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We have investigated the thermoelectric material Zn4Sb3 using transmission electron microscopy (TEM). Nanoscale inclusions with a diameter of
about 10 nm were observed, constituting on the order of 1% by volume
of the material. Studies using energy filtered imaging, electron diffraction,
and high-angle annular dark-field STEM indicate that the inclusions
consist of Zn. These inclusions are expected to scatter the medium and
long-wavelength phonons effectively, thus contributing to phonon glass
behavior which results in the exceptionally low thermal conductivity for
this thermoelectric material.
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1. Introduction
The thermoelectric material Zn4Sb3 has attracted much attention over the past
decade due to its outstanding thermoelectric properties [1]. The quality of
a thermoelectric material is measured by the so-called figure of merit Z ¼ 2 /
(e þ l), where is the Seebeck coefficient,  the electric conductivity, and e and l
are the electronic and lattice contributions to the thermal conductivity. Thus, high
values of the Seebeck coefficient and electric conductivity are wanted, while the total
thermal conductivity should be low. However, since the electronic contribution to
the thermal conductivity increases with increasing electric conductivity, a low lattice
thermal conductivity is of paramount importance. This leads to the much used rule
of thumb that a good thermoelectric material should be an ‘electron-crystal phononglass’ [2]: it should conduct electrons as a crystal, but scatter phonons as a glass.
While Zn4Sb3 has reasonable values of and , it is the unusually low l which is
credited for the high figure of merit of Zn4Sb3 [1,2]. Indeed, this material is often
cited as the prototypic ‘electron-crystal phonon-glass’, with low lattice thermal
conductivity attributed to structural features which scatter phonons. While the basic
structural framework of Zn4Sb3 (or more precisely Zn3.9Sb3) has been known for
several decades [3], the discovery of partial Zn occupancy on several interstitial sites
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within the unit cell [4] has lead to a reexamination of the structure. Theoretical
studies confirm the need for interstitial Zn atoms and indicate that the surrounding
framework undergoes significant distortions to accommodate these interstitials [5].
Pair distribution function (PDF) analysis further confirms that the framework
distorts around the interstitials and additionally suggests these interstitials exhibit
short-range order despite the lack of long-range order in Zn4Sb3 [6].
We have investigated samples of nominal composition Zn4Sb3 using transmission
electron microscopy (TEM) by combining bright-and dark-field imaging, electron
diffraction, high-angle annular dark-field scanning TEM (HAADF-STEM), and
energy filtered TEM (EFTEM). The main finding of these studies is that the material
is richly nanostructured, containing nanoparticles on the 10 nm scale. Such features
are expected to scatter medium and long-wavelength phonons, thereby contributing
to the low lattice thermal conductivity of the system.

2. Experimental
The samples were prepared through reaction of the pure elements in sealed silica
ampoules under vacuum. The mixtures were melted at 700 C for one day and lightly
shaken to ensure a homogeneous melt. The melt was quenched in water and then
annealed for one day at 300 C in the same ampoule before being water quenched
again. Powder X-ray diffraction patterns could be indexed to the unit cell reported
earlier for Zn4Sb3 at room temperature [3,4]. In addition, the diffraction data
indicated the presence of small amounts of pure Zn. Using optical and scanning
electron microscopy, Zn particles of several micrometers in diameter were detected.
Samples for TEM were prepared by mechanical grinding and standard ion-milling
techniques. Also, samples were prepared by crushing in ethanol and deposited on
a carbon film suspended on a copper grid.
The electron diffraction and bright- and dark-field experiments were performed in
a JEOL 2000FX TEM, while a JEOL 2010F microscope fitted with a Gatan imaging
filter (GIF200) was used for the annular dark-field and energy filtered imaging.

3. Results and discussion
Selected area diffraction patterns could be indexed according to the structure
reported earlier for Zn4Sb3. While crystalline ring patterns attributed to a surface
layer of ZnO were sometimes observed, no extra or split reflections were readily
visible. Thus, no immediate evidence for secondary phases, twinning, or other crystal
defects was observed in the typical crystal grains.
However, imaging using the directly transmitted electrons revealed that the
samples are richly nanostructured, displaying particles on the nanometer scale as
seen in Figure 1a. In thin areas, the particles display a very bright contrast regardless
of crystal orientation, suggesting that they are composed of weak electron scatterers
compared to the matrix. Meanwhile, high-resolution imaging confirmed the presence
of nanosized inclusions within the crystal grains (Figure 2a). We performed an
analysis of particle size, showing that the median particle size was 8.34 nm
(Figure 1c). Estimates of the density of particles are difficult since the sample
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Figure 1. (a) Bright-field image from an area showing large amounts of nanoinclusions in the
parent Zn4Sb3 phase. (b) Dark-field image formed by diffusely scattered electrons. (c)
Histogram of the particle size distribution. The solid line is a fitted gamma function, while the
average (m) and median (m1/2) particle size are given together with the standard deviation ()
and number of measured particles (n).

Figure 2. (a) Fourier-filtered high-resolution micrograph of nanoinclusions such as those seen
in Figure 1. The observed lattice fringes are from the matrix, while the particles are visible as
bright areas of lower effective thickness. (b) Dark-field image similar to that of Figure 1b,
but from the cleaved edge of a crushed specimen.

thickness is not accurately known. However, in areas of 100 nm, estimated thickness
of the particles make up in the order of 1 vol% of the material.
Figure 1b shows a dark-field image formed using electrons in the background of
the diffraction pattern, between the Bragg reflections of the matrix. The nanoscale
inclusions are clearly visible as small areas of bright contrast in this image. This may
be attributed either to the image being formed by weak reflections from the
inclusions, or by electrons scattered from defects or displacements in conjunction
with the particles. Similar observations are made from the cleaved edges of crushed
samples, providing strong evidence that the particles are not surface effects
or artefacts due to the sample preparation (Figure 2b).
When the sample was tilted into the [001] projection (hexagonal setting) of
Zn4Sb3, heavily exposed diffraction patterns revealed weak extra reflections
(Figure 3a). These reflections come in sets of three: one central reflection oriented
parallel with the 600-type reflections of the parent phase, with two weaker satellites
on either side. The d-value associated with these extra reflections corresponds to
a plane spacing of d ¼2.094  0.009 Å. These diffraction patterns indicate the
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Figure 3. Selected area diffraction pattern taken with a long exposure time in the [001]
projection of the Zn4Sb3 phase. (b) Sets of extra reflections are observed close to the 600 and

660-type
reflections of the parent phase, and correspond to a d-value of 2.094  0.009 Å .

presence of a secondary phase with well-defined orientation relationships
to the parent phase. Nanoparticles of this size are commonly coherent because of
reduced interfacial energy. There appears to be at least two symmetry relationships
between the particles and the matrix: one associated with the central reflections and
the other associated with the satellites. Coherent nanoparticles have also been
observed in the thermoelectric AgSbTe2–PbTe materials [7].
Several phases should be considered as possible candidates to explain the
observed particles. Pure metals Sb and Zn, as well as ZnSb are stable at room
temperature, and oxides such as ZnO are possible. Of these, only hexagonal Zn
has a strong reflection (d101¼2.091 Å) close to our observations. While the Zn-rich
Zn3Sb2 has a strong reflection at d¼2.088 Å [8], this phase is not stable below
approximately 400 C [9].
In order to clarify the nature of the observed particles, we performed imaging,
and HAADF-STEM. In EFTEM imaging, only electrons that have suffered
a particular energy loss when passing through the specimen are used to form the
image. As different elements and phases may cause different energy losses for the
electron beam, this enables us to create images that map the spatial distribution of
a phase or an element [10]. Figure 4a shows the energy loss spectrum obtained from
a large area of Zn4Sb3 together with that of metallic zinc [11]. Both materials have an
intensity maximum at an energy loss of 15 eV, corresponding to collective excitations
of the valence electrons (plasmon excitations). However, metallic Zn displays
a significant shoulder at approximately 10 eV. Figure 4b shows energy filtered images
formed with electrons from the three energy loss regions (A–C) indicated
in Figure 4a. The nanoscale particles are clearly visible when using the elastically
scattered electrons to form the image (energy region A), but virtually all matrix–
particle contrast is gone when using the electrons that have lost energy to plasmon
excitations (energy region C). For the intermediate energy range (energy region B)
the particles are brighter than the surrounding matrix, thus indicating that they
contain significantly higher concentration of Zn than the matrix.
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Figure 4. (Color online). (a) Energy loss spectra of Zn4Sb3 (black) and pure Zn (red). Pure Zn
displays a significant shoulder at 10 eV energy loss, thus allowing us to differentiate between
the matrix and Zn particles using EFTEM imaging. The three energy loss regions used are
indicated (A–C). (b) EFTEM images from a region containing nanoparticles. The images were
formed with a 10 eV slit centered on the zero loss peak (A), and a 5 eV slit centered on 10 and
15 eV (B and C) as indicated in (a). (c) HAADF-STEM Z-contrast image showing the particles
as dark areas, indicating a low average atomic number than the matrix.

Further evidence that the particles are Zn comes from observations that indicate
the particles are composed of weaker electron scatterers (lower atomic number)
than the matrix. Bright-field images, including orientations where strong reflections
from the parent phase are absent, suggest that the particles have a high electron
transmittivity compared to the matrix. In experiments using HAADF-STEM, the
particles appear as dark areas (Figure 4c). In these experiments, only electrons
scattered to large angles are used to form the image. Heavy elements scatter electrons
to larger angles and give a higher intensity in the image than light elements.
The technique is sensitive to differences in atomic number, giving intensity variations
roughly proportional to the atomic number squared [12,13]. These observations
indicate that the particles have a significantly lower average atomic number than
the surrounding matrix; thus, nanoparticles of pure Zn can explain all the
observations.
These observations may resolve contradictions in the literature on the Zn4Sb3
system, and may furthermore provide an explanation of the very low lattice thermal
conductivity. X-ray diffraction results [4,14,15] consistently indicate significantly less
Zn than the nominal 4 : 3 ratio of Zn4Sb3. For example, a composition of Zn3.83Sb3
was determined in a previous work [4]. However, according to phase diagram
determinations [9] Zn4Sb3 forms in a narrow composition range between Zn3.90Sb3
and Zn3.98Sb3. Small nanoparticles of Zn embedded in the matrix would be included
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in the typical chemical analysis (e.g. microprobe or EDX) of apparently single phase
grains used for phase identification or phase diagram determination, but would not
contribute to the diffraction of Zn4Sb3. We estimate that the particles make up in the
order of 1% by volume of the material. This is equivalent to   0.1, and can partially
account for the differences in observed Zn content.
The bimodal size-distribution of Zn inclusions (on both the 10 nm and 1 mm scale)
indicates two Zn formation steps. While the high-temperature phase diagram is
complex and under some dispute, the existence of large Zn grains indicates that the
specimen was at one time in a two phase region between Zn4Sb3 and Zn at high
enough temperature for the Zn to coalesce into micrometer-sized particles. However,
the presence of nanometer-sized Zn particles indicates there must have been an
additional formation step at low temperature where diffusion is slow.
Small nanometer-sized Zn particles can be explained via a low-temperature
precipitation mechanism. Generally, precipitation occurs when solubility (of Zn in
Zn3.9Sb3 in this case) decreases with temperature due to the effect of entropy.
From the presence of the micron-sized Zn grains, we know the composition of
Zn3.9Sb3 must have been at the Zn-rich Zn4Sb3 phase boundary when formed at
high temperatures (possibly the melt). As the maximum Zn content in Zn3.9Sb3
decreases as the sample further cools, precipitation of small particles of Zn results.
The coarsening of the small Zn particles is suppressed at these lower temperatures.
By this mechanism, the formation and even existence of these particles is dependent
on composition and cooling procedure.
An understanding of the lattice thermal conductivity in Zn4Sb3 is thereby
complicated by several phonon scattering sources which may be working in
conjunction. Indeed, in recent years there has been an increasing focus on the role of
nanostructures in reducing the lattice thermal conductivity of materials through
phonon scattering [16]. The presence of either naturally occurring or artificially
grown nanoparticles has been shown to strongly influence the thermal conductivity
in several materials. Zhang and co-workers observed a reduction in the thermal
conductivity of Mg–Si–Sn alloys attributed to naturally occurring nanostructures
on the 10 nm scale [17], while a 50% reduction in the thermal conductivity of
In0.53Ga0.47As was achieved by Kim et al. [18] when embedding ErAs particles.
The low thermal conductivity in the AgSbTe2–PbTe materials has also been
attributed to similar sized nanoparticles [7]. Nanoparticles with the size and
distribution we observe in Zn4Sb3 can thus be expected to effectively scatter medium
and long-wavelength phonons [18]. At the same time, the disordered local structure
within the crystal unit cell of Zn4Sb3 [4] contributes to the scattering of shorter
wavelength phonons, with k-vectors around the Brillouin zone boundary. Thus,
these features, on both the sub-nanometer and 10 nm scale, may contribute to the
exceptionally low l of Zn4Sb3.
However, processing has been shown to dramatically effect both the electronic and
thermal transport properties [1,19,20]. The occurrence of Zn nanoparticles,
which likely depends on processing parameters, may explain some of these differences.
If the high-temperature solubility explanation is correct, these nanoparticles
may re-incorporate into the Zn4Sb3 during high temperature measurements,
which would lead to varying transport properties and hysteresis. Also, the
distribution of these inclusions on a large scale is difficult to assess using TEM.
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Techniques such as small angle X-ray or neutron scattering may be appropriate to
determine the prevalence of the particles on a more global scale [21].

4. Conclusions
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Our TEM observations reveal Zn nanoparticles embedded in grains of Zn3.9Sb3.
These inclusions likely precipitate from Zn-rich Zn4Sb3 due to a decreasing solubility
of Zn upon cooling. This phase behavior reconciles previous crystallographic
investigations with phase diagram determinations that indicate a higher Zn content.
We expect that the presence of nanoparticles contributes to phonon glass behavior and
the low thermal conductivity of Zn4Sb3, and that processing conditions and starting
stoichiometry likely explain the variance in thermoelectric properties found in the
literature.
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