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Lead chalcogenides are very promising materials for thermo-
electric (TE) applications1-3 due to their narrow band gaps and
face-centered cubic structure. Both theoretical predictions4,5 and
MBE experimental exploration6,7 suggest that large improvements
in figure of merit (ZT) could be achieved in nanostructured systems.
It is therefore essential to develop a new approach of fabricating
nanophased lead chalcogenides to enhance the TE performance.
Actually, it has been demonstrated that high-temperature solution-
phase synthesis (HTSPS) is a very promising method to develop
monodisperse PbSe8 and PbS9 nanocrystals (NCs) with size- and
shape control. Furthermore, optical studies8,10 have suggested that
the band gap of PbSe produced in this approach is tunable by
controlling the crystalline size, and it is possible to achieve an
electrically conductive film of PbSe NCs (a potential nanostructured
TE material) after self-assembly and subsequent annealing process.11

Since it was reported that PbTe12 and PbTe-based compounds13

are superior materials for solid-state TE cooling and electrical power
generation devices, in this communication we demonstrate our
progress in synthesis and self-assembly of PbTe NCs with size-
and shape control by employing the HTSPS approach, providing
an alternative avenue of preparing PbTe and PbTe-based NCs for
further TE manipulation.

Basically, high-quality spherical PbTe NCs were synthesized by
rapidly injecting a cold solution (∼10 °C) of lead acetate trihydrate
and trioctylphosphine telluride (TOP-Te) into vigorously stirring
hot phenyl ether, in the presence of oleic acid, at 200°C in a three-
neck flask equipped with a condenser under an argon stream. Upon
injection, small PbTe clusters nucleated and started to grow with
stabilization provided by the capping ligands (TOP and oleic acid),
forming spherical PbTe nanocrystals in∼5 min. Extending the
growth time results in a further development of the PbTe crystalline
morphology. When they were aged for∼25 min, cubic PbTe NCs
could be achieved. The posttreatment of a size-selective precipitation
is essential in further refining the size distribution for both types
of NCs. The details of the preparation procedure can be found in
Supporting Information (SI). PbTe NCs were stored in hexane after
the posttreatment and were self-assembled on TEM grids and on
the surface of single-crystalline Si wafers for morphological
characterization using a transmission electron microscope (TEM,
JEOL2100) and for phase identification using an X-ray diffracto-
meter (XRD, Philips X-pert system), respectively.

The self assembly of spherical PbTe NCs was carried out from
a mixed solvent of hexane and hexanol on to a TEM grid. Figure
1a demonstrates a TEM image of hexagonally ordered, monolayer-
assembled PbTe pattern, showing a spherical morphology with an
average diameter of∼8 ( 1.6 nm. The standard deviation of

crystalline size was calculated asδ e ∼7% based on the size
distribution (in hexane) of PbTe NCs measured by using a light-
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Figure 1. (a) Transmission electron micrograph (TEM) image of spherical
PbTe NCs (monolayer assembly); (b) HRTEM of a spherical PbTe NC;
(c) HRTEM of a cubic PbTe NC; (d) TEM image of cubic PbTe NCs
(monolayer assembly); (e) SAED of cubic PbTe NCs (∼40 NCs).
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scattering technique (see Figure S1a in SI). The minimum spacing
between NCs is approximately 2.5 nm and uniform. Figure 1b
reveals a high-resolution TEM image (HRTEM) of a single PbTe
NC, indicating its high crystallinity. We further extended the growth
time using a similar preparation procedure to investigate the shape
evolution of these PbTe NCs. Figure 1d is a typical TEM image of
the cubic PbTe NC’s self-assembed pattern, in which locally ordered
and monodisperse NCs with an average size of∼14 ( 1.2 nm can
be detected. The size distribution was also calculated asδ e ∼
6% based on the light-scattering study (see Figure S1b in SI). To
determine the accurate structure of this sample, the TEM-selected
area electron diffraction (SAED) pattern of more than 40 NCs was
recorded as shown in Figure 1e (as well as in Figure S2 in SI).
From this SAED pattern, all the detectable dot-rings are perfectly
indexed to the same positions as those from fcc standard bulk
PbTe.14 Furthermore, Figure 1c gives a projected profile of HRTEM
image on a cubic PbTe NC oriented along〈100〉 . The distances
between the adjacent lattice fringes, measured as 3.2 Å, are the
interplanar distances of PbTe (200), which are in excellent agree-
ment with the (200)d spacing of the fcc literature value,14 3.23 Å.

It is generally believed that, for a spherical single-phase crystal
with a size smaller than 10-20 nm, its surface must be a polyhedron
containing high-index crystallography planes15 which possibly result
in a higher surface energy. Actually, the intrinsic properties of
surface energy are very important to nanocrystalline growth rate.
The growth rates on different surface facets are dominated by the
surface energy. When a particle grows, facets tend to form on the
low-index planes to minimize the surface energy. Traditionally, the
shape of an fcc NC is determined by the ratio,R, of the growth
rate in the〈100〉 directions to that of the〈111〉 directions.15,16 In
the case of nanocrystalline rock salts,{111} crystallographic facets
have higher surface energy than that of{100} planes.17 Once the
NC formation is initiated by an injection,R should be achieved
with a high value. Because the{111} facets are high-index planes
in comparison with the{100} facets, the{100} facets will develop
to increase the portion of low energetic surface, and theR will
therefore be reduced from 1.73 as the growth time increases. This
results in truncated octahedral shapes (0.87< R < 1.73) for the
particles. The existence of these truncated octahedral particles can
be verified by the projected profile of TEM image on a sample
which was extracted at 10 min, before the perfect cubic NCs were
completely developed (see Figure S3 in SI). When this high-
temperature growth is kept for a long enough time, perfect cubes
(R approaches 0.58) bound by{100} planes (which possess
relatively lower energy in comparison with those of{111} surfaces)
result. Under the current experimental conditions, in other words,
we can control the PbTe shape-evolution by simply tuning the
growth time. The time for achieving the smallestR (0.58, cubic
NCs) is roughly 25 min in our investigation.

Both spherical NCs and cubic NCs were also self-assembled on
single-crystalline silicon wafers for powder XRD characterization.
Figure 2(a,b) presents the XRD patterns recorded on these two
samples, indicating that both types of NCs are well-defined fcc
structure with theFm3m space group (a ) 6.459 Å).14 For a
comparison, the relative intensities of the diffraction peaks from
the standard card14 were labeled on the bottom of Figure 2 as well.
By applying the Scherrer equation18 to the line broadening of the
(200) peak, the crystalline sizes were estimated19 as 7.4 and 13 nm
for spherical and cubic particles, respectively, which are consistent
with the results from TEM observation. It is worth noting that for
the cubic NCs the diffraction peaks (200) and (400) dominate the
pattern. The relative intensity enhancement on peaks (200) and (400)
indicates that only the (200) [and (400)] facets (see Figure 1c) have

a chance to be diffracted (note that the diffraction plane in XRD is
different from the plane in TEM), further confirming that these
NCs assembled on surface of the Si wafer are perfect cubes. This
observation suggests that it is possible to chemically achieve a
{200}-perfect-orientated monolayer of PbTe assembly with
nanocubes.

In conclusion, we have demonstrated the synthesis and self
assembly of both spherical and perfect cubic PbTe NCs using an
HTSPS approach. The mechanism of nanocrystalline evolution from
spherical to cubic structure has also been discussed. It is possible
to employ these highly orientated PbTe NCs as building blocks to
achieve thickness-controlled film for further manipulations into
thermoelectric devices.
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Figure 2. X-ray powder diffraction patterns of (a) spherical PbTe NC (8
nm in diameter) assembly on Si wafer; (b) cubic PbTe NC (14 nm in size)
assembly on Si wafer.
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