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In the quest for more efficient thermoelectric material able to convert thermal to
electrical energy and vice versa, composites that combine a semiconductor host
having a large Seebeck coeflicient with metal nanodomains that provide phonon
scattering and free charge carriers are particularly appealing. Here, we present our
experimental results on the thermal and electrical transport properties of PbS-metal
composites produced by a versatile particle blending procedure, and where the metal
work function allows injecting electrons to the intrinsic PbS host. We compare the
thermoelectric performance of composites with microcrystalline or nanocrystalline
structures. The electrical conductivity of the microcrystalline host can be increased
several orders of magnitude with the metal inclusion, while relatively high Seebeck
coeflicient can be simultaneously conserved. On the other hand, in nanostructured
materials, the host crystallites are not able to sustain a band bending at its interface
with the metal, becoming flooded with electrons. This translates into even higher
electrical conductivities than the microcrystalline material, but at the expense of
lower Seebeck coefficient values. © 2016 Author(s). All article content, except where
otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http:/lcreativecommons.org/licenses/by/4.0/). [http://dx.doi.org/10.1063/1.4961679]

The cost-effective use of solid state thermoelectric devices to directly convert heat to electricity
and vice versa requires designing and engineering thermoelectric materials that provide higher
performance. In this direction, composites offer several advantages.'™ The thermal conductivity of
composite materials can be strongly reduced with respect to their components by effective phonon
scattering at the interfaces of two dissimilar materials. Additionally, high charge carrier concen-
trations can be reached while conserving high carrier mobilities by modulation doping, that is, by
introducing electronic dopants in just one of the phases and spilling the carriers over from this
phase to the host semiconductor. This doping strategy minimizes the influence of ionized doping
impurities on charge carrier transport when this takes place through the other phase.” Furthermore,
higher Seebeck coefficients can be obtained by selectively scattering low energy charge carriers at
interfaces.'” Alternatively, by properly selecting the constituent materials and precisely engineering
the composite, the minority phase can become invisible to charge carriers.''~'* Besides, in particular
cases, inclusions can even improve charge carrier mobility by reducing intergrain potential barriers
in the matrix material, as recently observed in semiconductor-metal nanocomposites.'*
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This last type of composite, obtained from combining a semiconductor host having a large
Seebeck coefficient with metal inclusions, is particularly interesting. A potentially strong acoustic
impedance mismatch between the semiconductor and the metal provides a very efficient interface
phonon scattering. Besides, the very high density of free carriers in metals represents a conve-
nient charge pool to adjust the host charge carrier concentration if a proper band alignment for
charge spillover exists.'*!> Additionally, Schottky metal-semiconductor interfaces may effectively
and preferentially scatter low energy carriers.'*!® The interest that semiconductor-metal composites
has evoked is such that in the last decade a wide spectrum of experimental results, not always
obviously consistent between each other, has been reported for several different combinations
(Table I).

The proper design and engineering of a semiconductor-metal composite requires not only to
select materials with a suitable band alignment but also to use production approaches that allow
tuning the material composition and properly distributing the different phases. In this regard, the
blending of metal and semiconductor particles in a controlled atmosphere represents an extremely
simple methodology to produce composites with a huge compositional versatility and an excellent
control over a number of parameters, such as distribution and composition of the phases. Within
this approach, the particle sizes of both metal and semiconductor are the key parameters as they
determine the final metal and semiconductor domain size in the composite and the metal domain
density at a set overall composition. These parameters not only determine the extent of phonon
scattering, charge spillover, or potential energy filtering but also the extent that the metal influences
the host semiconductor Fermi level, especially when employing intrinsic semiconductors as those
required to take full advantage of the modulation doping strategy.

TABLE I. Effect of the metal on semiconductor-metal composites as re-
ported in the literature. Red: worsens; green: improves; yellow: unchanged;
blue: no data.!%15:17-35 ¢ is thermal conductivity, S the Seebeck coef-
ficient, o the electrical conductivity and, n and p are the carrier density
according to the type of the semiconductor N or P.

Semiconductor Metal O | n/p | u| Reference
PbS (N) Ag
PbTe (P) Pb
Bi,Te; (N) Au
Bi,Te; (N) Cu
Bi,Te; (N) Ag
Bi,Te; (N) Bi
Sb,Te; (P) Ag
Sb,Te; (P) Pt
Big sSby.sTes (N) Cu
BiysSby.sTe; (P) Ag
BiysSb; sTes (P) Cu
Bi,Te,;Seq; (N) Pt
Biy(Teo9Seo.1)s (P) Cu
Biy(Tep.9Seo.1)s (P) Zn
GaAs (N) Bi
GaAs (N) In
FeSb, (N) Cu
FeSb, (N) AgSb
Bay3Co4Sbi; (N) Ag
Na,CoO, (P) Au
Bi,S1,Co,0y (P) Ag
Ca3C04094 5 (P) Ag
Ca;Co404 (P) Ag
Na,Co0,0, (P) Ag
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We recently demonstrated that low work function metals such as Ag are able to inject electrons
to a quasi-intrinsic and nanostructured PbS host.'* We also observed that the presence of Ag at
the interfaces allowed reducing the energy barriers for charge transport between PbS grains, thus
not only minimizing the influence over mobility, as in a conventional modulation-doping scenario,
but actually also improving it. In the present work, we demonstrate that combinations of intrinsic
PbS with low work function non-noble metals, such as copper and tin, can also provide higher
thermoelectric performances. Besides, here we compare the results obtained from a nanocrystalline
semiconductor host, which Fermi level may be pinned to the metal’s, with those of a microcrystal-
line host, which supports the band bending at the metal-semiconductor interface. We demonstrate
that while higher electrical conductivities can be reached with a more extensive distribution of metal
nanoparticles within the host semiconductor, larger Seebeck coefficients can be maintained with the
microcrystalline host.

Cubic PbS nanocrystals with a mean edge size of ~10 nm were prepared following our previ-
ously reported procedure.’® Cu nanocrystals with an average diameter of ~5 nm were prepared
following the approach developed by Yang et al.*’ Sn nanocrystals with an average diameter of
~13 nm were prepared using the method developed by Kovalenko et al.?®

The blending of nanocrystals was performed by wetting 750 mg of dried PbS nanocrystals with
different amounts of a solution of metal nanocrystals in anhydrous chloroform. Subsequently, the
solvent was allowed to evaporate under the argon atmosphere.

Proper amounts of commercial PbS and Cu powders were mixed inside an argon-filled glove-
box by manually grinding them with an agate mortar.

PbS-metal blends were annealed at 450 °C for 60 min under an Ar flow inside a tube furnace.
Then, the annealed powder was loaded into a graphite die and compacted into pellets (310 mm
x 1.5 mm) in an Ar atmosphere using a custom-made hot press for 5 min at 420°C and under
70 MPa pressure. The relative density of the obtained pellets was higher than 85% of the theoretical
value in all cases.

X-ray diffraction (XRD) patters were obtained on a Bruker AXS D8 ADVANCE X-ray diffrac-
tometer with Cu—Ka radiation (A = 0.154 06 A). Transmission electron microscopy (TEM) char-
acterization was carried out on a Zeiss Libra 120, operating at 120 kV. High resolution TEM
(HRTEM) images were obtained using a Jeol 2010F field-emission gun microscope at 200 keV.
Field-emission scanning electron microscopy (SEM) micrographs were obtained on Zeiss Auriga
at 5.0 kV. Composition was analyzed by means of an Oxford energy dispersive X-ray (EDX)
spectrometer coupled to the SEM.

Both the Seebeck coefficient and the electrical resistivity were measured simultaneously in
a LSR-3 LINSEIS system under helium atmosphere. Thermal conductivities were calculated by
k = ACpp, where A is the thermal diffusivity, C, is the heat capacity, and p is the mass density
of the specimen. Thermal diffusivities were measured using XFA 600 Xenon Flash apparatus. The
specific heat (Cp) was calculated by the Dulong-Petit approximation, and the density values used
were obtained using the Archimedes’ method. Error bars were estimated from the repeatability of
the experimental result obtained, calculated after measuring each parameter 3 times. Hall carrier
concentrations were measured using a PPMS-9T from Quantum Design, Inc. at room temperature
under a magnetic field of 2 T.

Figures 1(a)-1(d) display representative TEM micrographs and the corresponding particle size
histograms of the 10 nm cubic PbS, the 5 nm spherical Cu, and the 13 nm spherical Sn nanocrystals
obtained following the above procedures and used to produce semiconductor-metal nanocompos-
ites. Figure 1(e) shows the nanocrystals XRD patterns. Importantly, no secondary phases, including
the corresponding oxides, were detected when carefully producing, manipulating, and purifying the
nanocrystals in air-free conditions.

PbS-Cu and PbS-Sn nanocomposites with adjusted metal concentrations were produced by
combining purified PbS nanocrystals with different amounts of a suspension of colloidal Cu or Sn
nanocrystals, respectively. To remove residual organic compounds and chemically and structurally
stabilize the material, nanocomposites were annealed at 450 °C for 60 min under an Ar flow. Subse-
quently, the annealed powder was consolidated into disk-shaped pellets using a hot-press. EDX
analysis showed the amount of Cu and Sn in the final nanocomposite to be consistent, within the
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FIG. 1. (a)-(d) TEM micrographs of PbS (a), Cu (b), and Sn (c) nanocrystals and the corresponding size histograms (d).
(e) XRD patterns of PbS, Cu, and Sn nanocrystals. The respective reference patterns are also plotted as follows: PbS: JCPDS
00-005-0592; Cu: JCPDS 03-065-9026; Sn: JCPDS 01-086-2265. (f)-(g) XRD patterns for different concentrations of Cu
in the PbS-Cu (f) and PbS-Sn (g) nanocomposite pellets. (h) Representative SEM micrograph of a PbS-Sn nanocomposite
showing 100-200 nm grains. Inset shows an image of the actual pellet. (i) HRTEM micrograph and (j) power spectra of the
PbS-Sn nanocomposite showing the material polycrystallinity with crystal domain sizes in the range between 10 and 20 nm.

experimental error, with the nominal composition of the nanocomposites prepared. This result was
to be expected as no additional purification process was performed after the nanocrystal combina-
tion, and processing temperatures were not high enough for metal evaporation.

Figures 1(f) and 1(g) show the XRD patterns of PbS-Cu and PbS-Sn nanocomposite pellets,
respectively. Because of the low amount of metal introduced and the coincidence of the main x-ray
diffraction peaks of the metal with those of PbS, the presence of metallic Cu and Sn phases was
not detected by XRD. During the annealing processes, PbS grains were observed to grow from the
initial 10 nm to around 100-200 nm (Figure 1(h)). However, careful HRTEM analysis showed the
grains to be highly polycrystalline, with crystal domain sizes in the range 10-20 nm (Figures 1(i)
and 1(j)). The coincidence of interplanar spacings did not allow obtaining evidences of the presence
of metallic Cu or Sn crystals from HRTEM and electron diffraction.

The electrical conductivities (o), Seebeck coeflicients (S), thermal conductivities (x), and
dimensionless thermoelectric figure of merit ZT = 6S*T/x of nanocrystalline PbS and a series of
PbS-Cu and PbS-Sn nanocomposites with metal concentrations up to 5 mol% are displayed in
Figure 2. The pristine PbS material was characterized by low electrical conductivity at ambient
temperature, which, as it corresponds to an intrinsic or poorly doped semiconductor, strongly

400
PbS + Cu 0] PbS +Sn
i ~ 200
- 103 V4
@ o
=10 =
it 9200
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. DI b) Il g oo f)
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FIG. 2. Temperature dependence of the (a), (e) electrical conductivity, o; (b), (f) Seebeck coefcient, S; (c), (g) thermal
conductivity, k; and (d), (h) thermoelectric figure of merit (ZT) for PbS-Cu (a)-(d) and PbS-Sn (e)-(h) nanocomposites.
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increased with temperature. Consistently, relatively high Seebeck coefficients were measured for
PbS at ambient temperature. Besides, a sign inversion in the Seebeck coefficient was observed at
around 450 K, corresponding to a change from p-type to n-type conductivity. PbS—Cu and PbS-Sn
nanocomposites showed significantly higher electrical conductivities, which increased with the
metal content. For the nanocomposites with the highest metal contents, electrical conductivities
decreased with temperature, as it corresponds to a degenerated semiconductor. This result demon-
strates the important electronic role that Cu and Sn play on the final material. Over the entire
temperature range measured, both PbS—Cu and PbS-Sn nanocomposites exhibited negative Seebeck
coefficients and their absolute values increased with temperature. This n-type behavior pointed
towards an injection of electrons from the metal to the host semiconductor. Consistently with the
higher electrical conductivities measured, lower Seebeck coefficients were generally obtained for
the nanocomposites when compared with pristine PbS.

Hall charge carrier concentration measurements provided further evidence of the charge carrier
increase, of up to 3 orders of magnitude, obtained with the introduction of metal nanocrystals.
The Hall charge carrier concentrations at room temperature for PbS, PbS-Cu 4 mol%, and PbS-Sn
3.6 mol% were p=2x 10" cm™, n=3x 10" cm™3, and n = 1 x 10'® cm™>, respectively. The
majority carrier mobilities directly calculated from the measured electrical conductivities were
pp =14 cm?- V' s7 g, =130 em?- V7' s7!and g, = 130 em? - V- s7L for PbS, PbS-Cu
4 mol%, and PbS-Sn 3.6 mol%, respectively.

With the metal addition, higher thermal conductivities, which increased with the metal content,
were obtained in the whole temperature range. This increase is associated with the higher electronic
component of the thermal conductivity. Overall, nanocomposites displayed significantly higher po-
wer factors (PF = 6S?) and figures of merit than pristine PbS. Maximum ZT values were obtained
for PbS-Cu 4.0 mol% and PbS-Sn 3.6 mol% nanocomposites, which reached ZT values up to 0.86
and 0.88 at 855 K, respectively, which represents a twofold increase over pristine PbS. Higher metal
concentrations provided either a too large reduction in the Seebeck coefficient or a too large increase
on thermal conductivity, thus decreasing the overall thermoelectric figure of merit. To estimate
measurement accuracy and have a first assessment of the sample stability, all measurements were
repeated at least three times for each sample, providing minimal variations.

Figure 3 displays the results obtained from the thermoelectric characterization of microcrys-
talline PbS and PbS-Cu 4.0 mol% composites produced from commercial powders. Results are
compared with those obtained from nanocrystalline PbS and the PbS-Cu 4.0 mol% nanocomposite
produced from colloidal nanoparticles. Electrical conductivities of the pristine microcrystalline PbS
were low, similar to those of the PbS nanomaterial. In the high temperature range, higher electrical
conductivities were obtained for the nanocrystalline PbS, which we associate to a higher density of
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FIG. 3. Temperature dependence of the (a) electrical conductivity; (b) Seebeck coefficient; (c) thermal conductivity; and
(d) thermoelectric figure of merit for microcrystalline PbS—Cu composites (blue squares) and PbS-Cu nanocomposites (black
circles). (e)-(f) Scheme of a semiconductor-metal nanocomposite and a microcomposite and the band alignments in three
scenarios depending on the relative position of the semiconductor (Ep sc) and metal Fermi Energy levels (Eg ).
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surface defects, susceptible to be ionized in the high temperature range and thus providing higher
charge carrier concentrations. With the Cu introduction, the electrical conductivities of the micro-
crystalline composite increased several orders of magnitude, up to 10* S m™', but remained a factor
4 lower than those of the PbS-Cu nanocomposite.

On the other hand, the Seebeck coefficients of the pristine PbS microcrystalline material
showed a similar temperature evolution as the nanocrystalline PbS, but reached higher values in
the high temperature range, which is consistent with the relatively lower electrical conductivities
measured in this temperature range for the microcrystalline material. In the presence of copper,
negative Seebeck coefficients were measured in the whole temperature range, which, together with
the large increase of electrical conductivity, points toward a spillover of electrons from the metal to
the host semiconductor, as in the case of the PbS-Cu nanocomposite. In the microcrystalline com-
posite however, much higher Seebeck coefficients than in the nanocomposite were obtained, even
when comparing with nanocomposites having lower Cu loads and similar electrical conductivities.
We associate the relatively lower Seebeck coefficients obtained in the nanocrystalline material to the
nanocrystals charge flooding, not being able to sustain a sufficient band bending due to their small
size and low electronic doping. In the microcrystalline compound, the injection of charge from cop-
per to PbS introduces a band bending in the semiconductor, but still most of the PbS crystal remains
quasi-intrinsic, thus overall providing much larger Seebeck coeflicients (Figures 3(e) and 3(f)).

In microcrystalline PbS, the measured Hall charge carrier concentration at room temperature
was p = 9 x 10" cm3, just slightly lower than for nanocrystalline PbS. The related charge carrier
mobility was u, = 28 cm? - V7. 571 twofold higher than in nanocrystalline PbS. When introducing
a 4 mol% of Cu, the microcrystalline PbS-Cu 4 mol% composite displayed a charge carrier concen-
tration of n =2 x 10'® cm™3, which was one order of magnitude lower than when blending the
same amount of Cu with nanocrystalline PbS. From this carrier concentration value, the calculated
mobility in the microcrystalline composite was 3-fold larger than that of the nanocomposite, which
is consistent with the higher crystallinity of the former.

As expected, the thermal conductivities of the microcrystalline PbS and the PbS-Cu composite
were larger than those of the nanocrystalline PbS and PbS-Cu. Overall, while larger ZT values
were obtained for the microcrystalline compound in the low temperature range measured, due to
the much higher Seebeck coefficients provided, in the high temperature range, the nanocomposite
was characterized by higher ZT values related to the lower lattice thermal conductivity due to more
efficient phonon scattering and the higher electrical conductivities associated to a more efficient
charge carrier injection from the metal to the semiconductor.

PbS-Cu and PbS-Sn composites were prepared by a facile and extremely versatile approach
consisting on blending the proper amount of particles of each components and subsequently hot-
pressing the resulting mixture. Compared with pristine PbS, PbS-metal composites exhibited much
higher electrical conductivities and negative Seebeck coefficients in the whole temperature range,
consistent with a spillover of electrons from the low work function metal to the semiconductor. Due
to the strong contribution of the electronic thermal conductivity, the metal addition had associated
an increase of the thermal conductivity. When comparing the thermoelectric properties of PbS-Cu
composites with crystal domain sizes in the micrometer scale with those of nanocomposites with
dimensions of both components in the nanometer size regime, we observed that with the same metal
loading, higher electrical conductivities were reached in the nanocomposite, but higher Seebeck
coefficients were maintained in the microcomposite. Both results were associated to a more efficient
charge transfer from the metal to the semiconductor in the nanocrystalline materials. As expected,
lower thermal conductivities were also measured in the nanocomposite. Overall, higher ZT values
were measured on the microcomposite in the low temperature range, but higher ZT values were
measured from the nanocomposites in the higher temperature range. Both in microcomposites and
nanocomposites, a 2-fold increase of ZT was obtained over pristine PbS.
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