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Structural complexity and the metal-to-
semiconductor transition in lead telluride
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Lead chalcogenides are known for their thermoelectric properties since the first work of

Thomas Seebeck on the discovery of this phenomenon. Yet, the electronic properties of lead

telluride are still of interest due to the incomplete understanding of the metal-to-

semiconductor transition at temperatures around 230 °C. Here, a temperature-dependent

atomic-resolution transmission electron microscopy study performed on a single crystal of

lead telluride reveals structural reasons for this electronic transition. Below the transition

temperature, the formation of a dislocation network due to shifts of the NaCl-like atomic

slabs perpendicular to {100} was observed. The local structure modification leads to the

appearance of in-gap electronic states and causes metal-like electronic transport behavior.

The dislocation network disappears with increasing temperature, yielding semiconductor-like

electrical conductivity, and re-appears after cooling to room temperature restoring the metal-

like behavior. The structural defects coupled to the ordering of stereochemically active lone

pairs of lead atoms are discussed in the context of dislocations' formation.

https://doi.org/10.1038/s43246-021-00201-7 OPEN

1Max-Planck-Institut für Chemische Physik fester Stoffe, Nöthnitzer Str. 40, 01187, Dresden, Germany. 2Max-Planck-Institut für Eisenforschung GmbH, Max-
Planck-Str. 1, 40237, Düsseldorf, Germany. ✉email: Paul.Simon@cpfs.mpg.de; grin@cpfs.mpg.de

COMMUNICATIONS MATERIALS |            (2021) 2:99 | https://doi.org/10.1038/s43246-021-00201-7 |www.nature.com/commsmat 1

12
34

56
78

9
0
()
:,;

http://crossmark.crossref.org/dialog/?doi=10.1038/s43246-021-00201-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s43246-021-00201-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s43246-021-00201-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s43246-021-00201-7&domain=pdf
http://orcid.org/0000-0003-1115-4024
http://orcid.org/0000-0003-1115-4024
http://orcid.org/0000-0003-1115-4024
http://orcid.org/0000-0003-1115-4024
http://orcid.org/0000-0003-1115-4024
mailto:Paul.Simon@cpfs.mpg.de
mailto:grin@cpfs.mpg.de
www.nature.com/commsmat
www.nature.com/commsmat


The interest in lead chalcogenides as thermoelectric mate-
rials goes back to T. Seebeck. Already in the first report
about the discovery of thermoelectricity (at that time he

called it thermomagnetism), he described Bleiglanz (the German
name for galena, a natural form of lead sulfide) as a material
yielding an electrical current (detected by its magnetic field) in
the closed-circuit set when it is exposed to a temperature gradient
(cf. experiment 381). T. A. Edison was reported to use a ther-
moelectric generator based on semiconducting lead and copper
sulfides for optimizing the power generators for lighting in New
York2. Lead telluride was suggested as thermoelectric material by
A. E. Ioffe much later - in the thirties of the last century3. Using
lead telluride-based p- and n-type materials in radioisotope
thermoelectric generators, NASA successfully realized several
space research programs4,5.

One of the challenges of the power generation with lead tell-
uride at elevated temperatures is a non-monotonic change of
relevant properties, like electrical resistivity and the Seebeck
coefficient. Not only in the pristine material3,6–8 (and references
therein), but also in iso-electronically substituted materials, e.g.,
Pb1−xEuxTe, the electrical resistivity ρ(Τ) changes slope from
positive to negative at around 180–230 °C, while the Seebeck
coefficient changes sign9. As a reason for such behavior, the
resolution of excess atoms present after the single crystal growth
by the Bridgman technique and the vaporization of tellurium
from the specimens were discussed10,11. Furthermore, the crea-
tion and healing of defects due to mechanical milling and sin-
tering, respectively, were assumed to change the effective charge
carrier concentration8. For high-carrier-concentration samples,
the simple two-valence-band model was applied to explain the
general temperature variations of resistivity, although it was
apparent that a complete analysis would require the more exact
theory of transport in semiconductors with non-parabolic bands7.
Excitation of electron-hole pairs with the formation of structural
defects at elevated temperatures6 and temperature-dependent
band crossing12 and references therein were also considered as
reasons for the electronic transport behavior of PbTe. All these
approaches assume that the crystal structure of PbTe (structure
type NaCl, space group Fm�3m, a= 6.4611(3) Å)9 remains basi-
cally unchanged.

Several recent findings call the latter assumption into question.
The powder XRD patterns of PbTe reveal unusual anisotropic
peak broadening below 473 K indicating a structural disorder.
The anisotropy disappears at elevated temperature, which cor-
relates with the strong change in electron and phonon transport9.
Such behavior was explained by an anisotropic microstrain13.
Similar drastic changes of the electronic and thermoelectric
properties are explained by off-center positions of the atoms or
the presence of local structural dipoles that emerge from the
undistorted ground state on heating14,15, but were called into
question by a spectroscopic study16.

In general, the physical properties of semiconductors are
strongly dependent on and determined by the underlying crystal
structure. Furthermore, many other factors may play a role in
understanding the observed properties, such as structural defects,
diffusion processes, and recrystallization phenomena. E.g., non-
stoichiometry on the atomic scale results in a larger amount of
point defects in the crystal lattice17,18. These point defects may
introduce a temperature-dependent concentration of acceptors or
donors. During annealing, the point defects may diffuse from the
regular sites toward the precipitation centers19,20. This leads to
the formation of distributed agglomerations20,21.

Nowadays, atomic high-resolution transmission electron
microscopy (HRTEM) and high-resolution scanning transmis-
sion electron microscopy (HRSTEM) are ideally suited for the
direct observation of the real structure of materials, in particular,

precipitations and point defects. Te-rich precipitates have been
found by TEM in PbTe single crystals having stoichiometric,
slightly Te-rich, and also 0.3% Pb excess compositions. For excess
of 1.0% Pb, however, no Te-rich precipitates appear22. More
recently, Pb-depleted disks (Pb-vacancy aggregates) in {100}
planes and Pb nanocrystallites as precipitates in stoichiometric
PbTe were discovered23,24.

In the present work, an atomic-resolution study on the local
structure of PbTe single crystals under different thermal condi-
tions is performed, which reveals the possible structural origin of
the metal-to-semiconductor transition.

Results and discussion
Dislocation pattern and lone-pair model. The single crystal of
p-type PbTe used in this study was grown on the Te-rich side of
the homogeneity range more than 20 years ago25. It is known,
that Pb-rich PbTe single crystals are hard to prepare, and all
attempts lead rather to defect-rich, poor quality samples with a
tendency to polycrystal behavior (cf. Supplementary Note 1).
Furthermore, resistivity measurements on polycrystalline speci-
mens on both sides of the homogeneity range reveal the metal-to-
semiconductor transition only at the stoichiometric composition
and on the Te-rich side. The behavior on the Pb-rich side seems
to be much more complex (Supplementary Fig. 1). A part of the
single crystal (Fig. 1a, left insert) is kept as pristine material. Two
further specimens cut out of the same crystal were used to trace
temperature-dependent differences of properties after annealing
at 400 °C and 600 °C (cf. Methods). Further cut-out specimens
were subjected to temperature-dependent HRTEM experiments.

In parts of the pristine PbTe single crystal, the expected
ordered crystal structure of the NaCl-type with regular structural
pattern is present, while special strain caused features dislocations
appear in other regions (cf. high-resolution images in Supple-
mentary Fig. 2). The dislocations (thickness of about 50 nm) are
superimposed with a periodicity of 80 nm in one direction and
90 nm in the other one, forming meshes (Fig. 1a–c). Diffraction
analysis (Fig. 1a, right inset) and Fast Fourier transform (FFT,
Fig. 1d, inset) of these regions indicate the presence of PbTe
reflections solely. Atomic-resolution TEM reveals a shift of
atomic slabs perpendicular to [001]. The layer shifts happen in
different directions from [100] via [110] to [010] (Fig. 1d), i.e. the
translation symmetry along [001] is strongly violated. Assuming
the Burgers vector to be ½[101], the TEM images can be
understood and modeled by the atomic arrangement with every
second layer shifted along [100] perpendicular to [001] (Fig. 1e,
f). Already such ‘simplest’ shifts by (x 0 0) cause marked changes
in the electronic density of states: the bandgap characteristic for
the pristine material (Fig. 1g) closes, i.e. in-gap states appear in
comparison with the ideal NaCl-type structure (Fig. 1h, Supple-
mentary Fig. 3). This explains on the one hand the reduced value
of the experimentally measured bandgap in comparison with the
calculated values and on the other hand the metallic behavior of
the material below the transition temperature.

The influence of the layer shifts on the total energy of the
system is evaluated for models with 8 atoms in the unit cell
(equivalent to the content of the NaCl-type unit cell of the ideal
structure, cf. Supplementary Table 1, Methods). For the shift (x 0
0), the total energy increases by 0.10–0.43 eV/f.u. PbTe depending
on the value of x and on the lattice parameter ratio (Supplemen-
tary Fig. 3). A similar total energy increase of ca. 0.6 eV/f.u. PbTe
is calculated for the diagonal shift (x x 0) with x= 0.25 (Burgers
vector ½[111]), which can be also recognized in Fig. 1d.

Such layer shifts are known in inorganic structural chemistry as
the route toward the formation of new atomic arrangements. In
particular, the diagonal shift for the polymorphs of thallium
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iodide TlI. While the modification grown from the vapor on the
appropriate single crystal substrate has the NaCl-type structure26,
α-TlI, which is stable at ambient conditions reveals double-layer
slabs shifted by (x x 0) with x= 0.25 (in the coordinate system of
the NaCl structure), and each layer has one shifted and one non-
shifted as stacking neighbors (27, Supplementary Fig. 4). From
these experimental data, the NaCl-type modification should have
higher energy, which is compensated by the growth on a rigid

substrate. And, obviously, the shift of each third layer has a
releasing influence reducing the energy of the system.

While the layer shifts are energetically disfavored for PbTe
compared with the ideal NaCl-type structure, the energetic
situation in PbTe changes in regions where structural defects are
present. Lead telluride has a small homogeneity range, in the order
of 10−4 at% on both sides of the stoichiometric
(1:1) composition19,28–33. The investigated single crystal is grown
on the Te-rich side of the homogeneity range and is a p-type
conductor with a charge carrier concentration of 10.4 × 1017 cm−3;
thus, the presence of defects is obvious. The formation and
influence of defects on properties of lead telluride were widely
studied experimentally and theoretically34 and references therein.
The calculated formation energy in the order of eV × defect−1 is at
least comparable with the total energy increase due to the layer
shifts. E.g., for lead vacancies characteristic for p-type PbTe, the
formation energy is 1.9–2.2 eV × defect−1, 1.68 eV × defect−1 was
calculated for the Schottky pair and the lowest one of 1.21 eV ×
defect−1 is found for the Shottky dimers, i.e. larger defects causing
extended deviation from translational symmetry35. In the regions
containing such irregularities, locally, both atomic arrangements –
pristine with defects and one with layer shifts – may become
competitive by causing reductions of the system energy. In
particular, the Shottky dimers may become the suitable starting
point for the formation of a dislocation.

The layer shifts may be initialized and realized with the support
of ordering of the stereochemically active lone pairs on lead
atoms, which can be understood as a non-centrosymmetric
distribution of the electron density around the nucleus. Lone pair
formation was already discussed for lead chalcogenides from DFT
calculations36,37, or - from another point of view – in form of the
correlated local dipoles15. Their role in the structure increases due
to the lower ionicity of the bonding: effective charge transfer in
PbTe calculated from the Quantum Theory of Atoms In
Molecules is 0.65 electrons of two formally possible per atom in
comparison with 0.86 electrons of one formally possible per atom
in NaCl. Indirectly, this is confirmed by the TEM observations,
which do not reveal a formation of dislocations in essential
concentrations in PbSe and PbS with higher charge transfer (0.83
and 0.87 electrons per atom, respectively).

The possible scenario is as follows. At temperatures above the
metal-to-semiconductor transition, the lone pairs are structurally
inactive (disordered) and yield an average ordered picture of the
cubic NaCl-type crystal structure of PbTe (Fig. 2a, b). By
temperature reduction, they may order and support the gliding of
neighboring atomic layers due to the repulsive interaction
between the lone pairs (Fig. 2c, d). In this way, the atomic
arrangement with shifted layers forms a structural basis of a
dislocation (Fig. 2e, f).

Following this model, the heat treatment is expected to induce
the reorganization of dislocations. To study the kinetics of the
precipitation process, the single crystal was annealed at different
temperatures. Annealing at 400 °C gives rise to a less ordered
arrangement than the network of parallel running dislocations
(Supplementary Fig. 5a). The periodicity of the latter is
50–100 nm, depending on the direction. After annealing at
600 °C, the existing dislocation network rearranges inside the
cubic PbTe matrix, becomes denser than in the pristine single
crystal, and develops a periodicity of about 60 nm (Supplemen-
tary Fig. 5b). As in previous cases, FFT shows only the reflections
of PbTe and does not reveal other elemental structures. Evidently,
holding the sample at 600 °C for 5 days is not sufficient to
eliminate dislocations, but it is sufficient to change their density
and size. The ex-situ experiments cannot fully clarify the dynamic
character of the deviation of the real structure of lead telluride

Fig. 1 Real structure of pristine lead telluride around room temperature,
[001] zone. (a) overview image of sub-μm scale (inset left shows the
single crystal studied, inset right – selected area diffraction image of the
region); (b) magnified image of the region with parallel dislocations; (c)
HRTEM image of the dislocation mesh region; (d) atomic resolution image
of the dislocation mesh region; positions of atoms in the initial layer are
shown with square symbols; the position of shifted layers are visualized by
white circles (inset shows FFT of the region); ideal NaCl-type atomic
arrangement in PbTe (e) and the model with a shift of every second layer
along [100] (f); electronic DOS of the ideal PbTe structure (g) and changes
in DOS caused by the layer shifts above (h).
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from the ideal NaCl-type lattice. Thus, in-situ heating in the TEM
is applied to observe structural transformations in PbTe.

In-situ TEM experiments. When the lamella is gradually heated,
the first change is observed at 200 °C (Fig. 3a). The dislocation
picture becomes sharper (the specimen probably bends due to the
heating changing the diffraction conditions). By further heating to
350 °C, some of the dislocations vanish, others start to condense
and dissipate. Initially, dislocations vanish in the thinnest parts of
the lamella, and then gradually in the thicker parts of the specimen.
The threshold temperature is around 400 °C. At this temperature,
only a few dislocations remain in the thick areas, and - above this
temperature - the dislocations disappear. The longer treatment
above 420 °C leads to sample disintegration by void growth
(Fig. 3a). Additional temperature-dependent experiments finally
confirm the reversibility of the structuring of PbTe. The initially
present pattern starts to disappear at 350 °C, vanishes completely at
400 °C, and re-appears at room temperature (Fig. 3b). The initial
structure does not show clustering of Pb or Te (Supplementary
Fig. 5), thus the (incomplete) re-appearance of the dislocations at

another place in the sample may not be caused by the (partial)
evaporation of the components and is most probably connected
with atomic redistribution within the dislocations (due to the layers
movement) yielding back the ‘initial’ defects at another place. This
behavior of the structure correlates with the earlier temperature-
dependent powder diffraction data of a specimen with composition
PbTe: below 200 °C, a strong anisotropy of reflection broadening is
observed (the h00 peaks show a much smaller full width at half
maximum in comparison to that of hk0 and hkl) which may be
caused by a partial disorder in the structure; this anisotropy is
strongly suppressed between 200 °C and 300 °C, and practically
disappears above 300 °C (Supplementary Fig. 6)9.

Ex-situ TEM experiments. The presence of lone pairs – being a
part of atomic interactions in the structure (chemical bonding) -
strongly influences the thermoelectric properties of materials, in
particular the lattice thermal conductivity38,39. The structural
behavior described above is also consistent with measurements of
electrical resistivity (Fig. 4). The pristine material with a high-
density dislocation network reveals the metal-to-semiconductor

Fig. 2 Hypothetical mechanism of lone-pairs driven structural transformation in the (p-type) lead telluride single crystal. (a) pristine atomic
arrangement in NaCl-type PbTe; (b) disordered lone-pairs in the pristine structure; (c) lone-pair ordering allowing layers shifts in the (001) plane due lone-
pair repulsive interaction; (d) atomic arrangement with layers shifted by (0.25 0 0) reducing the repulsion between the lone-pairs; (e, f) the resulting
atomic arrangement (cf. Fig. 1). The stoichiometry and composition in all panels is 1:1. Orange spheres–lead, green–tellurium, gray spheres symbolize lone
pairs at the orange Pb atoms. The larger size of the gray spheres is used to emphasize the enhanced volume need of the lone pairs.
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transition at around 230 °C (Fig. 4a). Annealing at 400 °C slightly
reduces the dislocation density and shape; it also shifts the
transition temperature to ca. 250 °C. As the annealing tempera-
ture is obviously too low to destroy the dislocations network
completely, the resistivity does not change during the heating and
cooling cycle below 270 °C (Fig. 4b). The thermal treatment at
600 °C increases the transition temperature to approx. 270 °C, but
the dislocation structure is not stable. It tends to recover upon
cooling toward the pristine state, but with other dislocation

networks, reflected by the different resistivity behavior during the
heating and cooling cycle (Fig. 4c).

Conclusions
In conclusion, the in-situ temperature-dependent high-
resolution HRTEM and HRSTEM study on single crystalline
lead telluride reveals a special structural feature – dislocations.
The atomic-resolution experiments disclose shifts of atomic
slabs perpendicular to {100} and point toward ordering of the

Fig. 3 Dynamics of the real structure in PbTe from HRSTEM in-situ heating experiment. (a) dislocation distribution in the single crystal lamella at
different temperatures (LAADF STEM. experiment 1); (b) presence, disappearing, and re-appearing of lamella structuring in a heating-cooling cycle (ABF
STEM, experiment 2). Black points are platinum islands recrystallized from the amorphous layer formed during the FIB preparation (Supplementary Figs. 7
and 8).
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stereochemically active lone pairs on lead atoms below the
characteristic value of ca. 230 °C. This causes changes in the
electronic structure. The gap in the band structure of the ideal
PbTe rock salt-type structure closes, and the material behaves
like a metal in electronic transport measurements. Tempera-
ture increase above the characteristic value leads to a lone-pair
disorder, and the crystal structure recovers the NaCl lattice.
Simultaneously, electronic transport becomes semiconducting.
This state is not stable and heating-cooling cycling leads to the
re-appearance of the metal-to-semiconductor transition at the
characteristic temperature.

Methods
Crystal growth and TEM sample preparation. A single crystal of PbTe was
grown by the vertical Bridgman-Stockbarger method. The melt composition was
chosen to be near stoichiometric with a slight excess of Te (0.5%)40. Subsequently,
the single crystal was cut into three pieces, from which two were annealed at
400 °C and 600 °C for 128 h in a closed glassy carbon tube within a sealed quartz
tube held at 400 bars in an argon atmosphere. After annealing, tubes with samples
were quenched in water. Next, the slices were polished with a 0.25 µm diamond
polish solution. The focused ion beam (FIB) machine was used for removing a
200 µm thick slice of the damaged surface. For TEM investigations, FIB lift-out
lamellas were prepared along the [001] direction. The amorphized layer, which was
caused by the gallium milling, was removed at 5 kV acceleration voltage.

The in-situ TEM samples were prepared by site-specific focused ion beam (FIB)
lift-out in a Scios2HiVac (Thermo Fisher Scientific) dual-beam instrument. The in-
situ heating samples were first transferred to a Cu half grid for coarse thinning.
Subsequently, the specimens were transferred to MEMS-based heating chips
(DENSsolution Wildfire) and were finally thinned to electron transparency at 5 kV.

The final polishing of the lamella during FIB preparation is performed by Ga ions
with 5 kV acceleration voltage. The lamella is tilted at 60 and 45 degrees and
polished from both sides. The polishing time was 45 s.

TEM. High-resolution TEM (HRTEM) analyses were performed using a JEM-
ARM300F (Grand ARM, JEOL, Akishima, Tokyo, Japan) with double correction. The
spherical aberration of the condenser and the objective lens were corrected by dode-
capole correctors in the beam and the image forming system. TEM resolution is
0.5–0.7 Å depending on the resolution criterion applied. TEM images were recorded on
a 4k × 4k pixel CCD array (Gatan US4000). Additional analysis was carried out on an
FEI Tecnai F30-G2 with a Super-Twin lens (ThermoFischer, Eindhoven, NL) with a
field emission gun at an acceleration voltage of 300 kV. The point resolution amounts to
2.0 Å, and the information limit to about 1.2 Å. The microscope is equipped with a
wide-angle slow-scan CCD camera (MultiScan, 2 k × 2 k pixels; Gatan Inc., Pleasanton,
CA, USA). Resolution of the spectrometer measured as the full width at half maximum
of the zero-loss peaks amounts to 0.75 eV, dispersion of the spectrometer 0.3 eV per
pixel. The datasets generated or analyzed during the current study are available from the
corresponding author on reasonable request.

The in-situ heating experiments were conducted in a probe aberration-
corrected Titan Themis 60-300 (Thermo Fisher Scientific) microscope operated at
300 kV. In STEM mode, a probe semi-convergence angle of 17 mrad and inner and
outer semi-collection angles ranging from 8 to 13 mrad were chosen, respectively
for annular bright-field (ABF) imaging; and a probe semi-convergence angle of 17
mrad and inner and outer semi-collection angles from 14–63 mrad were used,
receptively for low-angle annular dark-field (LAADF)-STEM imaging. STEM-EDX
was performed in HAADF mode. A double tilt heating/biasing holder
(DENSsolution Lightning) was used for heating the sample mounted onto a
MEMS-based heating chip (DENSsolution Wildfire). The in-situ heating
experiment was performed at 23 °C, 50 °C, 100 °C and then with 20 °C-steps from
100 °C up to 350 °C, from 350 °C with 10 °C-steps till 420 °C. Dwell time for every
step amounted to 10–15 s. Temperature accuracy is kept below 5% and

Fig. 4 Real structure and electronic transport behavior of the PbTe single crystal above room temperature. (a) pristine material; (b) after 128 h
annealing at 400 °C; (c) after 128 h annealing at 600 °C. Stripes’ network is shown in the left column, atomic structure – in the middle column (insets show
FFT of the region), and electric resistivity – in the right column.
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temperature stability below 1 °C. The heating rate of the holder amounted to
200 °C per millisecond.

Transport properties. Electrical resistivity was measured with the ZEM-3 setup
(Ulvac-Riko) in the temperature range from 300–760 K. The Hall effect (RH) was
measured with a standard six-point ac technique in a physical property mea-
surement system (PPMS, Quantum Design), with magnetic fields up to 9 T. The
Hall carrier concentrations were calculated by 1/(RH·e), RH is the Hall coefficient, e
is the charge of an electron.

Calculations. Electronic structure calculations were performed by using the all-
electron, full-potential local orbital (FPLO) method41. All main results were
obtained within the local density approximation (LDA) to the density functional
theory through the Perdew-Wang parametrization for the exchange-correlation
effects42. A mesh of 12 ×12 × 12 k points was used for calculations. The band
structure of pristine PbTe was calculated using the lattice parameter of 6.4611 Å,
space group Fm�3m, and atomic positions of the NaCl-type (Pb at 4(a) 0 0 0; Te at
4(b) 0 0 ½). For the modeling of the layer shifts the space group C1m1 with the
pseudocubic unit cell a= b= c= 6.4611 Å and β= 90° was chosen with the fol-
lowing atomic positions: Pb1 in 2(a) 0.0 0 0.0; Pb2 in 2(a) x ½ 0.5; Te1 in 2(a) 0.0
½ 0.0; Te2 in 2(a) x 0 0.5. The model with x= 0 corresponds to the NaCl-type
structure, further models with x between 0.125 and 0.875 were calculated. For each
value of x, first the optimization of the unit cell volume was performed, followed by
the optimization of the c/a ratio, keeping the a and b parameters equal (Supple-
mentary Table 1).

The topology of the calculated three-dimensional distributions of electron
density (ED) was evaluated with the program DGrid43. The atomic charges from
ED were obtained by its integration within the basins (space regions), bounded by
zero-flux surfaces in according to gradient field. This procedure follows the
quantum theory of atoms in molecules (QTAIM44).

Data availability
All data supporting the findings of this study are included into the paper and/or are
available from the authors upon reasonable request.
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