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Abstract

Heterostructures consisting of semiconductors with controlled morphology and interfaces find
applications in many fields. A range of axial, radial and diameter-modulated nanostructures have
been synthesized primarily using vapor phase methods. Here, we present a simple wet chemical
routine to synthesize heterostructures of PbTe/Te using Te nanowires as templates. A
morphology evolution study for the formation of these heterostructures has been performed.
Based on these control experiments, a pathway for the formation of these nanostructures is
proposed. Reduction of a Pb precursor to Pb on Te nanowire templates followed by
interdiffusion of Pb/Te leads to the formation of a thin shell of PbTe on the Te wires. Controlled
dewetting of the thin shell leads to the formation of cube-shaped PbTe that is periodically
arranged on the Te wires. Using control experiments, we show that different reactions
parameters like rate of addition of the reducing agent, concentration of Pb precursor and
thickness of initial Te nanowire play a critical role in controlling the spacing between the PbTe
cubes on the Te wires. Using simple surface energy arguments, we propose a mechanism for the
formation of the hybrid. The principles presented are general and can be exploited for the

synthesis of other nanoscale heterostructures.

Keywords: Heterostructures, Te, PbTe, diameter-modulated, dewetting, STEM-XEDS

tomography
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Tellurium-based nanomaterials have made a great impact in different areas like energy,
optoelectronics and memory storage. For example, lead telluride, bismuth telluride, antimony
telluride and their solid solutions have shown remarkable thermoelectric conversion efficiencies
at low/ambient temperatures.'® Germanium and antimony telluride alloys show reversible
crystalline and amorphous phase transformations that qualify them as phase-change materials for
data storage applications.”'* Cadmium telluride, zinc telluride and their solid solutions are used

13-16

for optoelectronic applications. Recently, lead telluride (PbTe) has attracted a lot of attention

in the field of thermoelectrics and optoelectronics due to its low band gap (0.31 eV at 300 K) and

. . . 1 . .
large excitonic Bohr radius (~46 nm).'” Various nanostructures such as nanopartlcles,lg’ 19

17, 20-22 23,24

nanowires, nanotubes and nanoplates18 have been synthesized to enhance the figure of
merit. PbTe has face-centered cubic crystal structure that does not readily form 1D
nanostructures; various mechanisms of symmetry breaking during growth of high symmetry

2526 Band structure

crystals leading to 1D structures have been discussed in the literature.
engineering using thallium impurity levels in PbTe results in an increase in ZT value to 1.5 at
773 K.*” PbTe QDs based solar cells have shown a remarkable increase in external quantum
efficiency above 120% due to increase in multiple exciton generation (MEG).™®

Heterostructures of different nanomaterials have shown to greatly enhance material properties
as compared to their constituents. For example, PbO/TiO, and CdS/ZnO show higher
photocatalytic activity as compared to TiO, or Zn0.%*° Different types of heterostructures with

different geometries have been synthesized using a variety of methods.’'™*” Most of these are

based on vapor-phase/thin film routes like molecular beam epitaxy,” or chemical vapor

50 30, 51-53

deposition methods*” while some are based on solution-based approaches.””:

Heterostructures synthesized using solution-based approach have the advantages of relatively
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lower cost and are thus scalable. Recently, synthesis of periodically spaced nanoparticles on
nanowires has been explored using chemical vapor method in Si-Ge and Ga,0;-SnO; systems

using a novel Plateau-Rayleigh crystal growth.*->%>*

Here, we present a wet chemical method to
synthesize PbTe on Te nanowires and trace its evolution into beaded PbTe nanowires. We
demonstrate that different reaction parameters like rate of addition of reducing agent,
concentration of Pb precursor and diameter of Te nanowire template play an important role in
controlling the bead spacing on these nanowires. The mechanism of formation of these
heterostructures is presented.

Te nanowires have been synthesized using a rapid, microwave-based method which is a
modified literature method (Supporting information, Experimental Section).”® X-ray diffraction
(XRD) pattern of the as-synthesized Te nanowires (Figure S1) show peaks corresponding to the
rhombohedral phase (cell constants as a = 0.4457 nm and ¢ = 0.5927 nm) which is in good
agreement with standard literature (JCPDS Card No.- 36-1452). Bright-field TEM imaging
(Figure 1a) shows that the Te nanowires have a smooth surface and a distribution of diameters
from 20 to 120 nm. Selected-area electron diffraction from an isolated Te nanowire (Inset of
Figure 1a) shows a single set of spots corresponding to the [1100] zone axis of rhombohedral
phase of Te indicating that the nanowires are single crystalline in nature.

PbTe nanowires were synthesized using the Te nanowires as a template. In a typical synthesis,
PbAc; was added to the PVP-capped Te nanowire solution and the resultant solution was heated
to 120 °C. 3 ml of hydrazine hydrate was added to this solution to reduce the lead salt, in 100 ul
installments every 3 mins. The XRD pattern acquired from the final product (PTNW3) after 3 ml
addition of hydrazine (Figure S2) shows peaks corresponding to the rock-salt PbTe phase with a

lattice constant of a = 0.646 nm (JCPDS Card No.- 77-0246) with no discernible peaks from the
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Te phase. Figure 1b shows a typical low magnification SEM image of the as-synthesized
product showing the presence of discrete beads on the surface of the wires. Imaging the beaded
nanowire at a higher magnification in the SEM (Inset of Figure 1b) reveals that the beads are
faceted. Figure 1c is a bright-field TEM image of the as-synthesized beaded PbTe nanowires
where the beads are arranged in a periodic manner on the nanowire. Statistical analysis based on
TEM images show that the beads have an average pitch (spacing between consecutive beads) of
109 £+ 25 nm, amplitude (size of each bead) of 110 £ 18 nm and diameter (of spacer region
between beads) of 58 + 7 nm. Selected-area electron diffraction from an isolated nanowire (Inset
of Figure 1c) show a single set of spots corresponding to the [110] zone axis of cubic PbTe
phase indicating that the nanowires are single crystalline in nature. Figure 1d shows the high-
resolution TEM image from such a nanowire showing fringes corresponding to (111) and (200)
plane of PbTe and indicating [111] as growth direction of the nanowires. The formation of a thin
amorphous layer at the surface is observed upon prolonged exposure of the sample by the
electron beam, possibly due to the formation of oxide of lead or tellurium.

To get further insight into the morphology and elemental composition of the beaded
nanostructures, imaging and energy dispersive X-ray spectroscopy (EDXS) has been carried out
in STEM mode. Figure 1e shows a high magnification (high-angle annular dark field scanning
transmission electron microscope) HAADF-STEM image in which faceted structures can be seen
in projection. A region of lighter contrast could be traced inside the nanowires that could be due
to the presence of unreacted Te or voids. STEM-EDXS analysis (Figure 1f-i) shows that such a
contrast is due to the presence of a small amount of Te that could not be detected in XRD. Point
EDXS from several beads shows that beads in this beaded structure are stoichiometric having 1:1

(Pb:Te) composition (Figure S18).
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In the above characterization, we obtained partial morphological and elemental distribution
information from 2D projection images; obtaining 3D information provides more insights into
growth and mechanisms.*® For a detailed 3D investigation of the structure of one of such beaded
PbTe nanowires sample and their chemical composition, we performed STEM-EDXS
tomography, according to the method described in the literature.’’ For STEM and EDXS
tomography, tilt series ranging between -70° and +70°, are obtained with images acquired at
every 2° and 10°, respectively. In order to obtain the chemically quantified reconstructions,
EDXS maps are first quantified in Bruker Esprit through the Cliff-Lorimer method implemented
by the software. The quantified maps are then combined with the thickness information obtained
from the HAADF-STEM tomography reconstruction, enabling the 3D reconstruction of the
elemental distributions. A detailed explanation of the procedure can be found in ref.”’ The 3D
reconstructions (3D visualization of STEM tomography volume reconstruction, Supporting
video 1) show the closely spaced cube shaped PbTe on Te wire template. Figure 2a & b show
the HAADF-STEM image and volume rendering, respectively, indicating the cubic morphology
of PbTe formed around the Te wire template. Interestingly, we observed presence of depressions
at different locations on the surface. Upon further investigation, these were identified as funnel-
shaped holes/cavities on the PbTe surface, as well as close to the template core with some
channels originating from them. The Z-contrast in the orthoslices, presented in Figure 2c¢ clearly
reveal the distribution of Pb and Te where the darker region at the core possibly represents the
presence of unreacted Te and the brighter regions corresponds to PbTe. The presence of funnel-
shaped cavities/holes at the PbTe surface and trapped closer to the Te core are further evident
from the orthoslices. These lead to channels which terminate either inside or at the exterior

surface of the PbTe cubes as seen in the volume renderings and the orthoslices. Details about the
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chemical composition are further obtained from EDXS tomography, volume renderings are
presented in Figure 2d-f showing the presence of Pb in the cubes, however, Te is more
uniformly distributed and an unreacted portion remains in the core. The distribution of Pb and Te
is more clearly visible in the orthoslices corresponding to Pb (Figure 2g) and Te (Figure 2h)
where Pb is absent at the core. This 3D elemental composition characterization confirms the
presence of PbTe cubes on the unreacted Te nanowire core (3D visualization of EDXS
tomography volume reconstruction, Supporting video 2).

To understand the role of rate of addition of the reducing agent (hydrazine) in controlling the
formation of the beads on the Te nanowire template, experiments were carried out with different
rates of addition of hydrazine, keeping the total amount of hydrazine addition fixed as 3 ml, the
amount added per installment as 100 pl and the total time of heating as 3 hours and only varying
the time interval between successive additions of 100 ul. As an extreme case, all the hydrazine
hydrate was added in a single installment in one of the experiments. The different conditions
used are listed in the experimental section. Figure 3a-d show the representative TEM images
from these experiments. Electron diffraction and EDS confirmed the formation of the
stochiometric PbTe phase in all the cases. However, as the rate of addition is increased, the pitch
of the beads decreases (Figure 3e & S3). In the extreme case of addition of hydrazine in a single
installment, we do not observe the formation of discrete beads on the surface but observe an
increased roughness on the product nanowires as compared to the starting Te nanowires. The
size of beads (amplitude) does not vary significantly with change in rate of addition of the
reducing agent (Figure S4). These observations clearly demonstrate that the rate of addition of

the reducing agent plays an important role in the morphology development.

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

Nano Letters

To understand the mechanism of formation of the beaded structure, aliquots were collected
after 2 min of addition of each installment of the reducing agent to monitor the changes in
morphology and phase (Figure 4a-e & S5). During the early stage (~ 5 min of reaction after
addition of 2™ installment of the reducing agent), it was observed that the surface of the
nanowires is still smooth. Electron diffraction showed the presence of rhombohedral Te phase
with no signature of PbTe. Randomly shaped aggregates, that were extremely unstable under the
electron beam, could be observed on the TEM support membrane and also clinging to the Te
wires in some locations (Figure S7) that is possibly the unreacted precursor of Pb whose
reduction is limited by amount of the reducing agent added at that point of the reaction. As the
reaction progresses (after 8 min or after adding the third installment of hydrazine), small
undulations are seen on the surface of the nanowires. Electron diffraction at this stage shows the
presence of the cubic PbTe phase. After 17 min (after addition of 6™ installment of hydrazine),
such undulations present on the surface take a distorted cubic shape as can be observed from the
TEM image (Figure 4c). As the reaction progresses further (after 29 min or after adding 10"
installment of hydrazine), the beads grow in size and adopt the facetted cube shape. After 3
hours, beaded PbTe nanowires were formed as illustrated in Figure lc. Statistical analysis
(Figure 4f & S6) from the obtained TEM and SEM images over extended time (from 30 min to
3 h) shows that pitch and amplitude decrease with reaction time till 3 hours. Upon further heating
of these nanowires for 48 hours, no further change in pitch and amplitude has been observed.

Based on the above observations, a possible mechanism for the formation of beaded PbTe
nanowires could be proposed. Addition of PbAc; to the PVP-capped Te nanowire solution leads

to adsorption of Pb*" to the surface of the Te nanowires. Such role of PVP as adsorbing agent is
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well known in literature.'” ** On heating the reaction mixture and adding hydrazine, gradual
reduction of Pb*" to Pb on surface of the Te nanowires takes place according to the reaction:
Pb* +2¢ >  Pb (-0.1262V)
N,Hs-H,0+40H >  N;+5H,0+4¢ (1.15V)
2Pb”" + N;Hy-H,0+ 4 OH > 2Pb + N, + 5H,0
AGieg= -(-2 x (0.1262+1.15)) F =-135.33 kJ/mol

Gieq has a negative value which imply that this reduction reaction is highly feasible.

The Pb atoms thus formed, subsequently diffuse into the Te nanowires, forming PbTe
according to the reaction:

Pb+Te - PbTe (G¢=-69.5 kJ/mol)
Gr has also negative value implying that the formation of PbTe is highly feasible.
Giotal = -(135.33 + 69.5) = -204.83 kJ/mol

Thermodynamic calculations indicate that such reactions are indeed feasible. Interdiffusion
between Pb and Te leads to the formation of PbTe on the Te nanowire. Here, diffusion of Pb into
Te is the dominant mechanism over Te diffusing into Pb. This is because if Te diffusion into Pb
is faster than Pb diffusion into Te to form PbTe film, then it would lead to formation of voids in
the core of the nanowire which in the extreme case could lead to the formation of a PbTe
nanotube. If Pb diffusion into Te nanowires is faster than Te diffusion into Pb, solid nanowire of
PbTe without any voids in the core of the nanowire should be observed. As no voids in the core
of the nanowire is observed, it can be concluded that the dominant mechanism is by diffusion of
Pb into Te rather than Te diffusing into Pb.

One of the key observations from the above experiments is that although the PbTe is located at

discrete locations on the nanowire at the end of the reaction, there is no local variation in the
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diameter of the remnant Te wire in the regions where the cubes are seen. This observation rules
out the nucleation and growth of PbTe locally at these locations. Other possible mechanism like
dissolution of initial PbTe film and redeposition into PbTe beads on Te nanowire can be also
ruled out. If the initial PbTe film gets dissolved then there should not be any change in the pitch
value as the reaction proceed further but a change in pitch value is observed with the reaction
time. Also, this mechanism cannot explain the tunability of bead spacing in these nanostructures
as observed with changing different reaction parameters.

The fact that the beaded nanowires have uniform diameter Te remnants along them (as
observed from several images) suggests that there is a possibility of formation of uniform shell
of PbTe on Te nanowire, initially, which eventually dewets to form the beads. Due to faster
nature of the process at such reaction condition, no such layer formation is observed at lower
reaction time. To capture such a stage, reaction has been performed at lower temperature (60°C)
with same addition rate of hydrazine (100 ul per 3 min) which leads to a decrease in the reaction
kinetics (Figure Se-h & S8). After 15 min of reaction time, an aliquot is taken out from the
reaction mixture and drop-casted on the TEM support membrane and cleaned for microscopy
analysis. It is indeed observed that a film forms onto Te nanowires after 15 min of reaction
(Figure 5e & g). Figure 5f shows the EDXS elemental scan from one the 15 min sample reveals
that Pb and Te both are present at the surface of the nanowires. After 30 min of reaction time, the
film dewets into beads arranged in periodic manner onto the Te nanowires. As reaction progress
further to 3 hrs, a periodic arrangement of cube shaped PbTe beads is observed to form onto the
Te nanowires (Figure 5 h). So, the final product is then formed by a solid state dewetting
process of the PbTe on the surface of the Te wires. The beads adopt a well-defined cubic shape

with exposure of the lower energy (100) facets of the PbTe structure. Volume rendering of PbTe
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cubes (Figure 2b) show the presence of cavities inside these cubes which can be formed
possibly due to N, gas which evolves during the reduction reaction of lead ions with hydrazine
hydrate as mentioned above.

The pitch of the dewet beads varies with the rate of addition of the reducing agent whereas no
significant variation could be observed in its amplitude. With a higher rate of addition, a larger
amount of reduced Pb is available for the formation of initial PbTe leading to the formation of a
thicker shell. The variation in the pitch can be understood in terms of the difference in thickness
of the initial PbTe that is formed. A higher rate of addition leads to a thicker shell that eventually
leads to a closer spacing/pitch between the beads after dewetting. It is well known from the
studies on thin film dewetting that higher precursor flux leads to shorter surface diffusion length
of atoms which in this case gives rise to closely spaced beads.’® Slower rate of addition of the
reducing agent leads to low supersaturation of Pb atoms during incubation time (time when the
initial PbTe film is formed) that eventually leads to the formation of thinner shell. Thinner shell
can dewet with larger diffusion lengths leading to the formation of largely spaced beads. With
further addition of reducing agent, it is seen (Figure 4f & S6) that the average pitch and the
amplitude decrease. This can be explained by the formation of PbTe shells in the exposed Te
regions between the beads that further dewets to smaller beads leading to a reduction in both the
pitch and the amplitude.

To further validate the role of supersaturation in the variation of pitch, experiments with
varying concentration of lead precursor with fixed addition rate of hydrazine hydrate (100 pl per
3 min) have been performed. As the amount of Pb precursor is doubled (as compared to the
PTNW3 experiment, 1:1 Pb:Te precursor ratio), non-beaded PbTe/Te nanowires are formed

(Figure 5a). This is very similar to the case of addition of hydrazine hydrate in a single
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instalment. While at the opposite extreme, when the amount of Pb precursor is decreased to half
of that in sample PTNW3, beads with a higher spacing is observed (Figure 5b). This clearly
indicates that a lower supersaturation of the Pb precursor leads to thinner films dewetting into
beads with higher spacing. The opposite case of higher supersaturation (at higher concentration)
leads to thicker films which do not dewet leading to non-beaded (or smooth) nanowire.
Similarly, a variation in diameter of parent Te nanowire will also lead to variation in thickness of
initial PbTe film formed. A thicker parent Te nanowire will lead to thinner PbTe film than
thinner parent Te nanowire (calculation has been shown in supporting information). So, thicker
parent Te nanowire will give rise to nanowire with higher bead spacing as observed
experimentally (Figure 5 ¢ & d).

In order to eliminate the effects of multiple additions of the reducing agent on the final
microstructure, a reaction was carried out with only 50 pl addition of the reducing agent
(hydrazine). Since the quantity of reducing agent is significantly reduced in this case, only a very
small amount of Pb is reduced leading to the formation of a very thin shell that eventually leads
to very widely spaced PbTe beads. It was not possible to retain the thin shell structure by
quenching indicating that the kinetics of dewetting is rapid. Due to the inhomogeneity arising
from the limited supply of the reducing agent, the microstructure is very inhomogeneous in this
case (Figure S9a). HRTEM confirmed the presence of Te nanowires in between two beads in
these nanowires (Figure S9b). With an increase in amount of hydrazine (100 pl), the pitch value
decreases. It has been also observed that the cylindrical spacer present in between two
consecutive beads is only Te nanowire (Figure S10a). With further increase in amount of
hydrazine to 200 pl, the pitch value decreases further but here the cylindrical spacer contains a

shell of PbTe on the Te nanowires (Figure S10b).
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The dewetting process is one where a shell of materials breaks up into an array of particles.”” A
simplified geometrical analysis (Supporting Information) based on surface energy has been
performed to compare the energies of the starting and ending stated to rationalize the formation
of the beaded structure by dewetting. It is assumed in the model that a cylinder of certain size
breaks completely into cubical shape beads neglecting the cylindrical spacer regions in between.
In this model, interfacial energy between Te and PbTe has been neglected based on our
observation that the regions between the beads having a PbTe/Te interface remains intact even
after 48 hours of reaction indicating that this interface is not unfavorable under these reaction
conditions. Using the constraint of volume conservation leads to a prediction that the pitch is
inversely proportional to the radius of cylinder if the size of bead formed is assumed to be
constant (Figure S11). This inverse proportionality relation validates the trends seen in our
experimental observations that clearly show that a larger shell thickness of PbTe leads to a closer
spacing between the particles.

The ratio of the total surface energy of a beaded structure and the cylindrical smooth nanowire
of PbTe is calculated and found to depend on both the radius of cylinder (thickness of the film)
and spacing of beads (pitch). Formation of beaded structures will be only favorable if beaded
structure has lower surface energy as compared to the smooth nanowire. Thus, the ratio of
surface energy of beaded and smooth nanowire should be less than one for certain pitch value for
a constant radius of cylinder. We have found that there exists a minimum value of pitch for a
constant radius of cylinder where the ratio become one. This minimum pitch that favors
dewetting also increases with the radius of the cylinder (thickness of the film) (Figure S12).
While volume conservation leads to a decrease in the pitch with increase in thickness, it is clear

that beyond a certain thickness, dewetting will be suppressed as this pitch will become smaller
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than what is required by energy considerations. Thus, in the case of sample where the reducing
agent is added in a single installment or the ratio of Pb and Te precursor become double, a thick
shell of PbTe forms that remains stable against dewetting. One of the questions that remains is
that dewetting is seen to take place on the Te wires at the initial stages while at later stages, a
shell of PbTe remains in between the dewet cubes. This can be understood in terms of the above-
mentioned result. This can also be understood in terms of the minimum pitch requirements for
dewetting in terms of the energy considerations. If the spacing between the already dewet
particles is smaller than the required pitch, then the film will be stable.

The growth mechanism of beaded PbTe nanowires in our case follow the recently proposed
Plateau-Rayleigh (P-R) crystal growth model demonstrated for Si/Ge on Si in a typical gas phase
reaction.®” These beaded structures also give rise to modulations in diameter along the length of
PbTe nanowires. Such diameter modulations are highly tunable in terms of spacing which
indicates that this phenomenon is clearly different from that of P-R instabilities. It has been
found that by introducing modulations in diameter of Si nanowires, optical absorption got
enhanced over a broad spectral range and also these show lower value of thermal conductivity

due to enhancement in phonon scattering,** ®'

These modulations were introduced using a vapor-
phase process but here we are able to introduce modulations using wet chemical method.
Developing an understanding of formation mechanism of these modulations in PbTe will open a
door to synthesize diameter-modulated nanowires of different materials. In future, introducing

diameter-modulations in nanowires will lead to a dramatic increase in properties of

nanomaterials that can be used for device fabrication for different applications.
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Supporting Information

XRD data, statistical analysis, additional TEM images and geometrical analysis.

Supporting Video 1

Supporting Video 2
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Figure 1. (a) Bright-field TEM image of Te nanowires, Inset: SAED pattern from Te nanowire,
(b) Low magnification FESEM image of PbTe nanowires (PTNW3), Inset: High magnification
FESEM image of PbTe nanowire, Scale bar, 200 nm, (c) Bright-field TEM image of PbTe
nanowires, Inset: SAED pattern from PbTe nanowire, (d) High-resolution TEM of PbTe
nanowire, (¢) HAADF-STEM image of PbTe Nanowire, (f) HAADF-STEM image of selected
area for EDXS elemental map, (g) Pb-L, (h) Pb-M and (i) Te-L are EDXS elemental maps of
PbTe nanowires respectively.
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43 Figure 2. Electron tomography results of beaded PbTe nanowires are shown here where, (a)
44 shows the HAADF-STEM image of a typical PbTe nanowire. (b) shows volume renderings
45 obtained from HAADF-STEM tomography where false color and different visualization
conditions are used to indicate the presence of funnel-shaped holes/cavities and the channels
48 originating from them (marked in the figure). (c) orthoslices from the HAADF-STEM
49 reconstruction, giving an overview of the structure, confirming the presence of cavities closer to
50 the Te core which lead to channels either terminating inside or opening at the surface of the
51 cubes. Volume rendering obtained from EDXS tomography are given in (d-f) showing the
elemental distribution of Pb and Te. (g) and (h) shows orthoslices for Pb and Te, respectively,
54 highlighting the presence of a pure Te wire in the center and PbTe beads around.
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Figure 3. Bright-field TEM images of PbTe nanowires synthesized by adding hydrazine hydrate
(HH) at different rates, (a) 3 ml of HH is added in a single installment, 3 ml of HH is added in
0.1 ml installments at different time intervals (b) 1 min (c) 3 min and (d) 5 min respectively.
Scale bars: 100 nm. (e) Variation of pitch in different samples synthesized by adding HH in

installments at different time intervals.
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25 Figure 4. Morphology evolution of beaded PbTe nanowires at different reaction time: (a) 5 min
26 (b) 8 min (¢) 17 min and (d) 30 min respectively. Inset shows the corresponding selected-area
27 electron diffraction from the respective samples (Scale bar, 5 1/nm). (¢) SEM image of PbTe
nanowire after 30 min of the reaction. (f) Variation of Pitch of beads with reaction time. (g)
30 Schematic showing the mechanism of transformation of Te nanowires to beaded PbTe
31 nanowires, as observed experimentally.
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Figure 5. Bright field TEM images of PbTe nanowires using different concentration of Pb
precursor: (a) 2:1 (Pb:Te) & (b) 1:2 (Pb:Te) respectively. (c) & (d) Bright field TEM images of
beaded PbTe nanowire formed from different diameter of parent Te nanowire. The PbTe on the
thinner wires forms beaded structures with a lower pitch than on the thicker wires. (e) Bright
field TEM image of the intermediate product formed at 60°C after 15 min of the reaction
showing the formation of a thin film over the Te nanowire. (f) EDXS elemental map for Pb and
Te from the same sample. (g) High-magnification TEM image of the film region. (h) Bright field
TEM image of PbTe nanowire at 60°C after 3 hrs, wherein beads have been seen to form. (i)
Schematic shows the variation of pitch in these nanowires with different reaction conditions.
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