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agreement, although the match is poor at the
edges of the depletion region (likely as a result
of the continuum assumption and the deple-
tion approximation invoked for the calcula-
tion based on SIMS). An important feature
is the ability of SThEM to resolve the loca-
tion of the electronic junction to within 2
nm. This position corresponds to the loca-
tion where the majority carrier type changes,
resulting in the abrupt sign change of the
thermoelectric voltage. Because there is no
external electrical bias across the tip-sample
junction, the SThEM measurement does not
suffer the severe tip voltage–induced band-
bending effect that exists in STM or scan-
ning capacitance microscopy, where a very
large external electric field (�109 V/m) ex-
ists at the tip-sample gap and shifts the
junction location. The resolution shown here
for junction delineation shows a significant

improvement over most of the characteriza-
tion techniques available today.
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Cubic AgPbmSbTe2�m:
Bulk Thermoelectric Materials
with High Figure of Merit

Kuei Fang Hsu,1 Sim Loo,2 Fu Guo,2 Wei Chen,3 Jeffrey S. Dyck,3

Ctirad Uher,3 Tim Hogan,2 E. K. Polychroniadis,4

Mercouri G. Kanatzidis1*

The conversion of heat to electricity by thermoelectric devices may play a key role
in the future for energy production and utilization. However, in order to meet that
role, more efficient thermoelectric materials are needed that are suitable for
high-temperature applications. We show that thematerial system AgPbmSbTe2�m

may be suitable for this purpose. With m � 10 and 18 and doped appropriately,
n-type semiconductors can be produced that exhibit a high thermoelectric figure
ofmerit material ZTmax of�2.2 at 800 kelvin. In the temperature range 600 to 900
kelvin, the AgPbmSbTe2�m material is expected to outperform all reported bulk
thermoelectrics, thereby earmarking it as a material system for potential use in
efficient thermoelectric power generation from heat sources.

Thermoelectric devices are generally based on
heavily doped semiconductors and can be used
for cooling applications or for electricity gener-
ation directly from a heat source. When sup-

plied by a temperature differential, thermoelec-
tric semiconductors respond by virtue of the
Seebeck effect to produce a voltage that could
be used to drive an external load. A broad

search has been under way to identify new
materials with enhanced thermoelectric proper-
ties. Although the emphasis has been on finding
materials that are superior to the well-known
Bi2�xSbxTe3�ySey alloys used in cooling, in-
terest in developing materials with high ZT
values (1) at high temperatures for direct energy
conversion has been increasing. Several classes
of materials are currently under investigation,
including complex chalcogenides (2), skutteru-
dites (3, 4), half-Heusler alloys (5), metal
oxides (6), intermetallic clathrates (7–9), and
pentatellurides (10). In addition, artificial
superlattice thin-film structures grown from
chemical vapor deposition, such as Bi2Te3/
Sb2Te3 (11), and by molecular beam epitaxy
(MBE), such as PbSe0.98Te0.02/PbTe (12, 13),
have been introduced with substantially en-
hanced ZT values relative to those of their bulk
counterparts. Marking an important develop-
ment in this area, specially constructed Bi2Te3/
Sb2Te3 superlattices were reported to exhibit a
very high ZT of �2.4 at room temperature (14).
The MBE-grown thin-film PbSe0.98Te0.02/
PbTe systems (11, 12) feature peculiar pyrami-
dal-shaped “nanodots” of PbSe that form spon-

Fig. 4. Carrier profile across the p-n
junction shown in Fig. 2. Solid and
dashed lines are electron and hole
concentrations, respectively, calcu-
lated from the SIMS dopant profile.
Solid and open circles are electron
and hole concentrations, respective-
ly, calculated from the SThEM re-
sults. Inset: Energy diagram of the
p-n junction. Solid and open circles
are the conduction and valence band
edge, respectively, calculated from
the SThEM results. Solid and dashed
lines are calculated from the SIMS
dopant profile.
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taneously (surrounded by the higher band gap
matrix material PbTe). The resulting samples
possess a ZT of �2 at elevated temperatures
(about 500 to 700 K) (15). Nevertheless, be-
cause the vast majority of applications require
materials in large quantities, it would therefore
be desirable to have compositions that could
generate similar ZT values in a bulk material.

Our approach in developing high-
performance bulk thermoelectric materials has
focused on compounds with low-dimensional
structures to take advantage of the large anisot-
ropy in carrier effective masses associated with
such systems. Along these lines, CsBi4Te6 has
been identified as a material showing a ZT of
0.8 at 225 K (16), which is 40% greater than
that of the Bi2�xSbxTe3�ySey alloys. We report
on a family of bulk cubic compounds with
complex composition and general formula
AgnPbmMnTem�2n (M � Sb,Bi), which com-
bine a set of desirable features, e.g., isotropic
morphology, high crystal symmetry, low ther-
mal conductivity, and ability to control the car-
rier concentration. We demonstrate that mem-
bers of this family can be optimized to produce
high ZT values (�2) at elevated temperatures.

The AgnPbmSbnTem�2n compounds pos-
sess an average NaCl structure (Fm3m sym-
metry); the metals Ag, Pb, and Bi are disor-
dered in the structure on the Na sites, whereas
the chalcogen atoms occupy the Cl sites (Fig.
1A). The formula is charge-balanced because
the average charge on the metal ions is 2�
and on the chalcogen ions it is 2�. The
AgnPbmBinTem�2n formulation can generate
a large number of compositions by “dialing”
m and n, allowing considerable potential for
property control. We find that several mem-
bers of this family are capable of achieving
higher power factors and high ZT values at
high temperatures suitable for high-efficiency
heat–to–electrical energy conversion applica-
tions. A series of AgPbmSbTe2�m (n � 1)
samples were prepared in which the lattice
parameters vary smoothly with m. The x-ray
diffraction pattern and unit cell parameter
variation for several members of the series
are shown (Fig. 1, B and C).

Ingots with the composition AgPb10SbTe12

(17) show an electrical conductivity of 	520
S/cm and thermopower (i.e., Seebeck coeffi-
cient) of �154 
V/K at room temperature, re-
sulting in a power factor of 12.3 
W/cm�K2.
This value is larger than that of other candidate
materials like K2Bi8Se13, which has a power
factor of 10.0 
W/cm�K2 (18). A further en-

hancement in the power factor is observed when
we depart from the ideal stoichiometry
Ag1�xPb10Sb(Bi)Te12, with a room-temperature
value of 17.0 
W/cm�K2. This enhancement is
achieved mainly through an increase in conduc-
tivity to 740 S/cm without a noticeable loss in
the Seebeck coefficient. From the temperature
dependence of electrical conductivity and ther-
mopower of such a sample over a wide temper-
ature range (Fig. 2A), the conductivity decreases
with rising temperature, consistent with a degen-
erate semiconductor. At 700 K, the electrical
conductivity is 135 S/cm and the thermopower
�290 
V/K, giving a power factor of 11.4 
W/
cm�K2. Thermal conductivity measurements for
bulk Ag1�xPb10Sb(Bi)Te12 (Fig. 2B) revealed a
low value of 1.30 W/m�K at 300 K. This is lower
than that of bulk PbTe and comparable to that of
Bi2Te3. The thermal conductivity above 300 K
was obtained with a different experimental
method (flash diffusivity/specific heat) (19). We
obtained the ZT dependence on temperature and
found that it reaches 1 at 700 K (Fig. 2C). Given
the rising trend, we expect an even higher value
(�1.3) at 900 K.

When n � 1 and m � 18, the composition
is AgPb18SbTe20. These samples also possess

an average cubic Fm3m symmetry and an op-
tical band gap of 0.26 eV (fig. S1). Again, here
the properties of AgPb18SbTe20 are promising
but not exceptional, yet a departure from stoi-
chiometry to give Ag1�xPb18SbTe20 results in a
large jump in the power factor to impart a high

1Department of Chemistry, 2Electrical and Computer
Engineering and Materials Science and Mechanics,
Michigan State University, East Lansing, MI 48824,
USA. 3Department of Physics, University of Michigan,
Ann Arbor, MI 48109, USA. 4Physics Department,
Aristotle University of Thessaloniki, 54124 Thessal-
oniki, Greece.

*To whom correspondence should be addressed. E-
mail: kanatzid@cem.msu.edu

Fig. 1. (A) Average ideal Fm3m crystal structure
of AgPbmMTe2�m (M � Sb, Bi) series. (B) X-ray
diffraction pattern (Cu K� radiation) of
AgPb10SbTe12. (C) Lattice parameter variation of
AgPbmSbTe2�m as a function ofm. The elemental
formulae reported in the paper are nominal, but
they have been confirmed with microprobe
energy-dispersive spectroscopic analysis.

Fig. 2. Variable-temperature charge transport
and thermal transport data for AgPb10SbTe12:
(A) Electrical conductivity (�) and ther-
mopower (S). (B) Total thermal conductivity (
)
in the range 6 to 700 K. (C) ZT as a function of
temperature. Thermal conductivity and See-
beck coefficient were determined with a longi-
tudinal steady-state method over the temper-
ature range 4 to 300 K. Samples were attached
(using either a low–melting point solder or
silver-loaded epoxy) to the cold tip of the
cryostat, while the other end of the sample was
provided with a small strain-gauge resistor
(thin film), which serves as a heater. The tem-
perature difference across the sample was mea-
sured with a differential Chromel-Constantan
thermocouple. All three measurements were
made simultaneously in the same sample. The
samples were cut in about 3 mm by 3 mm by
5 mm dimensions. There was inevitable radiation
loss during the thermal conductivity measure-
ments at high temperatures, and therefore the
data were corrected based on the T 3 law (24).
The Seebeck voltage was measured with thin
copper wire, the thermopower of which was cal-
ibrated against a high-TC superconductor up to
134 K. The uncertainty in the electrical conduc-
tivity and Seebeck measurements is better than
�4%, whereas for the total thermal conductivity
it is less than �10%. In the region 300 to 800 K,
the electrical conductivity and thermoelectric
power data were collected in a high-tempera-
ture measurement system (25).
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ZT value to this material. The m � 18 samples
have generally higher electrical conductivity;
optimized systems reach �1850 S/cm at room
temperature and a thermopower of �135 
V/K
(Fig. 3A) (20). The negative value indicates an
n-type semiconductor. When the temperature
rises, the conductivity drops smoothly, as ex-
pected for a degenerate semiconductor, whereas
the thermopower rises steadily in nearly a
straight line, reaching �335 
V/K at 700 K
and a power factor of 28.0 
W/cm�K2. The
power factor observed at 700 K is one of the
highest among known materials and matches
those observed in the PbTe/PbSe superlattices
(12, 15). The total thermal conductivity of
Ag1�xPb18SbTe20 is shown over a wide tem-
perature range (Fig. 3B) and is �2.3 W/m�K at
room temperature (19). The ZT of
Ag1�xPb18SbTe20 calculated with experimen-
tal � and S data measured from 300 to 800 K,
and with 
 data measured from 300 to 800 K,
reaches a value of 2.1 at 800 K (Fig. 3C).

To what can we attribute the enhanced
thermoelectric properties of AgPbmSbTem�2

systems? The answer may lie in the nature of
the microstructure of these materials at the
nanoscopic level. One explanation could be
the presence of quantum “nanodots” in these

materials, similar to those found in the
PbSe/PbTe MBE–grown thin films. The
AgnPbmSbnTem�2n materials are derived by
isoelectronic substitution of Pb2� ions for
Ag� and Sb3� (or Bi) in the lattice. This
generates local distortions, both structural
and electronic, that are critical in determining
the properties of AgnPbmSbnTem�2n. For ex-
ample, at issue is how the Ag� and Sb3� ions
are distributed in the structure, i.e., homoge-
neously or inhomogeneously. Arguably, one
might expect an inhomogeneous distribution
given the different formal charges of �1/�3
versus �2 arising from Coulombic interac-
tions. A completely homogeneous Ag� and
Sb3� dispersion in the Fm3m lattice would
require the complete separation of the Ag�

and Sb3� pair over long distances, which
could create charge imbalances in the vicinity
of these atoms. Therefore, barring any com-
pensation effects from the Te sublattice, elec-
troneutrality reasons alone require that Ag�

and Sb3� ions be generally found near one
another (�5 to 6 Å). Given the relatively
high concentrations of Ag�-Sb3� in the
AgPb18SbTe20 (�10 mol%), these essential-
ly Coulombic factors could act to favor com-
positional modulations in the crystal that
arise from regions of high Ag/Sb and high Pb
concentration. Preliminary evidence for this
comes from high-resolution transmission
electron microscopy (TEM) images that indi-
cate inhomogeneities in the microstructure of
these materials, showing nanocrystals of a
Ag-Sb–rich phase embedded in a PbTe ma-
trix (Fig. 4). A very small region of the
sample is indeed Ag-Sb–rich and is surround-
ed by a PbTe-rich matrix. In other specimens,
such as AgPb10SbTe12, different composi-
tional modulations were observed that
changed in size and shape under different
preparation conditions. More detailed TEM
studies as well as band structure and

Monte Carlo Coulomb calculations in the
AgnPbmSbnTem�2n class of materials are in
progress, to explore the role of the Ag/Sb
distribution and its general dispersing tenden-
cies in the cubic lattice (21).

The AgnPbmSbnTem�2n materials may
find potential applications in thermoelectric
power generation from heat sources: for ex-
ample, vehicle exhaust, coal-burning installa-
tions, electric power utilities, etc. With an
average ZT of 2, a hot source of 900 K, and a
temperature difference across 500 K, a con-
version efficiency of more than 18% may be
achieved (22). Additional amplification in ZT
should be possible with further exploration of
doping agents and n/m values. We have al-
ready observed substantially lower thermal
conductivities (as much as 40 to 50% lower)
in other AgnPbmSbnTem�2n members that
could further enhance ZT values.
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Superlattices of Iron Nanocubes
Synthesized from Fe[N(SiMe3)2]2
Frédéric Dumestre,1,2 Bruno Chaudret,1* Catherine Amiens,1

Philippe Renaud,2 Peter Fejes3

The reaction of the metal-organic precursor Fe[N(SiMe3)2]2 with H2 in the
presence of a long-chain acid and a long-chain amine in various proportions
produces monodisperse zerovalent iron nanoparticles. These Fe particles
display magnetic properties that match those of bulk iron as evidenced by
magnetic and Mössbauer measurements. The nanoparticles adopt a cubic
shape with edges of 7 nanometers and are incorporated into extended
crystalline superlattices containing nanocubes in close proximity and with
their crystallographic axes aligned. These superlattices are formed in so-
lution, precipitate in high yield, and may be redissolved and redeposited as
two-dimensional arrays.

The assembly of nanoparticles in electronic de-
vices (1) appears as a bottom-up alternative to
present lithography techniques for the fabrica-
tion of ever smaller devices in microelectronics
and for the magnetic-storage industry. For ex-
ample, magnetic hard drives presently use sen-
sitive read heads formed of thick multilayers of
metal nanoparticles (2). However, new applica-
tions such as single electron devices (3) and
spin–dependent tunneling (4) require a fine-
tuning of the physical properties of the nano-
particles and, in turn, a nanometer-scale control
of the material, in terms of size, shape, compo-
sition, and crystal structure, as well as an orga-
nization into two-dimensional (2D) or 3D
nanocrystal superlattices.

These devices also require high perfor-
mance of individual nanoparticles, namely high
magnetization and adjustable anisotropy. Re-
cent results have shown that chemical synthetic
methods, in particular those based on the use of
organometallic precursors, may provide parti-

cles displaying magnetic properties similar to
gas phase clusters in ultrahigh vacuum (5), with
control over their shape and hence magnetic
anisotropy (6, 7), and that they may be assem-
bled into 2D or 3D superlattices (8). However,
this does not apply to iron or to iron-based
alloys. Chemical syntheses of iron nanopar-
ticles have used Fe(CO)5 as a precursor. For
example, upon sonolysis of Fe(CO)5 in the
presence of polyvinylpyrrolidone or oleic acid
(9), amorphous iron nanoparticles are produced
in good yields. Similarly, Hyeon has described
the synthesis of elongated bcc iron particles
(10) but, in most cases, the magnetization was
either found depleted (9, 11) or not reported
(10). A recent paper, however, describes a high
temperature decomposition of Fe(CO)5 in the
presence of oleic acid and/or oleylamine lead-
ing to nanoparticles of controlled size and mag-
netization up to 200 A m2 kgFe

�1 (12).
Iron-based materials are highly desir-

able for magnetic applications because of
their high magnetization (FeCo, FeNi) and
wide range of magnetic anisotropy (FeNi,
FePt). Thus, it was of interest to find an
easily accessible precursor that would de-
compose under mild conditions, leave res-
idues that would not perturb the magnetic
properties of the resulting particles, and
therefore lead to nanoparticles, the size,
shape, and surface ligands of which could

be controlled. The latter point is of special
interest for further assembling the particles
into 2D or 3D superlattices. After exploring
several organometallic complexes, we con-
sidered amido complexes because such
compounds have previously been shown to
be versatile precursors for the production of
particles of industrial interest (13) or crys-
talline 3D superlattices (14 ). We now find
that the derivative Fe[N(SiMe3)2]2 (where
Me � -CH3) reported by Andersen (15)
fulfills all requirements.

The decomposition of Fe[N(SiMe3)2]2

was carried out in solution at 150°C under
a dihydrogen atmosphere in the presence of
hexadecylamine (HDA) and a long-chain
acid (oleic acid, OA, or hexadecylamonium
chloride, HDAC). In a standard reaction, 1
mmol of Fe[N(SiMe3)2]2 was dissolved in
20 mL of mesitylene and reacted at 150°C
for 48 hours with 3 bar of H2 (initial pres-
sure at room temperature in the reactor) in
the presence of 2 equivalents (eq) of HDA
and 1 eq acid. In both cases, a black pre-
cipitate forms in �50% yield, which is
shown by transmission electron microscopy
(TEM) and scanning electron microscopy
(SEM) to consist of iron nanocubes includ-
ed in extended 3D superlattices (Fig. 1A,
Fig. 2, and fig. S1). The superlattices dis-
play defined shapes (cubes, parallelograms)
with extended faces in the micron range as
shown by SEM (Fig. 2B and fig. S1). The
nanocubes adopt the bcc structure of bulk
iron as evidenced by x-ray diffraction (fig.
S2) and by a selected area electron diffrac-
tion experiment on one of these superlat-
tices; discrete sharp spots are observed that
confirm both the bcc structure of the
nanocubes and the alignment of all their
crystallographic axes (Fig. 1B). In the case
of the reaction in the presence of OA
(HDA:OA; 2 :1, 1), the cube edges display
a mean size of 7 nm (� � 0.4) and an
interparticle spacing estimated at �1.6 nm,
whereas with HDAC (HDA:HDAC; 2 :1,
2), the mean size of the cube edges is
measured at 8.3 nm (� � 0.8), with an
interparticle spacing of �2 nm. High-
resolution electron micrographs (HREM)
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