evidences that there is a tendency
for reduction when the Ag concentration increases. The decrease in the lattice constant
is usually related to the formation of ternary compounds, such as Pb;_yAgxTe, with the
Ag ionic radius being smaller than that of Pb [47]. However, since the lattice parameter
does not follow an expected clear trend as a function of the Ag concentration (i.e., Vegard’s
law), it is most probable that the presence of such compounds is only partially distributed,
as reported elsewhere [31]. One of the possible explanations for such behavior is the low
solubility limit of Ag for PbTe crystals [48].

From these results, obtained by means of a detailed pu-XRD analysis with a low
grazing angle specific for thin film characterization, we can thus conclude that the films
are characterized by a granular type of crystalline PbTe nanostructure, with the added Ag
playing the role of dopant atoms in the PbTe lattice and creating some metallic dislocations
among the grains. Most importantly, the specific particle sizes (25-39 nm) obtained are
well befitting to fulfill the specific request for a good thermoelectric material of an effective
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scattering effect for thermal phonons, as requested to achieve a significant decrease in
thermal conductivity inside the lattice of the material examined [7,10].

Table 3. Values of lattice parameter and grain size derived from XRD data for each sample. The

parentheses number represents the measurement accuracy.

Sample Name

Lattice Parameter (A)

Grain Size (nm)

PbTe05 6.454 (3) 25
PbTel 6.454 (4) 25
PbTe2 6.453 (3) 29
PbTe5 6.449 (3) 39
PbTel0 6.447 (3) 39
PbTe20 6.447 (3) 39

An analysis of the thermoelectric behavior was performed as a function of tempera-
ture in the range 300-600 K. Figure 5 shows the Seebeck coefficient (S) for the investigated
samples, obtained from ten measurements performed consecutively after repeated heat-
ing/cooling cycles to also test the system repeatability (represented by the error bars in the
figure). We found for all the samples a negative sign of S, indicating an n-type (electrons)
conduction for the majority carriers. At the same time, the absolute value decreases as a
function of the Ag concentration, with the sample PbTe20 showing a very low value of S,
about one order of magnitude lower than PbTe05. This trend can be expected since the
presence of the dopant should increase the carrier concentration. Indeed, according to the
electron transport models that are typically used, i.e., the single parabolic band model, S
depends on the carrier concentration, such that the lower the carrier concentration, the
larger the Seebeck coefficient [7].

0 ——
X _100 | -
> i |
?E’ 10% |
9 ! ;
8 —200 b -
ey
2 5% |
b 2% |
Q L o
£
S -300 ¢ .
% L o
1% |
-400 f 0.5% A

320 360 400 440 480 520 560 600
Temperature (K)

Figure 5. Seebeck coefficient values as a function of the temperature.

Conversely, the Seebeck coefficient shows a particular temperature dependence for
all the samples, apart from PbTe05 and PbTe20, with a minimum value between 530 and
550 K. This behavior can be explained with a so-called dynamic doping process, which can
occur due to the increase in the carrier concentration when the temperature increases [49].
This performance was fully demonstrated for the addition of Ag atoms in n-type PbTe,
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where silver compensates the Pb vacancies below 500 K and provides electrons in excess,
occupying interstitial sites above 500 K, and thus increasing carrier concentration and/or
mobilities [50].

Conversely, the higher nominal Ag concentration induces a lower electrical resistivity
(p), as shown in Figure 6. The resistivity decreases as a function of the temperature,
thus indicating a semiconducting behavior for all the samples apart from the sample
PbTe20. The latter shows the electrical resistivity, which increases when the temperature
increases, thus pointing out a behavior of a degenerate semiconductor assumed when the
Ag concentration is higher than 20 at.%. Conversely to the Seebeck coefficient, we did not
find any temperature-dependent change in the electrical resistivity, thus pointing out that
future investigations must be conducted to highlight the complex mechanism of the doping
needed to completely improve the electronic transport.
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Figure 6. Electrical resistivity values as a function of the temperature.

By combining the electrical conductivity o = 1/p and the Seebeck coefficient measure-
ments, it was finally possible to evaluate the material power factor, defined as PF =S? x o
(Figure 7).

The PF increases as a function of the dopant concentration up to the nominal concen-
tration of 10%, whereas the trend is opposite for the most doped sample PbTe20 due to
the very low value of S. Note that the PF is larger by more than one order of magnitude
for the sample PbT10 with respect to the PbTe05 one. It is interesting to state that, apart
from PbTe05 and PbTe20, the samples show a maximum for PV ranging from 510 and
540 K, corresponding to the minimum observed for S, thus indicating a specific window
for the upper temperature of the operations of a possible device. The highest PF value
(14.9 uW K=2 cm ™! at 540 K) is more than four times the best performance of the PbTe films
grown using ns-PLD by our group [35], thanks to a more efficient process of doping per-
formed by the fs-PLD system. Generally, the results achieved in this study are in line with



Energies 2023, 16, 3216

10 of 14

the PF values reported for thermoelectric films produced by magnetron-sputtering deposi-
tion (ranging from 0.33 to 23 pW K~2 cm 1) [51], and not far from complex nanocomposite
PbTe-based bulk systems (up to 30 pW K2 cm~1) [52].

§ 100 —— R —
| -+~ PbTe05 :
—*= PbTel
s, —*= PbTe2
e =+ PbTe5
9 -+ PbTe10 T
IM 10 E' ------ .--‘_ FLd ]
%. d‘. PR, # g Y
= -~ —“- '.‘.
S _.-_-:--’"‘::""- e
== g O,
Q - et e, -
(o] 4 P Ly Rl
-— - -
E’J 1F _.“'-"--‘. TS bt N
z I BT e
(e} . _o: _____ '-____.-’
&1 0-"!--‘=;:==:'----
01 b

320 360 400 440 480 520 560 600
Temperature (K)

Figure 7. Power factor values as a function of the temperature.

The optimization of the power factor mainly depends on the best trade-off conditions
between electrical conductivity and the Seebeck coefficient, which can be obtained with
values of the carrier concentration (around 10?2’ cm~3) that are typical of highly doped
semiconductors [7]. In our case in which Ag incorporation is applied, the best condition
is achieved for a dopant concentration of [Ag] = 14.4 at.%. According to the results of
this study, further optimization is difficult to obtain due to the excessive reduction in S if
Ag concentration increases, regardless of the improvement in the electrical conductivity.
However, co-doping with different elements or even with other complex alloys could be a
strategy to be pursued to obtain thin films with improved performance.

To conclude the experimental activity, thermal annealing was performed to evaluate
the stability of the thin films, which were left at 600 K for 72 h under vacuum conditions in
the same setup used for the electrical resistivity measurements. Any significant change in
the structural part of the film was observed, noting that even the electrical parameters did
not show significant changes (<5% in terms of absolute value) following the thermal treat-
ment. Therefore, it is possible to state that excellent nanostructured and nano-crystalline
films are obtained even with easier depositions at RT. The overall system results are stable
from a thermodynamic point of view (the grain structure remains unaltered); although, at
present, we have no specific data about any change in the density of the films.

4. Discussion

The characterization of the Ag-added PbTe samples prepared in this work showed
that nanostructured materials can be natively deposited by fs-PLD, with an average grain
size significantly lower than 100 nm. The process of nanostructuring at dimensions smaller
than the mean free path of phonons, while larger than those of charge carriers, allows us to
obtain a material with good thermoelectric characteristics [6]. In these conditions, in fact,
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the phonons are scattered, reducing the lattice’s thermal conductivity, while the mobility of
charge carriers and electron conduction can remain unchanged.

Therefore, fs-PLD is found to be a powerful technique for producing efficient thermo-
electric thin films, combining native nanostructuring with the capability of growing films
at RT and at a high deposition rate, as well as being able to dope the materials with the
addition of different elements to the starting material structure.

To have an idea of the potential of the developed thin films, a possible estimation
of zT can be carried out for the best-produced sample (PbTel0). A zT = 0.64 at the opti-
mum temperature of 540 K is roughly estimated, considering k ~ 1.25 x 1072 W cm ! K~!
as an indicative value of thermal conductivity. This value of k has been recently re-
ported for a bulk PbTe:Ag system [50]. Furthermore, ultralow values of lattice thermal
conductivity (k) have been measured for specific PbTe-AgBiTe, bulk alloys, equal to
~4.0 x 1073 W em~! K1, which is close to the glass theoretical limit for PbTe [53]. If we
suppose achieving a similar reduction in k, and, taking into account the calculated elec-
tronic thermal conductivity ke =L x ¢ x Tof 3.9 x 1072 at T = 540 K for PbTe10 sample
(by fixing L = 2.4 x 10-8 V2 K2 [31]), a promising value of zT of 1.02 could be obtained
for PbTel0.

5. Conclusions

The thermoelectric properties of PbTe thin films, deposited with various Ag concen-
trations by fs-PLD, were investigated to verify the effectiveness of Ag incorporation to
enhance the power factor.

From a correlation between XPS and XRD analyses, we can conclude that the thin
films are composed of nanostructured (25-39 nm) crystalline grains of PbTe, in which Ag
atoms behave partially as effective dopant, by filling existing vacancies or substituting Pb
atoms, and also create metallic nano-agglomerates along the grain dislocations.

Electrical resistivity measurements show the typical behavior of semiconductors,
apart from the sample with the highest Ag concentration (24.9 at.%), which displays the
behavior of a degenerate semiconductor, increasing the resistivity as a function of the
temperature. As was predicted, the resistivity decreases significantly with the increasing
atomic percentage of Ag. Regarding the Seebeck coefficient, the measurements point out
that electrons are the majority carriers and the absolute value decreases as a function of
the Ag concentration, thus indicating an increase in the carrier concentration when the
quantity of Ag atoms increases. Interestingly, dynamic doping for the Ag-added PbTe
system was identified, leading to a maximization of the performance in the range 510-540 K.
Moreover, the material deposited at RT proved to be totally stable, both from a structural,
morphological, and electrical point of view, after a thermal treatment for 72 h under the
maximum investigated temperature (600 K), showing that this material can grow with
excellent structure and properties even under experimental conditions that are very mild
and accessible.

A maximum PF value of 14.9 uW K~2 cm~! was recorded at 540 K for the sample with
an Ag concentration of 14.4 at.%, improving the performance of the PbTe films obtained
previously with deposition via both ns- and fs-PLD by our group. However, these values
are still lower than the best results obtained by other approaches (in terms of both materials
and techniques) and, above all, by bulky solutions. Therefore, other strategies, including co-
doping with different elements or even complex alloys, should be considered for achieving
a further improvement of the thermoelectric properties.

Finally, we can conclude that the deposition method of fs-PLD has proven to be
extremely advantageous, both as regards the high growth rate (i.e., 110 nm/min), both
for obtaining crystalline material of cubic PbTe with silver incorporation, even at room
temperature, and for the unique characteristic of giving rise to nano-sized granular struc-
tures in the range 25-200 nm, as demonstrated by detailed structural and morphological
investigations. In the future, measurements of thermal conductivity will be performed to
measure the effective zT of the produced thin films.

1
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