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Nanostructuring and High Thermoelectric Efficiency in p-Type

Ag(Pbl _ySny)mShTez + m>X<>X<

By John Androulakis, Kuei Fang Hsu, Robert Pcionek, Huijun Kong, Ctirad Uher,
Jonathan J. D’Angelo, Adam Downey, Tim Hogan, and Mercouri G. Kanatzidis*

Thermoelectric (TE) power generation has come to be ap-
preciated as an attractive means of low-cost conversion of waste
heat to useful electrical energy with a small environmental im-
pact. For a compound to qualify as an efficient thermoelectric
material it should exhibit the highest TE figure of merit, Z7,
possible at the temperature of operation, 7. ZT'is defined as

2
ZT = 5o T (1)
K
and it involves the simultaneous manipulation of the TE
power (absolute Seebeck coefficient) S, the electrical conduc-
tivity g, and the thermal conductivity «.

The search for efficient TE materials mainly focuses on de-
generate semiconductors since the underlying physics of these
systems allow the coexistence of high thermopower values
with high electrical conductivity to achieve high power fac-
tors: PF=5?. The Seebeck coefficient is inversely related to
the electrical conductivity according to the Boltzmann trans-
port equation, and, as a result, maximization of one cannot be
achieved without minimization of the other. An interesting
alternative that has been recently suggested to achieve high
power factors is the quantum-confinement effect; however,
definite experimental verification of this is still lacking.!"

Another route to achieving high-performance TEs is
through the minimization of the thermal conductivity. To this
end, many suggestions have been made to increase Z7. These
include the phonon-glass electron-crystal approach[Z] (where
loosely bound atoms rattle in cage structuresm) as in clath-
rates,!l and the thin-film multilayer approach where the intro-
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duction of interfaces significantly reduces phonon propaga-
tion.’! Indeed, artificial thin-film superlattice structures
grown by molecular-beam epitaxy (MBE) like BiyTes/
Sb,Te;® and PbSeq o5Te 0o/PbTel”™ exhibit very low thermal
conductivities and, as a result, enhanced ZT values. The key
feature of these systems is the large number of interfaces in-
troduced by the inherent nanofabrication technique that in
turn reduce the phononic part of x through interface phonon
scattering. Interestingly, “nanocomposites” in bulk form have
been recently identified in the n-type AgPb,,SbTe,. ,, sys-
tems!'”) where compositional fluctuations at the nanoscopic
level, resulting in a distinct type of nanostructuring, seem to
play a key role in the previously reported very low thermal
conductivity.[“] In contrast to the thin-film multilayers, bulk
nanocomposite systems offer the advantages of large-scale in-
dustrial production and the sustenance of large thermal gradi-
ents for extended time. The challenge, therefore, lies in identi-
fying equally efficient p-type materials so that they can be
employed in the fabrication of TE modules.

Here we report on the Ag(Pb,_,Sn,),,SbTe,, ,, series and
show that certain compositions exhibit high performance
p-type TE properties (e.g., ZT~1.45 at 630 K) as a result of
their very low thermal conductivity. We show as well that the
Ag(Pb;_,Sn,),,SbTe, ., ,, systems are in fact bulk nanocom-
posites. We demonstrate that varying the m and y values, as
well as the Ag and Sb concentrations, allows for control over
a wide range of properties such as carrier concentration, TE
power, and thermal conductivity. These exceptional proper-
ties, derived from specific compositions, outperform the stan-
dard state-of-the-art p-type systems like TAGS ((AgSb-
Te,)o15(GeTe)gss, ZT~12 at 720 K12 PbTe (ZT~0.7 at
740 K™, and Zn,Sbs (ZT~1.3 at 670 K!'*),

The electronic-transport properties of the Ag(Pb;_,Sn,),,-
SbTe; , ,,, system can be tuned primarily through carefully con-
trolling the Pb/Sn ratio, i.e., the y value, and secondarily the
Ag and Sb composition. Increasing the Sn concentration re-
sults in enhanced electrical conductivity and a subsequent low
TE voltage response. On the other hand, we have found that
the TE power varies approximately as a linear function of y,
and, at 650 K, can be tuned to reach as high as ~280 uV K.
We find that the functional dependence of the electrical con-
ductivity on temperature does not change dramatically with y
or m and scales as T, where 1.8 <n<2.25 from room temper-
ature up to 640 K. Therefore, the electrical conductivity at
600 K is roughly 22-28 % of the room-temperature electrical
conductivity for all y. It is important to mention that there was
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no clear trend of the TE properties observed as a function of
m. Finally, for the sake of clarity we emphasize that we have
not yet exhaustively studied the effect of Ag and Sb concen-
trations for a certain m and y, although it seems that increas-
ing Ag and Sb slightly increases the TE power and reduces
the electrical conductivity.

Another interesting feature of the transport properties is
the robustness of p-type conductivity. Alloying of SnTe with
PbTe makes the solid solution Pb, _,Sn,Te an n-type materi-
al.! Although we have tried several y values and Ag and Sb
concentrations, we always observed p-type behavior. It is evi-
dent that the Ag(Pb,_,Sn,),,SbTe,.,, system has consider-
able electronic structure differences compared to PbTe.

Figure 1a presents the electrical conductivity and the TE
power, respectively, as a function of temperature for
AgysPbeSn,Sby,Teqo. The electrical conductivity has a room-
temperature value of 1000 Scm™ and decreases to 200 S cm™
at 700 K following a T* scaling law (see Fig. 1b). On the basis
of Hall effect measurements, the hole mobility in
AgysPbgSn,Sby,Te is calculated to be ~ 165 em? Vsl Hall
effect measurements in the range 4.2 < 7'<300 indicated a pos-
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itive Hall coefficient consistent with thermopower measure-
ments for p-type conductivity. Assuming a simple one-carrier,
single-band model, we calculated a carrier concentration of
4x10" cm™. The carrier concentration can also be tuned
through the Pb/Sn ratio and Ag and Sb concentrations. We
have observed carrier concentrations as high as 3 x 10% cm™.

The Seebeck coefficient of AgysPbsSn,Sby,Teqy proves to
have a very interesting behavior. At low temperatures the ther-
mopower does not exhibit appreciable values. However, in the
temperature range 340<7<550 K, the thermopower rapidly
increases with temperature, adding almost 160 uV over 200 K.
Plotting the natural logarithm of the conductivity (In(o))
against the measured absolute Seebeck coefficient and taking
the slope of the curve we arrive at 35/dln o ~ 135 pV K™ change
per decade of resistivity (see Fig. 1c). This is larger than the
classical result of 35/dln o ~ kgle pV K™ (where kg is the Boltz-
mann constant and e is the charge of the electron) change per
decade of resistivity for the diffusive thermopower of a low-
carrier-concentration system. As proposed for PbTe, this is
likely due to an increasing effective mass with increasing tem-
perature.“G]
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Figure 1. a) Electrical conductivity and absolute Seebeck coefficient as a function of temperature for Ago sPbgSn;Sbo 2 Teqo. b) The characteristic scaling
of the conductivity which follows the law ¢ ~T. c) Plot of the Seebeck coefficient versus the natural logarithm of the electrical conductivity. The slope
of the straight line yields 9S/dln ¢ ~135 pV K. d) Lattice thermal conductivity for three compounds of the Ag(Pb;_,Sn,),,SbTe,,, series (open squares
for AgPbs,Sn,Sbo 4Teyo, open triangles for AgPby4SneSbg 4Tesq, and closed circles for AgPbyoSn10Sbos7Tez;) in comparison to that of PbTe. Notably, the
lattice thermal conductivity of Ag(Pb;_,Sn,),SbTe,,, is 65-50 % lower than that of PbTe and remains at almost the same value despite differences in
Pb/Sn ratio (alloying) and defect concentration. The solid line depicts the total x of Ago sPbsSn,Sbg 2Teqo.
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We have measured the thermal conductivity of several
compounds within the Ag(Pb,_,Sn,),SbTe,.,, series as a
function of temperature, combining specific heat measure-
ments with the flash diffusivity method and subtracting the
electronic part. (The measured thermal conductivity is the
sum of two contributions, namely the lattice part, ., and
the electronic part, x.;, which reflects the contribution of the
carriers in the heat conduction process. The latter part is
quantified through the Wiedemann-Franz law, which simply
states that xo=0TL, where the Lorenz number
L,=244%x1078 WQK’I). The derived ki, for AgPbi,Sny-
Sby4Tesy (open squares), AgPbi4SngSby4Te,, (open trian-
gles), and AgPboSn;oSby ¢7Tex, (filled circles) in comparison
with that of PbTe (filled triangles) is depicted in Figure 1d.
These same results were repeated several times for different
compositions of both m and y. For the sake of simplicity, we
have included only three compositions. It can be readily seen
that the lattice thermal conductivity of the LASTT (lead, anti-
mony, silver, tin, tellurium) system at room temperature is
~0.70 Wm ™' K, only 40 % that of PbTe, and at 620 K is
~0.43 Wm™ K™, which is ~50 % that of PbTe. Our results
indicate significant changes in the lattice dynamics of the
investigated system at high temperatures deviating from
the Debye-Peierls theory, which predicts a scaling law
Kag ~ VT Tt is interesting to note that this very low r, val-
ue is significantly lower that those of either AgPb,,SbTe, ., ,,
or AgSn,,SbTe, , ,, at comparable m values and only twice as
large as that observed in the thin-film MBE-grown PbTe
superlattices (~0.33 Wm™ K™).1¥]

A high-resolution transmission electron microscopy (HR-
TEM) investigation of several samples of Ag(Pb;_,Sn,),,Sb-
Te, , ,,, revealed striking structural nanoscopic, coherent inho-
mogeneities (Fig. 2). The localized wavy pattern that is shown
in Figure 2 has a lengthscale of ~3 nm and appears unambigu-
ously in all the investigated samples. The nanostructure is co-
herent with its surrounding crystal matrix and is related to com-
positional fluctuations between Ag, Sb, and Pb/Sn. In other
words, Pb/Sn-poor regions are formed that sit in the surround-
ing matrix endotaxially without disturbing the electronic flow.
Other types of nanometer-scale inhomogeneities are observed
as well, such as distinct nanocrystals 5-20 nm in size, see
Figure 3b. Since there is no observed scaling in ¢, neither
with m and/or y nor with the introduction of point defects, it
would appear that strong suppression of the intermediate fre-
quency heat-carrying phonons is achieved via nanostructur-
ing.>! With decreasing y we also have observed via scanning
electron microscopy very small amounts of sporadic tellurium
phase in the material, which may manifest itself with some
evaporation at high temperature.

Figure 3a presents the obtained Z7 values as a function of
temperature for a number of LASTT materials with composi-
tions indicated on the graph. The highest ZT achieved so far
was ~ 1.45 at 627 K for Agy sPbgSn,Sbg ,Teqp. It is interesting to
point out that at least two samples cross Z7 =1 at a tempera-
ture below 550 K. These results are very encouraging, and hold
promise for a ZT~2 in the near future. Figure 3b compares
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Figure 2. a) HRTEM image of Agy sPbgSn,Sbg 2Tejo showing a nanostruc-
ture (bright stripes) that is rich in Ag and Sb. b) Characteristic inhomogene-
ity observed as an embedded nanocrystal 5 nmx20 nm in size in
Ago.sPbsSn,Sbg 2 Tero. €) HRTEM image of AgooPbsSn;Sbg ;Teq,. d) Same
as (c), but showing compositional waves over an extended region.

the ZTs of some of the compositions of this study with state-
of-the-art p-type materials like TAGS and PbTe. Although all
the curves start from a very low initial value (ZT7<0.3), the
Ag(Pb,_,Sn,),,SbTe, , ,, compounds exhibit a steep slope and
by 500 K they have already outperformed TAGS.

In summary, we have shown that certain compositions in
the p-type system of the formula Ag(Pb;_,Sn,),SbTe;, ,,
outperform all state-of-the-art p-type bulk TE materials. The
existence of two chemical “knobs”, namely the Pb/Sn ratio
and the Ag and Sb concentration, allows for tuning of the
electronic-transport properties and therefore the identifica-
tion of compositions with very high ZTs, the highest being
~1.45 at 627 K. The main advantage of this system is its ex-
ceptionally low lattice thermal conductivity. Our experiments
showed that the lattice thermal conductivity is not signifi-
cantly affected by changes in point defects and alloying, there-
fore relating the suppression of this property primarily to the
existence of nanostructures endotaxially embedded in the sur-
rounding matrix.

Experimental

Chemical Synthesis and Material Preparation: The Ag(Pb,_,Sn,),,-
SbTe,, ,, materials (LASTT =lead, antimony, silver, tin, tellurium)
were produced by mixing elemental high-purity starting materials in
fused-silica-quartz tubes. The tubes were evacuated, sealed, and fired
over a period of 12 h at 1000°C in a rocking furnace. The melt was
held there for 6 h with an intermediate 2 h period of rocking before
being slowly cooled to room temperature over 48 h. We have synthe-
sized and characterized compositions with 8<m <36 and 0.1<y<0.6
with a combination of Ag/Sb ratios to achieve the best results. Each
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Figure 3. a) The TE figure of merit, ZT, as a function of temperature for a
number of compounds of the Ag(Pb;_,Sn,),,SbTe; ., series as indicated
on the graph. Notice that all the compounds have reached ZT=1 by
700 K, while chemical tuning allows for the realization of compounds
that surpass ZT=1 at 520 K. The maximum ZT achieved so far is 1.45.
b) Comparison of the figures of merit as a function of temperature for
some of the best LASTT samples (indicated on the graph), with two of
the state-of-the-art p-type TEs, TAGS (tellurium antimony germanium sil-
ver: AgSbTe2/GeTe solid solution) and PbTe.
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produced ingot was cut into three to four slabs (depending on the ini-
tial load) of ~0.6-0.9 cm thickness, out of which rectangular-shaped
pieces with typical dimensions 0.3 cm x 0.3 cm x 0.6 cm were charac-
terized separately. We did not observe significant differences in the
physical properties of specimens from the same ingot.

Structural and Compositional Analysis: Analysis of powder X-ray
diffractograms obtained from the produced ingots were always indica-
tive of a single-phase cubic, NaCl-like structure, with lattice parame-
ters varying smoothly with m and y. Quantitative microprobe analyses
of the produced compounds were performed with a JEOL JSM-35C
scanning electron microscope equipped with a Tracor Northern EDS
detector. Data were acquired using an accelerating voltage of 20 kV
and an average accumulation time of 40 s. The results were in excel-
lent agreement with the nominal compositions of the ingots. There-
fore, the Ag(Pb,_,Sn,),,SbTe, . ,, materials were chemically homoge-
nous regardless of m and y. The structural properties of the
investigated compounds were examined with a JEOL-2200FS high-
resolution field-emission transmission electron microscope attached
to a Gatan image filter.

High-Temperature Charge-Transport Measurements: Full details re-
garding the measurement apparatus used to determine the high tem-
perature electrical conductivity and absolute Seebeck coefficient can
be found elsewhere [17].

Low-Temperature Charge and Thermal-Transport Measurements:
The Hall effect was measured using a Linear Research AC bridge
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with 16 Hz excitation in a magnet cryostat capable of fields up to 5 T.
Seebeck coefficients and thermal conductivities below 300 K were de-
termined using a longitudinal steady-state technique in a cryostat
equipped with two radiation shields. Thermal gradients were mea-
sured with the aid of fine Au/Fe-Chromel thermocouples, and a minia-
ture strain gauge served as a heater. For Seebeck probes, we used fine
copper wires that had been previously calibrated, and their thermo-
power contribution had been subtracted from the measured sample
thermopower. Radiation losses were experimentally determined in a
subsequent measurement where the sample was detached from the
sink and suspended by its connecting leads under vacuum. Heater
power was carefully adjusted until the thermocouples read the aver-
age temperature as in the actual experiment.

High-Temperature Thermal-Conductivity Measurements; The Flash
Diffusivity-Specific Heat Method: In the flash method, the front face
of a small disc- or square-shaped sample was subjected to a high-in-
tensity, short-duration light pulse, e.g., a laser beam, and the resulting
rear-face temperature rise was recorded and analyzed. The thermal
diffusivity was determined by the shape of the temperature-versus-
time curve at the rear face. The thermal diffusivity of our samples was
determined at the Thermophysical Properties Research Laboratory
(TPRL Inc., Lafayette, IN). The specific heat of our samples in the
range 300< 7<800 K was determined at TPRL Inc. and at Michigan
State University with a Shimadzu DSC-50 differential scanning calo-
rimeter in reference to the specific heat of a sapphire standard sample
using Al sample containers. The heat capacities of the sample contain-
ers were also measured and carefully extracted. X-ray spectroscopic
analysis of the samples after the end of the experiments did not show
Al contamination.

The thermal conductivities of the samples were determined by the
relationship x = C;, Ad, where C,, is the specific heat, 4 is the thermal
diffusivity, and d is the density of the sample.
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