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ABSTRACT: The Pb,_.Sn,Te family of compounds possess a wide range of intriguing and useful physical properties, including
topologically protected surface states, robust ferroelectricity, remarkable thermoelectric properties, and potential topological
superconductivity. Compared to bulk crystals, one-dimensional (1D) nanowires (NWs) offer a unique platform to enhance the
functional properties and enable new capabilities, e.g,, to realize 1D Majorana zero modes for quantum computations. However, it
has been challenging to achieve controlled synthesis of ultrathin Pb,_.Sn, Te (0 < x < 1) nanowires in the truly 1D region. In this
work, we report on a Au-catalyzed vapor—liquid—solid (VLS) growth of remarkably thin (20—30 nm) and sufficiently long (several
to tens of micrometers) Pb;_,Sn Te nanowires of high single-crystalline quality in a controlled fashion. This controlled growth was
achieved by enhancing the incorporation of Te into the Au catalyst particle to facilitate the precipitation of the Sn/Pb species and
suppress the enlargement of the particle, which we identified as a major challenge for the growth of ultrathin nanowires. Our growth
strategy can be easily extended to other compound and alloy nanowires, where the constituent elements have different incorporation
rates into the catalyst particle. Furthermore, the growth of thin Pb, .Sn Te nanowires enabled strain-dependent electrical transport
measurements, which shows an enhancement of electrical resistance and ferroelectric transition temperature induced by uniaxial
tensile strain along the nanowire axial direction, consistent with density functional theory calculations of the structural phase

stability.
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I. INTRODUCTION

Pb, ,Sn,Te-based IV—VI compounds belong to a family of
topological materials, namely, topological crystalline insulators
(TCIs), which host insulating bulk (in the ideal case) and
metallic surface states protected by crystal symmetries.'~* The
topologically nontrivial electronic states with unique charge
and spin properties in TClIs hold great promise for low-power
electronics, spintronics, and quantum computing.”® Beyond
their topological surface properties, the Pb;_,Sn Te family of
compounds also possess compelling ferroelectric (FE)”* and
thermoelectric properties”'” of great interest for both
fundamental research and potential applications. As an
example, bulk SnTe undergoes a phase transition from a
paraelectric (PE) state to a FE state at a critical temperature,
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T. (~100 K or below), which is accompanied by a structural
phase transition from cubic (Fm3m) to rhombohedral (R3m).
There have been considerable efforts in recent years to
enhance T, for ferroelectric device applications.”' ">
Nanostructuring is one of the most promising approaches to
enhance the functional properties of quantum materials. In
particular, nanowires (NWs) are advantageous for the study of
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Figure 1. (a) Schematic illustration of the CVD setup used in this work. (b) Rock-salt FCC cubic crystal structure of SnTe and PbTe. (c) Au—Sn
binary phase diagram. The red arrow indicates that Sn itself will never saturate in Au at the nanowire growth temperature. Reprinted with
permission from ref 46. Copyright 2007 Springer Nature. Scanning electron microscopy (SEM) images at different magnifications of ultrathin (d,
e) PbTe nanowire, (f, g) SnTe nanowire, and (h, i) Pb,_.Sn,Te nanowire grown using 20 nm Au catalyst particles with extra Te precursor.

topological surface states because of their large surface area-to-

volume ratio and enhanced surface state contributions to

transport properties. ' The Pb,_.Sn,Te family of nano-
L1520

wires also offer an excellent platform to explore one-

dimensional (1D) topological superconductivity with Major-

ana zero modes for fault-tolerant topological quantum

21,22
computation.

The 1D nanoscale geometry allows for the
fabrication of wrap-around gates to achieve effective tuning of
electronic states by electric gating and straintronic devices for
strain engineering of electrical properties. Furthermore,

topological nanowires have shown enhanced thermoelectric

54838

properties, such as increased thermopower and/or decreased
thermal conductivity, in comparison to bulk samples.****

To exploit the attractive properties described above, it is
essential to develop synthetic approaches to grow single-
crystalline nanowires with high aspect ratios (i.e., large length
to diameter ratio) in a precisely controlled fashion. To date,
the Pb,_,Sn,Te family of nanowires have been grown by
chemical vapor deposition (CVD)'*****7*¢ and molecule
beam epitaxy (MBE),””*’ 7>’ mostly via an Au-catalyzed
vapor—liquid—solid (VLS) process. In an ideal VLS growth,
the nanowire diameter is nearly identical to the size of the
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Figure 2. SEM images of two representative thin Pb,_.Sn Te nanowires grown using 50 nm Au catalysts (a) with and (b) without extra Te
precursor. Histograms of Pb,_,Sn, Te nanowire (c) diameters and (d) lengths with (red) and without (blue) extra Te, in which the columns
correspond to the y-axis labels in the same color. (e) Low-magnification transmission electron microscopy (TEM) image of a thin Pb,_ Sn Te
nanowire with extra Te precursor and (f) the corresponding selected-area electron diffraction (SAED) pattern. (g) High-resolution TEM
(HRTEM) image obtained in the area indicated by the red square in (e).

catalyst particles, as seen in the growth of elemental
nanowires.””*" However, with a broad distribution, the average
diameters of the Pb;_,Sn,Te-based nanowires were reported to
be significantly larger than the initial diameter of the Au
nanoparticles, in spite of the correlation between the two
scales.””**7**%7 By replacing Au with Au—Sn—Te alloy
particles as catalysts, Liu et al. have recently reduced the
average diameter of the SnTe nanowires by a factor of 3, down
to the size of the alloy particles (~85 nm).** The length of
these nanowires, however, decreases proportionally, yielding a
nearly identical aspect ratio between the Au- and alloy-
catalyzed wires. In a recent catalyst-free growth of Pb,_,Sn Te
nanowires using MBE, Mientjes et al. have tuned the nanowire
aspect ratio by a factor of 4 through a systematic tailoring of
the growth parameters.”’ These MBE-grown nanowires are
typically hundreds of nanometers thick and ~2 um long.
Reducing the diameter down to a few tens of nanometers
(while still maintaining lengths above several microns) in a
controlled fashion will not only enable the study of
confinement effects on the topological, thermoelectric, and
ferroelectric properties but also facilitate the engineering of
these properties, by means of strain engineering and/or electric
gating.

In this work, we have identified the enlargement of catalyst
particles as a major challenge in the VLS growth of ultrathin
compound nanowires. By addressing this challenge, we have
achieved single-crystalline, remarkably thin Pb,_,Sn,Te nano-
wires, down to the 20—30 nm regime with a length from a few
to tens of microns. Strain-dependent electrical transport
studies were carried out on the as-grown thin nanowires
using a three-point bending method, where we observed an

enhancement of the ferroelectric transition temperature under
uniaxial tensile strain, consistent with our density functional
theory (DFT) calculations of the structural phase stability.

Il. RESULTS AND DISCUSSION

As shown in Figure 1b, SnTe and PbTe share the same rock-
salt face-centered cubic (FCC) structure with a space group of
Fm3m. Their similar lattice constants allow for the formation
of Pb,Sn, ,Te solid solutions with x ranging from 0 to
1.2%%%% In the previous VLS growth of SnTe (or PbTe)
nanowires using Au nanoparticles as catalysts, the size of the
catalyst particles after the growth often becomes several times
larger than its initial value.”*~*>*”** The nanowire diameter is
nearly identical to or larger than the final size of the particle. As
a result, the as-grown nanowires are typically on the order of a
hundred nanometers thick even though the Au particles were
initially as small as 20 nm.”*~*>** Here, we argue that the
enlargement of the catalyst particles during nanowire growth
can be understood based on the Au—Sn and Au—Pb binary
phase diagrams shown in Figures lc and S1.***’ Using the
Au—Sn phase diagram as an example, when sufficient Sn (e.g.,
22% at ~530 °C) is dissolved into the Au particle, it forms an
Au—S$n alloy droplet (or liquid particle). In the extreme case
where no Te is present, any further feeding of Sn into the
liquid particle will increase only its size but not cause any
precipitation of Sn into a solid phase to form a nanowire, as
long as the temperature is above ~419 °C (which is typical in
the SnTe nanowire growth). To minimize the enlargement of
the particle, sufficient Te must be introduced, which facilitates
the precipitation of Sn by forming solid SnTe. The Pb—Au
phase diagram is qualitatively similar; therefore, the same
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Figure 3. Scanning transmission electron microscopy (STEM) images and EDS mappings near the droplets of Pb,_ Sn,Te nanowires (a—e)
without and (f—j) with the presence of additional Te source. The corresponding EDS line scan data are superimposed in (a, f), where the data were
taken along the distance axis. The lines in yellow, green, blue, and red colors represent Au, Pb, Sn, and Te, respectively. EDS mapping (b—e) was

conducted in a circular region.

argument applies to the growth of Pb,Sn;_,Te nanowires. The
observed enlargement of particles and detection of a large
amount of Sn or Pb, but barely any Te in the catalyst particle
suggests that the Te supply was not sufficient in most of the
PreViOuS growths'z(),Z_’)—25,28,29,37,48

Based on the above rationale, we added extra Te powder
into the CVD reactor (see experimental details and Figure 1a)
to provide sufficient incorporation of Te into the Au particle
for controlled growth of thin Pb,Sn;_,Te (0 < x < 1)
nanowires. Indeed, as shown in Figure 1d—i, we have achieved
thin nanowires that have diameters of about 20—30 nm, close
to the initial size (20 nm) of the Au particles, and lengths from
several micrometers to tens of micrometers, suitable for
nanodevice fabrication. The aspect ratios of these thin wires
are therefore calculated to be in a range of 100—1000. To
demonstrate the critical role of the additional Te, we compare
the growth results with and without Te. Figure 2a,b shows
scanning electron microscopy (SEM) images of the two
representative thin Pb,Sn,_,Te nanowires grown using 50 nm
Au with and without extra Te, respectively. The 50 nm Au was
chosen to visualize the catalyst/alloy particles more clearly in
the SEM images. The size of the catalyst particle after the
growth is nearly the same as the nanowire diameter for both
cases, indicating negligible vapor—solid deposition on the
nanowire surface. The use of an extra Te source reduces the
nanowire diameter and the particle size from ~170 to ~60 nm.
It is worth mentioning that the catalyst particles have a
hemisphere-like shape after the growth. This geometric
transformation from a spherical particle to a hemisphere
shape increases its diameter from 50 nm to Y2 x 50 = 63 nm
. The fact that the diameter of the hemispherical particle at the
tip of the thinner nanowire is close to 63 nm (Figure 2a)
suggests that the particle must contain mainly Au. On the
other hand, Au must be only a small fraction in concentration
in the larger particle at the tip of the thicker nanowire shown in
Figure 2b. As will be discussed later, this reasoning is indeed
supported by chemical compositional characterizations.

To statistically demonstrate the importance of extra Te
precursors in producing thin nanowires, we have measured the
dimensions of a large number of nanowires from the two
growths. As shown in Figure 2c, the nanowire diameters have
evidently shifted from an average value of 326 + 134 nm
(median 295 nm) to 103 + 42 nm (median 93 nm) when extra
Te is added to the growth. While the thicker nanowires in
general have longer lengths (~13.5 ym on average) than the
thinner wires (~6.4 ym), as shown in Figure 2d, the latter has
a higher aspect ratio than the former (~74 vs ~48), unlike in
the alloy-catalyzed growth where the length shrinks propor-
tionally with diameter.” It is also important to note that the
thinner wires are still adequately long for device fabrication
and transport measurements. The slightly shorter length in the
thinner wires is attributed to the Gibbs—Thomson (GT) effect,
in the sense that the growth rate is decreased as the catalyst
particle size is reduced, a phenomenon widely observed in the
VLS growth of nanowires.*” ™% Furthermore, pure PbTe and
SnTe nanowires grown with and without extra Te source were
compared in Supporting Information Section 2, which
confirms that an extra supply of Te precursor promotes
thinner nanowire growth in the undoped cases as well.

Transmission electron microscopy (TEM) studies were
carried out to characterize the crystalline quality of the as-
grown Pb,Sn;_,Te (0 < x < 1) nanowires. Figure 2e—g shows
the low-magnification TEM image, selected-area electron
diffraction (SAED), and high-resolution TEM (HRTEM)
image of a thin nanowire grown with additional Te precursor.
TEM data taken on a thick nanowire without extra Te are
presented in Supporting Information Section 3. The clear
diffraction patterns and HRTEM images confirm the single-
crystalline nature of the nanowires with an Fm3m FCC crystal
structure. Both the thin and thick wires grow along the [100]
direction. Similar results were observed in pure PbTe and
SnTe nanowires, which are all single-crystalline and grown
along [100], regardless of whether extra Te precursor was
supplied. We therefore conclude that adding extra Te to the
nanowire growth reduces the diameter and increases the aspect
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Figure 4. Schematic diagrams illustrating the influence of Te supply on the diameter of the nanowire: (a) Spherical Au catalyst nanoparticle on a
substrate. (b) Pb, Sn, and Te vapor species are introduced (by heating up PbTe and SnTe powder precursor) and incorporated into Au to form
liquid alloy droplet/particle. (c) The alloy particle grows larger without precipitation of species underneath it. (d) At a critical particle diameter, Pb,
Sn, and Te precipitate at the same rate as they are incorporated, forming a uniform nanowire with a large diameter close to the size of the alloy
particle. (e) The alloy particle solidifies upon cooling and forms separate solid phases of Au,Sn, Sn, SnTe, and Pb. (f) Extra Te vapor species is
supplied by adding Te precursor to the CVD reactor. (g) The Pb, Sn, and Te species precipitate as fast as they are incorporated from the beginning,
preventing the growth of the Au catalyst particle. (h) Growth of a thin nanowire with its diameter close to the initial size of the catalyst particle. (i)

The alloy particle solidifies upon cooling with high concentration of Au and negligible Pb, Sn, and Te.

ratio of the nanowires while preserving the high crystalline
quality and growth orientation.

To understand the underlying mechanism of the Te-
promoted thinner wire growth, energy-dispersive X-ray spec-
troscopy (EDS) experiments were conducted on both thin and
thick Pb,Sn;_,Te nanowires grown with and without extra Te,
respectively. EDS mapping suggests that both nanowires have a
uniform distribution of Pb, Sn, and Te in their bodies (Figure
3); however, quantitative analysis of EDS spectra (Figure SS5)
shows that the thicker wire has a Pb:Sn ratio of about 1:2 while
the thinner one is about 1:8. Both nanowires have nearly the
same (Pb + Sn):Te ratios of ~1:1. More importantly, the alloy
particles at their tips exhibit completely distinct distributions of
the chemical elements. In the case of the thicker wire, Au is
present only at the interface between the particle and the
nanowire. The particle itself is mostly Sn, with a small portion
containing Pb that is separated from Sn. The significant
amount of Sn in the particle explains why the final particle size
is several times larger than its initial size before the growth.
Unlike Au, Sn, and Pb, Te is evenly distributed over the entire
particle, despite its relatively weaker signal. The same
elemental distribution was also observed in other thicker
nanowires, as shown in Figure S6. The particle at the tip of the
thinner wire after growth is only slightly larger than its initial
diameter of S0 nm; thus, it must mainly consist of Au, as we
discussed before. This can be seen clearly in the EDS
mappings, where Au shows the strongest signal. More
quantitatively, the EDS spectrum shows that the particle is
composed of ~90% Au and ~10% Sn with negligible amounts
of Pb and Te.

In previous growth of Pb,Sn,_,Te nanowires, it has been
widely accepted that Sn and Pb undergo a VLS process, i.e.,
they are incorporated into liquid Au and precipitate at the
liquid—solid interface.””**~*%*%3*> Whether Te follows the
same pathway or enters at the vapor—liquid—solid three-phase
boundary is less conclusive.””*”*”*** However, a careful
examination of the Au—Te phase diagram shows that similar to
Pb and Sn, Te is also soluble in liquid Au at our growth
temperature (~530 °C). Moreover, the observation of Te in
the particle region with relatively uniform distribution (Figure

3j) suggests that Te must be incorporated into the Au liquid
particle instead of entering at the three-phase boundary.
Therefore, we attribute the growth of Pb,Sn,_,Te nanowires to
a standard VLS process, where all three elements are
accommodated in the liquid Au and precipitate underneath
it, forming nanowires. The wire diameter in such a VLS growth
is controlled by the size of the liquid particle, which is
dependent on two factors: (1) the incorporation rate r; of the
precursor species (i.e., Pb, Sn, and Te) into the liquid particle
at the vapor—liquid interface; (2) the precipitation rate r, of
the species at the liquid—solid interface. If r, < 1y e, the
species in the liquid particle are consumed slower than they are
supplied from the vapor phase, and the size of the particle will
grow larger. Since the solubility of Sn/Pb in Au is 100% at the
growth temperature (~530 °C), the particle size will continue
to increase until r, approaches r,. When r, = r; i.e,, the species
in the particle are consumed as fast as they are supplied, and
the size of the particle will remain the same.

Figure 4 illustrates how the Te content influences the Au-
catalyzed VLS growth of the nanowires. Without extra Te
powder in the CVD reactor, the Te atoms incorporated into
the Au liquid particle are considered to be insufficient, in
comparison to Sn and Pb, although the PbTe and SnTe
precursors have a ratio of (Pb + Sn): Te = 1:1. This is
evidenced by the considerably lower Te concentration than
that of (Pb + Sn) in the Au particle (Figure 3) and can be
understood based on the GT effect. In brief, the vapor pressure
[p(d)] of each species in the Au particle increases as the
diameter (d,,) of the particle decreases*” ™"’

p(d) — p(oo)e4a£2/dAukBT

where p(o0) is the vapor pressure of the species in bulk Au, ¢
is the surface energy density of Au, Q is the atomic volume of
the species, and kT is the thermal energy. Since the atomic
volume of Te (Qr,) is the largest among the three species,” its
vapor pressure increases more rapidly as the diameter of Au
decreases (i.e., its GT effect is the most prominent). As a
result, the incorporation rate of Te is the lowest among the
three in the ultrasmall Au nanoparticles. With insufficient Te in
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Figure S. (a) Schematic picture of a flexible four-terminal device with a bent Pb,_,Sn,Te nanowire on thin SiO,/Si substrate and beryllium copper
beam. (b) Photograph of an actual bent device. The applied strain is estimated by & = t/(2r), where t = 360 ym and r is the radius of curvature not
drawn to scale. (c) Optical image of the measured four-terminal nanowire device (width ~ 78 nm, thickness ~ 90 nm). The uniaxial tensile strain is
along the horizontal direction which is nearly along the nanowire axial direction with an offset of 4°, which has a negligible influence as cos4°® &
0.998. (d) Response of the nanowire resistance to strain at 290 K. (e) Temperature dependence of the resistance from 60 to 200 K with different
uniaxial tensile strains. The inset shows the elastoresistance derived from the data with zero and 0.4% strain. (f) Derivatives of resistance with

respect to temperature at a step of about 4 K.

Au, the Sn and Pb precipitate slower than they are
incorporated, i.e., r,(Sn + Pb) < r(Sn + Pb), which gives
rise to an enlargement of the alloy particle (Figure 4b,c). As
the particle grows (i.e., d,, increases), the vapor pressure of Te
decreases rapidly, and its incorporation rate increases,
promoting the precipitation of Pb and Sn. Eventually, the
system reaches an equilibrium with rp(Sn + Pb) = r,(Sn + Pb),
where the particle size stops increasing, and the constant
precipitation of Sn, Pb, and Te underneath the particle leads to
the growth of a thick nanowire with a uniform diameter
(Figure 4d). At the growth temperature (~530 °C), the liquid
alloy particle consists of Sn, Pb, Te, and Au with different
concentrations. In particular, the Sn concentration is higher
than that of Pb in our specific growth, since there is more Sn
than Pb vapor species due to the lower melting point of SnTe,
higher precursor temperature, and shorter distance from the
SnTe precursor. Upon cooling after nanowire growth, the
liquid particle solidifies into separate phases of solid Pb, Sn,
SnTe, and Au,Sn (Figure 4e), as revealed by EDS elemental
mapping (Figure 3b—e).

With extra Te precursor added to the growth, the partial
pressure of Te in the CVD reactor is dramatically increased
(Figure 4f), which causes more Te atoms to incorporate into
the Au (Figure 4g), facilitating the precipitation of Pb and Sn
(Figure 4h). In other words, r,(Sn + Pb) is enhanced toward
the value of #,(Sn + Pb) as the partial pressure of Te in the
CVD reactor is increased to overcome its high vapor pressure
in Au. In the extreme case where 7,(Sn + Pb) = r,(Sn + Pb)
immediately after the VLS process starts, the catalyst particle
barely increases in size, and its composition is dominated by
Au along with only a low concentration of Pb, Sn, and Te
(Figure 4i), as evidenced by the EDS result (Figure 3g—j). In
this case, the nanowire diameter is only slightly larger than the
size of the original Au particle, mainly due to the change of the
particle shape from sphere to nearly hemisphere upon melting.

We note that the thin nanowires grown with extra Te precursor
typically contain a higher Sn:Pb ratio than the thick wires
grown without additional Te, which suggests that the influence
of Te on the precipitation of Sn is more dramatic than that of
Pb. Additionally, the relative incorporation of Sn into the alloy
particle may also be enhanced with the decrease of diameter, as
observed in other Sn-based alloy nanostructures, such as
SnGe.>”

Using thin Pb,_,Sn,Te (x ~ 0.9) nanowires grown with
extra Te, we fabricated nanodevices on a flexible SiO,/Si
substrate for strain-dependent transport studies. As shown in
Figure S5a,b, uniaxial tensile strain was applied along the
nanowire axial direction via a mechanical bending meth-
0d.>7% The magnitude of the strain is calculated using & = ¢/
(2r),”” where t is the thickness measured from the top of the
Si0,/Si substrate to the bottom of the CuBe beam and r is the
radius of curvature caused by bending. We first measured the
strain-dependent resistance at 290 K. As shown in Figure 5d,
the resistance of the nanowire is increased by 2.3% (1.2%) with
an application of 0.4% (0.3%) uniaxial tensile strain, and it
returns to the original value as soon as the strain is released,
indicating no induced residual strain. We note that when the
tensile strain is applied, the nanowire is stretched along the
axial direction and presumably compressed in the cross-
sectional plane so that this geometric change technically will
also increase the resistance of the nanowire. However, using
the Poisson’s ratio of SnTe ~0.33 for an estimate,”® we find
that the geometric effect of 0.4% tensile strain can only induce
a 0.67% increase in the resistance, which indicates the 2.3%
increase must result mainly from the strain-induced intrinsic
change in the electrical transport properties.

Figure Se shows the resistance of the Pb,_.Sn,Te (x ~ 0.9)
nanowire as a function of temperature from 200 K down to 60
K with applied strains of 0, 0.3, and 0.4%. The nanowire
exhibits a typical metallic behavior, similar to previous studies

https://doi.org/10.1021/acsami.4c11537
ACS Appl. Mater. Interfaces 2024, 16, 54837—54846


https://pubs.acs.org/doi/10.1021/acsami.4c11537?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c11537?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c11537?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c11537?fig=fig5&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.4c11537?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

Research Article

www.acsami.org

of SnTe and Pb,_.Sn . Te nanowires and thin films.>**%*>¢

Tensile strain increases the resistance across the entire
temperature range. The R-T curve with zero strain is well
reproduced after the strain is released; this again proves that
the large change in resistance is indeed a strain-induced effect
instead of experimental artifacts caused by thermal cycling or
the strain loading process. The inset shows the elastoresistance
(ER) calculated using the data of zero and 0.4% strain, where
ER is defined as ER = w. As the temperature
decreases below ~130 K, the ER starts to increase rapidly
down to 60 K, where its value is nearly doubled in comparison
to 200 K. The derivative dR/dT as a function of T shows an
abrupt change at about 130 K (Figure Sf), similar to what was
found in SnTe nanowires.””** The abrupt change of dR/dT
was attributed to a well-known ferroelectric phase transition
from a cubic structure (Fm3m) to rhombohedral (R3m) phase,
as demonstrated by correlated TEM studies.”” The rapid
increase of ER at low temperatures may indicate that the
electrical properties of the Pb,_.Sn,Te nanowire are more
sensitive to strain when it is in the rhombohedral FE phase
than those in the cubic PE phase. To investigate the effect of
strain on the ferroelectric phase transition temperature T,
derivatives dR/dT as a function of temperature under different
strains are compared in Fi§ure 5f. The T, revealed by the
sudden decrease of dR/dT,* shifts toward higher temperatures
as more tensile strain is applied. Quantitatively, the midpoint
of the abruptly changing window increases from about 118 K
at zero strain to ~122 K at 0.3% tensile strain and finally to
~126 K at 0.4% strain. Like the resistance, the dR/dT curve
also essentially returns to its original value when strain is
released, which again rules out the existence of residual strain
or other artifacts in the measurement. Figure S8 shows similar
data in another nanowire device, again confirming the
reproducibility of the results.

The ferroelectric transition temperature T, in SnTe increases
as the charge carrier density decreases.” Since the resistance
increases as tensile strain is applied, one possibility is that the
carrier density is decreased by strain, which leads to an increase
of T.. Another possibility is that the energy difference between
the PE (Fm3m) and FE (R3m) structures increases under
tensile strain, causing the transition to occur at a higher
temperature. To verify this possibility, we carried out strain-
dependent calculations by DFT. Given the low Pb content in
our nanowire, we calculated the structure energy of SnTe in
the PE and FE phases. Strains up to 4% were imposed as
detailed in the Experimental and Calculational Details section.
As shown in Figure 6, the energy of the PE phase is always
higher than that of the FE phase, meaning that the FE phase is
favored at low temperatures as the DFT calculation is
conducted at 0 K. This agrees with the experimental result
that the PE phase at room temperature transforms to the FE
phase at a low temperature T.. The energy difference between
the two phases shows a clear increasing trend with tensile
strain, which may be responsible for the enhanced transition
temperature.

lll. CONCLUSIONS

In conclusion, we have demonstrated that a major challenge in
the VLS growth of ultrathin PbSnTe nanowires relies on the
enlargement of catalyst particles, which is caused by the natural
Te deficiency in the particles and hence limited precipitation
rates of Sn/Pb. By increasing the supply of Te in the CVD
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Figure 6. Calculated energy difference per formula unit between the
PE and FE structures as a function of uniaxial tensile strain. Insets are
the illustrations of the two structures, where the distortion of the R3m
structure is exaggerated for illustrative purposes.

reactor, we have successfully suppressed the particle growth
and achieved nanowires as thin as 20—30 nm and at least
several micrometers long, suitable for device fabrication and
transport studies. Our strategy can be extended/generalized to
the controlled VLS growth of other compound/alloy nano-
wires, where precursors have imbalanced incorporation rates in
the catalyst particles. Furthermore, we have observed strain-
dependent electrical transport properties of the as-grown thin
nanowires, where both the electrical resistance and the
ferroelectric phase transition temperature are enhanced by
uniaxial tensile strain along the nanowire axial direction,
consistent with DFT calculations of the structural phase
stabilities.

IV. EXPERIMENTAL AND CALCULATIONAL DETAILS

IV.l. Nanowire Growth. All of our nanowires were grown in a
three-zone quartz tube furnace via a VLS mechanism (Figure 1a). For
the growth of Pb,_ Sn Te nanowire, lead telluride (PbTe) powder
(Alfa Aesar, purity 99.999%) and tin telluride (SnTe) powder (Alfa
Aesar, purity 99.999%) were placed in two alumina boats located in
the centers of zone 1 and zone 2, respectively. Three silicon
substrates, each ~3 in. in length, were placed one after another from
~4 to ~13 in. away from the center of zone 2. All three substrates
were coated with poly-L-lysine solution (Ted Pella, 0.1%) and gold
colloid (Ted Pella, 20 or SO nm) before being placed in a quartz tube.
An additional tellurium source was supplied by placing a boat of Te
powder (Alfa Aesar, purity 99.999%) on the third substrate, which is
approximately 12 in. away from the center of zone 2. During the
growth, Ar gas was flowed through the quartz tube at a rate of 10
sccm, and the pressure was kept at 30 Torr until the cooling down
process. Temperatures in the three zones were heated up to 650, 710,
and 575 °C in 20 min and maintained for 30 min. The nanowires
were found on the third substrate approximately 11 in. away from the
center of zone 2, where the temperature was ~530 °C. For the growth
of undoped SnTe (or PbTe) nanowires, SnTe (or PbTe) powder was
placed at the center of both zone 1 and zone 2 or only zone 2, and all
other conditions were kept the same as for the doped/alloyed
nanowire growth.

IV.II. Characterizations. The morphologies and diameters of the
nanowires were characterized by SEM (Quanta FEI or Zeiss Auriga
60). Since the facets of the ultra-thin nanowires could not be clearly
identified in SEM, all the nanowire diameters were measured from
their projection in the SEM images. The crystalline quality and
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growth orientations were characterized via SAED (JEOL JEM
1400plus) and HRTEM (JEOL JEM 3200FS). The chemical
composition of the nanowires was determined using EDS in SEM
and TEM (JEOL JEM 3200FS). The thickness of the nanowire on the
device substrate was measured by atomic force microscopy (AFM,
Asylum Research MFP-3D).

IV.III. Straintronic Nanodevice Fabrication and Measure-
ments. Pads of Cr/Au (10/90 nm) were patterned onto a pristine
flexible SiO,/Si (300 nm/SO um) substrate by using optical
lithography and thermal evaporation. The SiO,/Si substrate was
then firmly attached to a nonmagnetic beryllium copper (CuBe) beam
with cryogenic epoxy.”> Pb,_.Sn,Te nanowires were mechanically
transferred to the substrate’s center using polydimethylsiloxane
(PDMS). Four-terminal resistance was measured by four Cr/Au
electrodes with a thickness of ~210 nm (fabricated by e-beam
lithography), which can also avoid potential slipping of the nanowire
upon bending.*”*>% Prior to metal evaporation, plasma cleaning and
HCI etching were performed to remove any potential organic residues
and surface oxides. Uniaxial tensile strain was applied using a three-
point bending apparatus, and temperature-dependent resistance
measurements were carried out using a partially home-built system
integrated with the Quantum Design-Magnetic Property Measure-
ment System (MPMS). More details about the application of strain
and resistance measurements were described in our previous
work.®>% Resistance values at the same temperatures were averaged.
To calculate the elastoresistance, resistance data points under
different strains within a temperature difference of less than 0.06 K
were used. The derivatives of resistance with respect to temperature
were calculated by using data points at a step of about 4 K.

IV.IV. Density Functional Theory Calculations. DFT calcu-
lations were conducted utilizing the projected augmented plane-wave
(PAW) pseudopotentials, implemented in the Quantum Espresso
software.”” The Perdew—Burke—Ernzerhof (PBE) generalized gra-
dient approximation (GGA) was employed to include the exchange-
correlation interactions among the electrons. The k-mesh used was 6
X 6 X 6, and the energy cutoff was set to 680 eV. 0.0001 atomic unit
was set for the convergence criteria of atomic forces. 8-atom
conventional unit cells were used for both the cubic paraelectric
(Fm3m) and rhombohedral ferroelectric (R3m) structures. The
optimized cubic structure has a lattice constant a = 6.405 A; the
rhombohedral structure has a = 6.419 A and a = 89.649° with a Te
atomic displacement of 0.013 (in fractional units). Strain was imposed
by extending the z-direction crystal lattice vector while compressing it
along «, y using the Poisson’s ratio v = 0.33 reported in ref 66.
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