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Abstract Nanocomposites are highly promising
materials to enhance the efficiency of current thermo-
electric devices. A straightforward and at the same time
highly versatile and controllable approach to produce
nanocomposites is the assembly of solution-processed
nanocrystal building blocks. The convenience of this
bottom-up approach to produce nanocomposites with
homogeneous phase distributions and adjustable com-
position is demonstrated here by blending Ag,Te and
PbTe colloidal nanocrystals to form Ag,Te-PbTe bulk
nanocomposites. The thermoelectric properties of these
nanocomposites are analyzed in the temperature range
from 300 to 700 K. The evolution of their electrical
conductivity and Seebeck coefficient is discussed in
terms of the blend composition and the characteristics of
the constituent materials.
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Introduction

Today’s main strategy to engineer highly efficient
thermoelectric materials is to reduce thermal conduc-
tivity by introducing phonon scattering centers at
different length scales (Zebarjadi et al. 2012; Vineis et
al. 2010). Alloys of heavy elements and complex solid
solutions including 1D phonon scattering centers or
2D layered structures trigger phonon scattering at the
atomic length scale (Dresselhaus et al. 2007; Gascoin
et al. 2005; Feldman et al. 2000; Snyder and Toberer
2008). On the other hand, nanomaterials, having large
interface densities introduced by the reduction of their
crystal domains to the nanoscale, can -efficiently
scatter phonons at the 1-100 nm scale (Vaqueiro and
Powell 2010; Bux et al. 2010; Szczech et al. 2011;
Medlin and Snyder 2009; Poudel et al. 2008). A
particularly interesting class of nanostruc-tured
materials is that of nanocomposites containing crystal
domains with different phases and/or compo-sitions.
In nanocomposites, interfaces between dis-similar
materials boost phonon scattering due to acoustic
impedance mismatches (Cahill et al. 2003).
Heterointerfaces may even allow reducing the elec-
tronic contribution to the thermal conductivity (Bian
et al. 2007; Minnich et al. 2009; Humphrey and Linke



2005). Moreover, nanocomposites offer a mechanism
to improve electrical conductivity through removing
ionized impurities from avenues of charge carrier
transport (Dingle et al. 1978; Zebarjadi et al. 2011).
An additional potential advantage of nanocomposites
is the possibility to decouple the Seebeck coefficient
from electrical conductivity (Hicks and Dresselhaus
1993; Vashaee and Shakouri 2004; Sootsman et al.
2008). In this regard, the increase of the electronic
density of states near the Fermi level in quantum
confined nanostructures has been predicted to enhance
the Seebeck coefficient (Szczech et al. 2011; Cornett
and Rabin 2011). Additionally, energy filtering at
nanocrystal interfaces may further enhance the ther-
mopower of nanostructured material by selectively
scattering low energy charge carriers (Heremans et al.
2004; Martin et al. 2009; Popescu et al. 2009; Faleev
and Léonard 2008).

The ball-milling of crystalline ingots into fine
powders and the posterior bulk reconstruction by hot-
pressing is the most usual and general technique to
obtain bulk nanocrystalline materials (Lan et al. 2010).
However, such top—down industrial approach is time
and energy consuming and no control on the size and
shape of the nanoparticles is possible. The formation
of nanoscale precipitates or organized superstructures
by phase segregation in metastable solid solutions is a
more elegant method to produce nanocomposites (Hsu
et al. 2004; Quarez et al. 2005; Gorsse et al. 2010,
2011). Nevertheless, this procedure is limited to
specific compositions and lacks of a high degree of
control over the size and shape of the nanoinclusions.

Solution-synthesis routes are particularly well
suited to provide nanoparticles for the bottom-up
production of nanocomposites (Zhao et al. 2011;
Scheele et al. 2009, 2010; Prasher 2006; Kovalenko
etal. 2010; Ibafiez et al. 2013a, b) with a high degree of
control over the size, shape, and composition of the
crystal nanodomains (Ibafiez et al. 2011; Lietal. 2011).
Nanocomposites can be easily obtained by simply
mixing solutions containing different nanoparticles.
Blending nanocrystals while dispersed in solution
allows an intimate intermixing of the different com-
ponents. After removal of organics, nanocrystals can
be consolidated into macroscopic nanocomposites by
techniques such as spark-plasma-sintering and cold- or
hot-pressing. Even though the complete removal of
surfactants is still a difficulty, important progress has
also been achieved in this area (Scheele et al. 2010;

Kovalenko et al. 2010). On the other hand, self-
purification allows the use of relatively low purity
precursors, which is economically advantageous.
However, it hampers the potential for nanocrystal
doping (Dalpian and Chelikowsky 2006; Norris et al.
2008; Erwin et al. 2005). This drawback can be
overcome by adjusting the composition in ternary or
quaternary compounds (Ibanez et al. 2012a, b, c).
Another possibility to control carrier concentration in
nanocomposites obtained by bottom-up approaches is
to cleverly select the combination of materials and their
correct proportions (Urban et al. 2007; Ko et al. 2010).

An especially appealing thermoelectric nanomate-
rial is the one obtained from the combination of lead
and silver tellurides (Lensch-Falk et al. 2010; Pei et al.
2011a, b; Paul et al. 2010). The control of the carrier
concentration and the formation of nanocrystalline
inclusions in these nanocomposites have allowed
reaching ZT values up to 1.6 (Pei et al. 2011a, b).

The present work explores the potential of solution-
processing techniques to obtain binary bulk nanocom-
posites with superior thermoelectric properties in the
system Ag-Pb-Te. Binary Ag,Te-PbTe bulk nano-
composites were produced by blending in solution
PbTe and Ag,Te nanocrystals in different proportions.
The thermoelectric properties of the formed nano-
composites were analyzed in the temperature range
from 300 to 700 K.

Experimental details
Materials

Tri-n-octylphosphine (TOP, 97 %) and silver chloride
(99.9 %) were purchased from Strem. Tellurium pieces
(99.999 %), lead acetate trihydrate (99.999 %), 1-octa-
decene (ODE, 90 %), oleylamine (OLA tech. 70 %), and
oleic acid (OA, tech. 90 %) were purchased from
Aldrich. Analytical grade ethanol, hexane, and toluene
were purchased from Panreac. All chemicals were used
without further purifications. Stock solutions of TOP-Te
(1 M) and TOP-Ag (1 M) were prepared by dissolving
12.76 g of tellurium pieces and 14.33 g of silver chloride
in 100 ml of TOP, respectively. These solutions were
prepared and stored inside an Ar-filled glovebox.

All nanocrystal preparations were carried out using
standard airless techniques: a vacuum/dry Ar Schlenk
line was used for the synthesis and an Ar-filled



glovebox for storing and handling air- and moisture-
sensitive chemicals.

Preparation of PbTe nanocrystals

A modified approach of that used by Urban et al.
(2006) was used for the preparation of PbTe nano-
crystals. In a typical procedure, lead acetate tryhidrate
(0.5670 g, 1.5 mM) and OA (1.5 ml, 4.75 mM) were
dissolved in 10 ml ODE. This mixture was degassed at
70 and 150 °C for 0.5 h to form lead oleate complex
and remove water and acetic acid. The solution was
flushed with Ar and the temperature was raised up to
180 °C. Afterward, 2 ml of 1 M TOP-Te were rapidly
injected. The reaction mixture was maintained in the
temperature range 160-180 °C for 3 min and then
quickly cooled down to room temperature using a
water bath. After cooling, the nanoparticles were
precipitated by adding a hexane/ethanol (3:1) combi-
nation followed by centrifugation. This procedure was
repeated twice. The precipitated nanoparticles were
transferred to an Ar-filled glovebox, where they were
stored until future use.

Preparation of Ag,Te nanocrystals

Ag,Te nanocrystals were produced using a modified
version of the method developed by Ko et al. (2010).
In a typical procedure, 10 ml of OLA were added to a
three-neck flask and heated up to 100 °C under
vacuum for 1 h to remove low boiling point impurities
and water. Afterward, the reaction flask was flushed
with Ar and temperature was raised up to 160 °C. A
mixture of 5 ml of TOP-Ag stock solution and 2.5 ml
of TOP-Ag was quickly injected. After injection, the
reaction temperature was maintained between 130 and
160 °C for 3 min. Then the reaction solution was
cooled using a cold water bath. Ag,Te nanocrystals
were precipitated and redispersed using ethanol and
toluene twice. Finally, the nanocrystals were dispersed
in toluene and stored in the glovebox.

Nanocomposite preparation

PbTe and Ag,Te nanoparticles dispersed in toluene
were blended at various molar fractions, 25/75, 50/50,
and 75/25. After several additional precipitation and
redispersion cycles, the resultant blends were dried
under Ar atmosphere. The blends were annealed at

500 °C during 2 h in Ar flow. Finally, the resulting
materials were pressed under a load of 5 tons at room
temperature. This way, dense pellets with 13 mm
diameter and 1 mm thickness were obtained.

Structural and chemical characterization

Powder X-ray diffraction (XRD) analysis were carried
out on a Bruker AXS D8 ADVANCE X-ray diffrac-
tometer with Cu Kol radiation (A = 1.5406 A). Size
and shape of the nanoparticles were examined by
transmission electron microscopy (TEM) using a
JEOL 2100 operating at 200 keV accelerating voltage.
Scanning electron microscopy (SEM) was performed
using a ZEISS Auriga SEM with an energy-dispersive
X-ray spectroscopy (EDX) detector to study compo-
sition. X-ray photoelectron spectroscopy (XPS) spec-
tra were obtained using a SPECS SAGE ESCA System
employing Mg Ka (E = 1,253.6 eV) with a supplied
power of 203 W as the X-ray source.

Thermoelectric characterization

Seebeck coefficient and electrical resistivity were
measured simultaneously using a Linseis—LSR 3
system under helium atmosphere. The Seebeck coef-
ficient was obtained using a static DC method. The
electrical resistivity was measured by means of a
standard four probe technique in the temperature range
from 300 to 700 K. Thermal conductivity measure-
ments were obtained from flash diffusivity measure-
ments (Netzsch LFA-457 Microflash) using the mass
density and the Dulong-Petit approximation to deter-
mine the specific heat capacity. The thermal conduc-
tivity was calculated as k = DCpd, where D is the
thermal diffusivity, C,, is the heat capacity, and d is the
density.

Results and discussion

Figure 1 shows representative TEM micrographs of
the PbTe and Ag,Te nanoparticles used as building
blocks to produce the (Ag,Te)(PbTe);_, (x = 0.25,
0.50, 0.75) nanocomposites. Insets display the histo-
grams of their size distribution. PbTe nanoparticles
had cubic morphologies and a face-centered cubic
crystal phase (JCPDS 38-1435). Their average size,
taken as the diagonal of one of their faces was 19 nm
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Fig. 1 Representative TEM micrographs of the PbTe (fop) and
Ag,Te (bottom) nanoparticles used to produce the nanocom-
posites. Insets display the histograms of the particle size
distributions

and their size distribution had 5 % dispersion. Ag,Te
nanoparticles had disk-like morphology and a mono-
clinic crystal phase at ambient temperature (JCPDS
34-0142). Their average diameter was 10 nm and their
size dispersion was close to 10 %. PbTe and Ag,Te
nanoparticles were not intentionally doped by extrin-
sic impurities.

Figure 2 shows a scheme of the procedure used to
produce the binary nanocomposites from solutions
containing the PbTe and Ag,Te colloidal building
blocks. While short range ordering of the nanocrystals
at submicron scales may exist, at the macroscopic level
the different phases must be considered as randomly
distributed. The nanoparticle mixture was prepared
while having the nanocrystals well dispersed in toluene
to ensure a homogeneous blending of the two compo-
nents at the nanometer scale. Three different compo-
sitions were prepared, having the following molar
fractions: (AgzTe)o75(PbTe)o2s, (AgaTe)o.so(PbTe)o 50,
and (Ag,Te)g »5(PbTe)q.75. Once mixed, the nanoparticle

blends were thoroughly purified by multiple precipi-
tation and redispersion steps. Final nanoparticles were
not soluble, probing the high degree of surfactant
removal from their surfaces. The purified nanoparticle
blends were annealed at 500 °C during 2 h in an argon
flow atmosphere. The concentration of residual carbon
in the final materials was less than 2 %, as determined
by elemental analysis. The annealed nanocomposite
powders were cold-pressed into 13 mm pellets by
applying 380 MPa pressure with a hydraulic press. At
the same time, pure Ag,Te and PbTe pellets were
prepared following the same protocol and using the
exact same nanocrystals used to obtain the blends. The
relative density of the produced pellets was around
80 %. Figure 3 shows a SEM image of the (Ag,Te)g 75
(PbTe)p,s nanopowders obtained after annealing.
Elemental mappings obtained by SEM-EDX charac-
terization of the nanocomposites showed the spatial
distribution of the two phases to be highly homoge-
neous (Fig. 3).

Figure 4 shows the XRD patterns of the annealed
nanomaterials. The XRD patterns of the nanocompos-
ites resembled the combination of the XRD patterns
obtained from the pure materials. No evidences of
alloying between the two phases could be obtained
from this analysis. At the same time, no secondary
phases were detected. The fitting of the XRD patterns
allowed estimating the growth of the crystallographic
domains with the thermal treatment. From the Scherer
equation, the crystal domain size of both phases in the
annealed material was calculated to be approximately
40 nm.

XPS analysis of the materials revealed an increase
of the oxygen concentration at the nanoparticle surface
with the annealing treatment. Typically, XPS analysis
of the nanoparticle before annealing (but exposed to
air for several hours) showed a 7 % concentration of
oxygen. This value increased up to a 30 % with the
annealing process. Therefore, we estimate oxidation to
extend 1-2 nm from the particle surface, forming an
amorphous oxide shell.

The electrical conductivity and Seebeck coefficient
of the nanocomposites were characterized in the
temperature range from 300 to 700 K. Figure 5(left)
and (center) display the temperature dependence of the
electrical conductivity and Seebeck coefficient for the
three (Ag,Te).(PbTe);_, (x = 0.25, 0.50, 0.75) nano-
composites and for the pure PbTe and Ag,Te
nanomaterials.



Fig. 2 Scheme of the procedure used to produce binary nanocomposites from solution-processed nanocrystals

Fig. 3 SEM image and EDX elemental maps of the annealed
(AgyTe) .75 (PbTe)»5 nanocomposite powder
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Fig. 4 XRD patterns of the annealed nanocomposites. Ag,Te
(JCPDS 34-0142) and PbTe (JCPDS 38-1435) patterns have
been included as a reference

One first clearly noticeable feature in Fig. 5(left) is
the non-monotonic evolution of the pure Ag,Te
electrical conductivity with temperature. For this

material, a decrease of electrical conductivity of over
an order of magnitude was systematically obtained in
the temperature range between 400 and 450 K. This is
associated to the well-known phase transition from the
low-temperature monoclinic o-Ag,Te to the high-
temperature cubic B-Ag,Te.! The low-temperature
a-Ag,Te phase is a very narrow band-gap semicon-
ductor (E, = 0.025 eV), which in bulk displays high
electron mobility and a low lattice thermal conduc-
tivity (Sakuma and Saitoh 1985; Fujikane et al. 2005a,
b; Taylor and Wood 1961; Capps et al. 2010; Dalven
and Gill 1966; Wood et al. 1961; Schneider and Schulz
1993; Dalven and Gill 1967). A slight decrease of
electrical conductivity with temperature and a nega-
tive Seebeck coefficient in the range 300-400 K were
measured for this material. These results are consistent
with previous reports showing the low-temperature
a-Ag,Te to be a degenerate semiconductor displaying
n-type conductivity (Das and Karunakaran 1984). Our
experimental results showed the phase transformation
for this material to be accompanied by a transition
from n-type to p-type conductivity. The high-temper-
ature B-Ag,Te bulk nanomaterial displayed a positive
Seebeck coefficient and its electrical conductivity
increased with temperature in all the range measured.
In intrinsic B-Ag,Te, the much lower effective masses
for electrons than holes usually translate into an n-type
conductivity (Fujikane et al. 2005a, b). However, the
conductivity type of this material is known to be
highly dependent on composition. In this regards,
stoichiometric and Ag-rich samples show n-type
conductivity, while Te-rich Ag,Te displays p-type
conductivity (Capps et al. 2011; Max-Planck-Gesell-
schaft 1973). Aside from composition variations, the
p-type conductivity obtained here could be explained
by a possible surface oxidation of the small colloidal
nanocrystals during their processing into pellets. From

! Notice that there is some controversy in the nomenclature of
the different Ag,Te phases. We use o to denote the low-
temperature Ag,Te phase and f§ for the high-temperature one.
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Fig. 5 Temperature dependence of the electrical conductivity
(left), Seebeck coefficient (center), and power factor (right)
obtained from the produced nanomaterials: Ag,Te (filled square);

the lineal dependence of In 67> with the inverse of
temperature in the high-temperature range, an activa-
tion energy for electrical conductivity of 0.18 eV was
calculated. This activation energy could be associated
with the thermal generation of electron-hole pairs
through a 0.36 eV band gap. The flattening of the
Seebeck coefficient evolution with the temperature
supports the hypothesis of an intrinsic semiconductor
character at this high-temperature region. However,
the obtained band gap is considerably higher than the
0.20-0.28 eV measured previously for this material
(Van Dong and Tung 1968). From the maximum of the
Seebeck coefficient obtained for this material and
using the equation E, = 2eSy,xTmax (Goldsmid and
Sharp 1999), a 0.2 eV band gap was calculated. This
value is consistent with previously published band gap
estimates. Thus, the calculated activation energy for
electrical conductivity should be at least in part
associated with mobility energy barriers at the grain
boundaries, which probably results from the presence
of an oxide layer at the nanoparticles surface (Ko et al.
2010; Scheele et al. 2011).

Pure PbTe pellets displayed p-type electrical con-
ductivity in most of the temperature range measured.
The p-type character of the PbTe nanocrystalline
pellet had its origin on a thin oxide layer at the
nanoparticles surface (Paul and Banerji 2011; Roga-
cheva et al. 2001; Schenk et al. 1988; Wang et al.
2008), on the presence of electrically active lattice
defects associated with deviations from stoichiometry
or on the broken bonds at the grain boundaries
(Borisova 1979; Breschi et al. 1982; Crocker and

(AgoTe)o.75(PbTe)g2s (open square); (AgaTe)os(PbTe)os (open
triangle); (AgyTe)g 25(PbTe)g 75 (open circle); PbTe (filled circle)

Rogers 1967; Martin et al. 2007; Allgaier 1961;
Grekov et al. 1997; Scanlon 1962; Dashevsky et al.
2005). The slight increase of electrical conductivity
with temperature in the low temperature range and the
constant Seebeck coefficient obtained pointed toward
the full ionization of acceptor levels at temperatures
above 350 K. From the maximum of the Seebeck
coefficient, a 0.30 eV band gap was calculated. This
value correlated well with the optical band gap
previously measured for this material (Zemel et al.
1965). A sign inversion in the carrier type, from p to n,
was clearly observed at approximately 650 K. This
was probably associated with the thermal activation of
electron-hole pairs through the semiconductor band
gap. The higher mobilities for electrons than holes in
this material would compensate the higher hole
concentration and trigger the conduction type inver-
sion. The conduction type inversion was accompanied
by a strong increase of electrical conductivity above
600 K, most probably associated to the overcome of
the energy barriers at the grain boundaries.

In the low-temperature range, the blending of
Ag,Te with PbTe nanocrystals resulted in nanocom-
posites with electrical conductivities lower than that of
Ag,Te. This electrical conductivity decrease was
associated with a reduction of the charge carrier
mobility with the blending, or with a reduction of the
charge carrier density with the reduction of the relative
Ag,Te content. A partial compensation of the majority
carriers of each material may also contribute to the
lower electrical conductivities observed. Below the
Ag,Te phase transition temperature, a shift of the
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Seebeck coefficient toward positive values was also
obtained when increasing the PbTe ratio in the blend.

In the full temperature range, the temperature
dependences of the electrical conductivities and
Seebeck coefficients obtained with the (Ag,Te)g 75
(PbTe)g»s and (Ag,Te)q s(PbTe)ys nanocomposites
clearly resembled that of pure Ag,Te. In these two
nanocomposites, a step change in the conductivity and
the Seebeck coefficient was also observed at around
420 K. This was associated with the monoclinic to
cubic phase transition taking place within the Ag,Te
crystallographic domains. Like in the case of pure
Ag,Te, in the low temperature range, nanocomposites
showed n-type conductivity with a minor temperature
dependence of the conductivity. On the other hand,
above 450 K, nanocomposites displayed p-type char-
acter and a clear increase of electrical conductivity
with temperature. In both nanocomposites, an activa-
tion energy for conductivity similar to that obtained
for pure Ag,Te material could be observed. However,
in the 50 % blend, a clear influence of PbTe was
obtained above 600 K, where a decrease of electrical
conductivity was obtained. This was most probably
related with the recombination of the n-type carriers
created within the PbTe nanocrystals with the major-
itary holes within the Ag,Te. This decrease of
electrical conductivity resulted in a limitation of this
material’s power factor above 600 K, as shown in
Fig. 5.

The temperature dependence of the electrical
conductivity measured from the (Ag,Te)q,5(PbTe)q 75
nanocomposite resembled that of the pure PbTe
nanomaterial. It showed a monotone increase with
the temperature. Different lineal regions were
observed when plotting the logarithm of conductance

against reciprocal temperature, revealing the existence
of multiple energy activated barriers and thus the
contribution of multiple acceptor and donor states to
charge transport.

Nanocomposites were characterized by temperature
dependences of the electrical conductivity and See-
beck coefficient that clearly resembled those of the
pure materials. This fact pointed toward the coexis-
tence of the two phases within the nanocomposite,
which was consistent with the results obtained from the
XRD characterization of the materials. The alloying of
the two materials would be expected to result in a
modification of the semiconductor band gap and thus
into different dependences of the thermoelectric prop-
erties with temperature (Pei et al. 2011a, b).

The best power factors were finally obtained from
the pure Ag,Te nanomaterial and the (Ag,Te)g 75
(PbTe)g 5 nanocomposites. For these two materials,
the thermal conductivity was also measured (Fig. 6).
A clear decrease of the thermal conductivity with the
low temperature monoclinic a-Ag,Te to the high-
temperature cubic [(-Ag,Te phase transition was
noticed at around 400 K. The already very low
thermal conductivities obtained for the pure Ag,Te
nanomaterial hinder a further decrease of thermal
conductivity with the blending of the two different
phases. Only in the high-temperature range, the
nanocomposite displayed lower thermal conductivi-
ties than the pure material. The low thermal conduc-
tivities obtained for both samples in all the temperature
range measured are related to the very high density of
interfaces and the relatively low density of the pellets
measured. Higher pellet densities would have associ-
ated both a higher thermal conductivity and a higher
electrical conductivity. This effect was estimated to



account for up to a 40 % variation of both thermal and
electric conductivity of the theoretical value to be
expected for sample with 100 % relative density
(Scheele et al. 2010).

The thermoelectric figure of merit reached up to
0.38 for the (Ag,Te)y75(PbTe)g s nanocomposite at
670 K (Fig. 6). This represents a 25 % increase over
pure Ag,Te and it is an excellent ZT value taking into
account that no extrinsic doping was intentionally
introduced in these materials. The production of
nanocomposites with much higher thermoelectric
figures of merit (ZT > 1.5) by bottom-up approaches
based on solution-processed nanocrystals will neces-
sarily require the control of the carrier concentration of
each compound through doping.

Conclusion

(Ag,Te),(PbTe),_, nanocomposites with controlled
composition were obtained by means of a very facile
bottom-up approach consisting in the solution blending
of colloidal nanocrystals. The temperature dependence
of the electrical conductivity and Seebeck coefficient
of the obtained materials could be described from the
combination of the properties of the two constituent
materials. Undoped (Ag,Te)y75(PbTe)g»5 nanocom-
posites displayed the best power factors among the
different nanocomposites tested and reached ZT values
up to 0.38 at 670 K.
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