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HIGHLIGHTS

e [Exquisite strain engineering in 1D chiral semiconductor.
e Facile nanoimprinting induced tensile strain in Te nanowire.

e Intriguing and tunable optical properties of 1D Te nanowire by strain engineering.

ABSTRACT The low-dimensional, highly anisotropic geometries, and superior
mechanical properties of one-dimensional (1D) nanomaterials allow the exquisite strain - i

Nanoimprinting
engineering with a broad tunability inaccessible to bulk or thin-film materials. Such capa-

bility enables unprecedented possibilities for probing intriguing physics and materials

science in the 1D limit. Among the techniques for introducing controlled strains in 1D 150 °C heat
materials, nanoimprinting with embossed substrates attracts increased attention due to
its capability to parallelly form nanomaterials into wrinkled structures with controlled
periodicities, amplitudes, orientations at large scale with nanoscale resolutions. Here,

we systematically investigated the strain-engineered anisotropic optical properties in

nanowire

Te nanowires through introducing a controlled strain field using a resist-free thermally
assisted nanoimprinting process. The magnitude of induced strains can be tuned by

adjusting the imprinting pressure, the nanowire diameter, and the patterns on the sub-

strates. The observed Raman spectra from the chiral-chain lattice of 1D Te reveal the
strong lattice vibration response under the strain. Our results suggest the potential of 1D
Te as a promising candidate for flexible electronics, deformable optoelectronics, and wearable sensors. The experimental platform can

also enable the exquisite mechanical control in other nanomaterials using substrate-induced, on-demand, and controlled strains.
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1 Introduction

The low-dimensional, highly anisotropic geometries, and
superior mechanical properties of one-dimensional (1D)
nanomaterials [1-3] allow the introduction of enormous
elastic strains [3-7] (e.g.,> 1%) and even designer strain
fields [8—11] without fracture. These materials are amenable
to exquisite mechanical engineering [9, 12, 13] with a wide
range of tunability inaccessible to bulk or thin-film materi-
als. Such engineering capability offers unprecedented pos-
sibilities for probing intriguing physics and materials science
in the 1D limit [14-17]. The strong coupling of mechani-
cal strain to various internal degrees of freedom involving
charges, photons, spins, etc., also enables the design and
implementation of device technologies with novel func-
tionalities, such as stretchable electronics/optoelectronics
[18-21], quantum straintronics [22-25], electromechanical
sensors [26-28], strain-engineered piezotronics [29—32], and
mechanically enhanced catalysis [33—35]. Strain engineering
in 1D semiconductors such as silicon [6, 7, 36] and ZnO [29,
31, 37] nanowires has been explored theoretically [38—44]
and experimentally [7, 36, 45, 46] as an effective approach to
rationally engineer the crystal structure, semiconductor prop-
erties, and device functions of the related materials [47-54].

Several techniques have been demonstrated to be feasible
for introducing controlled strains in 1D materials through,
e.g., bending of the flexible substrates [55], elongating of
the elastic substrates [56], thermally induced expansion of
the substrates [57, 58], and embossing/imprinting the active
materials to patterned substrates [59-62]. Among these strat-
egies, imprinting the 1D nanowires into designed patterns
attracts increased attention due to its capability to parallelly
form the different segments of the materials into wrinkled
structures with controlled periodicities, amplitudes, and ori-
entations, closely following the predefined patterns on the
host substrates. Compared to other nanopatterning schemes
based on lithography techniques, such as photolithogra-
phy [63], electron beam lithography (EBL) [64], focused
ion beam lithography (FIBL) [65], nanoimprinting exhibits
unique advantages for resist-free, high-resolution, low-cost,
rapid, and high-throughput patterning [66—71]. Moreover,
nanoimprinting can also introduce elastic strains in designed
patterns with nanoscale resolution [66, 72, 73]. Neverthe-
less, much less was known for the application of nanoim-
printing on the parallel forming of semiconductor nanowires.

© The authors

As a Group VI element, bulk tellurium (Te) is a p-type
semiconductor with a narrow bandgap of 0.35 eV [74, 75].
Te exhibits interesting properties such as semiconducting
[76, 77], thermoelectric [78], piezoelectric [79, 80] for appli-
cation in electronics, energy devices, and sensors [81, 82].
Te’s intriguing trigonal crystal lattice [76, 77, 82, 83] con-
sists of anisotropic 1D chiral chains. Each Te atom is cova-
lently bonded with its two nearest neighbors on the same
chain, and the interchain interaction is weaker than the cova-
lent bond [74]. A systematic study on strain engineering the
1D Te’s anisotropic properties will be helpful for providing
fundamental insights of the coupling between mechanical
strains and various internal degrees of freedom in Te nano-
materials [76, 77, 80] and other materials sharing similar
1D chain structures [84—86], as well as enabling the design
and development of novel smart devices capable of actively
interacting with the working environment [31, 87, 88].

Here, we systematically investigated the strain-engineered
anisotropic optical properties in 1D Te nanowires, through
designing and introducing a controlled strain field in solu-
tion-grown ultralong Te nanowires, using a resist-free ther-
mally assisted nanoimprinting method. The magnitude of
induced strains can be tuned by adjusting the imprinting
pressure, the nanowire diameter, and the patterns on the
substrates. The observed Raman spectra from the chiral-
chain lattice of 1D Te, dependent on the magnitude of the
introduced strain, reveal the strong lattice vibration response
under the corresponding strain conditions. Our results sug-
gest the potential of 1D Te as a promising candidate for
enabling flexible electronics [89, 90], deformable opto-
electronics [91, 92], and wearable sensors [26, 28, 31, 93].
The experimental platform can also enable the exquisite
mechanical control in 1D Te and other 1D nanomaterials
with substrate-induced, on-demand, and controlled strains.

2 Results and Discussion

Figure 1a shows the morphology of the solution synthesized
ultralong Te nanowires (Methods) with lengths over hun-
dreds of micrometers. The high-resolution transmission elec-
tron microscope (HRTEM) (Fig. 1b) characterization for the
side edge of a Te nanowire reveals the atomically resolved
lattice of Te nanowire. In Fig. 1b, the measured lattice spac-
ings of 5.9 and 3.9 A correspond to the (0001) and (1010)
planes for trigonal tellurium, respectively, which matches

https://doi.org/10.1007/s40820-020-00493-3
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Fig. 1 Characterization of 1D Te nanowire. a Scanning electron microscopy (SEM) image of the as-synthesized 1D Te nanowire. b High-reso-
lution transmission electron microscope image of the 1D Te nanowire at the edge. ¢ XRD results of the 1D Te nanowire. d Atomic structures of
the Te crystals without and with tensile strain. The isosurface value for electron density is 0.03 ¢/Bohr®, e Raman spectra of the 1D Te nanowire

well with the previous reports [94, 95]. The HRTEM results
also suggest the crystal orientation for the nanowires’ length
directions is along [0001]. X-ray powder diffraction (XRD)
results of the powdered Te nanowires sample (Fig. 1c) fur-
ther verify that the product consists of crystalline elemental
tellurium. All the diffraction peaks can be indexed as the
trigonal tellurium phase (JCPDS No. 36-1452) [94, 96]. The
high relative intensity of (1010) diffraction peaks indicates
the top surface of 1D Te nanowires are dominated by the
(1010) planes (see the atomic structure in Fig. 1c insert). It
should be noted that the helical chains of Te atoms (hence a
threefold screw symmetry) are packed along the longitudinal
direction of Te nanowires ([0001] direction), and the radial
stacking in the Te nanowire is along the [1010] direction.
We performed density functional theory (DFT) calculations

SHANGHAI JIAO TONG UNIVERSITY PRESS

to explore the difference in the optimized structures with-
out and with tensile strains (see Methods). As is shown in
Fig. 1d(i), the bond distances between Te and its nearest Te
atoms along the [0001] chain direction are 2.909 /ok, and the
angle between the two adjacent bonds is 101.9°. After 2.3%
tensile strain was applied along the [0001] direction, the
bond distances and angle change to 2.919 A, 2918 A, and
103.5°, respectively. In Fig. 1d(ii), we also marked the elec-
tron density with 0% (yellow) and 2.3% (blue) tensile strain.
Such structural change could lead to a significant change in
the lattice vibration. It is well understood that Raman spec-
troscopy can sensitively reveal the surface vibration of the
sample (Fig. le insert). Figure 1e shows the Raman spectra
of a Te nanowire sample with a diameter larger than 40 nm.
The Raman signal was excited by a 633-nm laser along the

@ Springer
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[1010] direction of Te nanowires. Two Raman modes locat-
ing at 121 cm~! and 143 cm™! can be identified, which agree
well with the previous results for bulk tellurium [76, 97].
Further detailed exploration for strain-engineered Raman
spectra of 1D Te will be discussed in later sections.

A schematic configuration illustrating the process scheme
for nanoimprinting induced parallel forming of Te nanowires
is shown in Figs. 2a—c. To minimize the undesired entan-
glement and agglomeration (Fig. 1a) of the as-synthesized
ultralong, thin Te nanowires for ensuring a controlled strain-
ing process, we first performed a Langmuir-Blodgett (LB)
process [98, 99] to transfer and assemble the Te nanowires
from the synthesis solution into a monolayer assembly [100]
on a soft polyester terephthalate (PET) substrate. Figure 2d
shows a TEM image of the LB-assembled Te nanowires
on a copper grid. Furthermore, such an LB assembly pro-
cess facilitates the orientation alignment of the constituent
nanowires in a large-scale assembly [101] (Fig. 2a, d). The
statistic histogram in Fig. 2e shows that the as-synthesized
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Te nanowires possess diameters from 35 to 70 nm. Through
tuning the pressure of imprinting (method), the aligned Te
nanowires can be stamped onto mold substrates with peri-
odic gratings (blank CD or DVD disk), which induces a peri-
odic strain field in the Te nanowire (Fig. 2¢). The magnitude
of the strain can be engineered by adjusting the pressure
power, the diameter of the nanowire, and using CD or DVD
substrates. Figure 2b illustrates the nanoimprint-induced
straining process. The resist-free thermal nanoimprinting
process is a pattern emboss method. When the mold indents
the PET at relatively low pressure (e.g., 1 MPa) with heat,
the plastic flow of the PET substrate allows the mold to
move inwards the PET, which induces a controllable local
strain in the segment of Te nanowire sandwiched in between.
The selection of suitable molding substrates with patterned
surfaces is crucial for this method [59]. The commercial
compact disk (CD) and digital versatile disk (DVD) encode
their information by a spiral track molded onto the top of a
polycarbonate layer [102]. The spiral tracks on blank CDs
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Fig. 2 Fabrication and topography characterization of the parallelly deformed 1D Te. a—¢ Schematic procedure of fabricating the wavy geom-
etry of 1D Te nanowire on optical disks. d Transmission electron microscope image of the assembled 1D Te nanowire on the copper grid. e The
thickness distribution of the as-synthesized 1D Te nanowire. f Atomic force microscopes (AFM) image of the optical disks. g Scanning electron
microscope images of the deformed 1D Te nanowire by 1 and 4 MPa nanoimprinting pressure. h The relationship between the deformed ampli-

tude and Te nanowire diameter
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and DVDs have depths around hundreds of nanometers, and
the distance between each neighboring track varies from
850 nm to 2 um [102]. The surface patterns with precise
periodicities and low cost of blank CD and DVD make them
ideal substrates for the nanoimprinting process. The nano-
imprint strained Te nanowires, supported on the CD/DVD
substrate, is expected to exhibit a sinusoidal shape where the
wavelength of the strain field in Te nanowire equals to the
distance of the neighboring indentations in the CD or DVD
substrates (Fig. 2c), and the amplitude of the strain field is
primarily determined by the pressure of the nanoimprinting
process [67, 69, 71].

Atomic force microscope (AFM) was used to characterize
the topography (in terms of the periodicity and the depth
of the mold) of the starting blank CD [Fig. 2f(i)] and DVD
substrates [Fig. 2f(ii)]. The results show that the grating
depth and periodicity are 117 nm and 1.6 um for the CD
and 120 nm and 0.8 um for the DVD molds, respectively.
The scanning electron microscopy (SEM) images in Fig. 2g
illustrate a Te nanowire (diameter ~50 nm), which is paral-
lelly formed on a CD substrate with different nanoimprinting
pressures. We optimized the process temperature at 150 °C
and kept this value for all nanoimprinting experiments in
this work. We used two nanoimprinting pressures (1 and
4 MPa) in our experiment. As is shown in the false-color
SEM images in Fig. 2g, the bright gold areas are the top sur-
faces of the indentations on the CD mold, and the dark gold
areas are the valley areas between these indentations. We did
not observe cracking or fracture in the Te nanowire for either
the low-pressure (1 MPa) or the high-pressure (4 MPa) nano-
imprinting process, which indicates the superior mechani-
cal property of crystalline Te nanowire [79, 84]. Figure 2h
summarizes the measured deformation amplitudes of the
sinusoidal shape 1D Te nanowire by AFM with different
nanoimprinting pressures. We examined 8 nanowires with
different diameters for each pressure. Under 1-MPa pressure,
the amplitude ranges from 30 to 38 nm, while the amplitude
reaches to 45-55 nm with the 4-MPa pressure imprinting.

We also characterized the topological configuration of
strained Te nanowires (diameter ~45 nm) on a CD mold
(Fig. 3). The AFM line scans performed in the regions for
the Te nanowire and the CD substrate (Fig. 3a) show the
periodic sinusoidal shapes for both the strained Te nanow-
ire and the CD substrate [Fig. 3b(i), (ii)]. The amplitude
and wavelength for the sinusoidal shape Te nanowire (line
1) were determined to be 50 nm and 1.6 um under 4 MPa.

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

The amplitude and wavelength for the CD patterns (line 2)
were determined to be 120 nm and 1.6 um, respectively.
The bending mechanics in the deformed Te nanowire can
be estimated using the schematics shown in Fig. 3c, where a
nanowire with a diameter of % is bent to a sinusoidal curva-
ture. The nanowire segment on top of the CD indentation is
tensilely strained [103, 104]. In the regime where /4 is small
compared to the radius of the curvature r (h=40-70 nm and
r=1-2.5 um), the peak strain induced in the nanowire can
be estimated by the equation:

peak __ h
EIDTe T 3, o))

Here, r is the radius of curvature at the peak of the wavy,
which is generally expressed by

r=—-—

yH

2y @
X==% [ (T]

where n is an integer and y” is the second derivative of
y with respect to x. The shape of the wavy 1D Te can be
expressed by a sine function,

y=(A/2)-sin(kx) (k =2x/4) 3)

where A and A are amplitude and wavelength of the sinu-
soidal Te nanowire (Fig. 3c). As a result, the peak strain
induced in the Te nanowire can be expressed as

2
peak _ T Ah
fipTe T T 2 )

where the amplitude A, diameter /, and wavelength A can all
be determined from the AFM results (Fig. 3b). Figure 3 d, e
summarizes the derived local peak strains for the deformed Te
nanowires on CD and DVD substrates with different imprint-
ing pressures. In Fig. 3d, we examined the local strains of 16
different Te nanowires with diameters ranging from 35 to
65 nm on CD and DVD molds, when we maintained a 4 MPa
pressure for the nanoimprinting. The green circles represent
the 8 Te nanowires on the CD substrates, and the blue squares
represent the 8 Te nanowires on the DVD substrates. The
local peak strains in Te nanowires increase with the increased
nanowire diameters. For instance, the local peak strain is 0.8%
for Te nanowire with a 36.6 nm diameter and increases to 1.9%
for Te nanowire with a 64.8 nm diameter. Moreover, our results
revealed that the use of DVD substrates could induce more
significant local strains since the wavelength A of the deformed
Te nanowires on DVD substrates is smaller than on CD sub-
strates. Figure 3e summarizes the results when two imprinting

@ Springer
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Fig. 3 Analysis of the deformed 1D Te on the optical disks. a Atomic force microscopes (AFM) image of the strained 1D Te nanowire on com-
pact disks. b Two line-scan results from a. ¢ The strain analysis of the deformed 1D Te nanowire on the compact disks. The relationship between
the local peak strain and Te nanowire diameter d on different disks and e different nanoimprinting pressure

processes (1-MPa and 4-MPa) were applied to Te nanowires
(diameters ranging from 40 to 65 nm) on DVD substrates. The
local peak strains increase with increased nanowire diameters.
Also, a higher imprinting pressure (i.e., 4 MPa) will result in
more significant local strains in the nanowires. For example,
the local peak strain in a Te nanowire (diameter ~65 nm) is
1.7% when 1 MPa pressure process was applied, and reaches
to 2.3% when 4 MPa pressure was applied. Consequently, we
could rationally tune the local strains in the formed Te nanow-
ires through manipulating the nanowire diameter, mold type
(CD or DVD), and the imprinting pressure.

These parallelly nanoshaped tellurium nanowires with
controlled local strains provide an ideal system to explore
the strain-engineered optical property at the nanoscale. To
this end, we characterized the strained 1D Te nanowires
with Raman spectroscopy at room temperature. Figure 4a

© The authors

illustrates the two vibration modes in the chiral-chain struc-
ture of Te. The A! mode represents the breathing vibration
in the (1010) plane, and E* mode is the asymmetric stretch-
ing along [0001] direction in tellurium [76, 97] (Fig. 4a).
We first performed Raman spectra mapping for the area
enclosed by the orange dashed lines in the optical image
in Fig. 4b. We found a periodic distribution of the Raman
peak intensity of A! mode spanning across the entire nanow-
ire, which is consistent with the topography variation in the
strained nanowire (Fig. 4b). This result not only confirmed
the periodic deformations in the strained nanowire but also
helped us identify the regions with the local peak strains
with nanoscale resolution. Subsequently, we examined the
strain-induced shift in the Raman peaks from the positions
where the local segments of the nanowire experienced the

https://doi.org/10.1007/s40820-020-00493-3
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peak strains (bright spots in the Raman mapping in Fig. 4b).
Figure 4c shows the strain-engineered Raman shifts in the
A' and E? modes when the local peak strain was increased
from O to 2.3%. When the Te nanowire (diameter ~40 nm)
was naturally deposited on the substrate without introducing
the nanoimprinting strain, two Raman-active modes locating
at 121 cm™' (A'-mode) and 143 cm™! (Ez—mode) were iden-
tified, which is consistent with previous literature and our
results in Fig. 1. When we increased the local peak strains,
both modes showed a significant red shift in the Raman
peaks (Fig. 4c). The A'-mode peak shifted to 117.6 cm™"
and the E*-mode peak shifted to 140.3 cm™! when the strain
was increased to 2.3%. We plotted the Raman frequency shift
as the function of the local strains (Fig. 4d), and the results
revealed a linear trend. The linear relationship between the
Raman frequency shift and the uniaxial tensile strain ¢ is
given by Aw=ye [105, 106] where y is the phonon deforma-
tion potential coefficient, € is the uniaxial tensile strain on

Tl
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the materials, and Aw is the phonon frequency shift. The rate
of the shift is determined to be approximately 1.1 cm™" %!
for A'-mode [Fig. 4d(i)] and 1.2 ecm™! %! for E*-mode
[Fig. 4d(ii)], respectively. These results are also consistent
with our previous results for 2D Te [107]. The response of
Raman spectra with different strains can be explained by
examining the intrinsic vibration modes of Te [97] and the
electro-optic interactions in Te [106]. When the tensile strain
was applied along the [0001] direction of the Te nanow-
ire, the length for the Te-Te covalent bond was elongated
(Fig. 1e), which weakens the interatomic interaction [107,
108]. As a result, the stretching along the [0001] helical
chain direction became softening, leading to a decrease in
the vibration frequency of E%-mode [109, 110]. Meanwhile,
this softening effect leads to the weaker Te atom vibration in
(1010) plane, resulting in a decreased vibration frequency of
Te helical chain breathing in this plane, which is associated
with the observed redshift in A'-mode peak.

@ Springer
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3 Conclusions

In summary, we systematically investigated the strain-engi-
neered optical properties in 1D chiral semiconductor tellu-
rium, through applying a facile resist-free low-temperature
nanoimprinting strategy to induce parallel nanoshaping in
solution-grown ultralong 1D Te nanowires using commercial
CD and DVD substrates. The observed Raman spectra from
the chiral-chain lattice of 1D Te reveal the anisotropic lat-
tice vibration under the corresponding straining conditions.
We performed synergistic efforts combining theoretical and
experimental investigations to elucidate the impacts of strain
engineering on the lattice structure and optical properties of
the 1D helical chain tellurium. The nanoimprinting-intro-
duced elastic strain in Te nanowires is self-sustained and
tunable, which could be further utilized for modulating the
electrical, electrical-optical, mechanical, and other material
properties of Te nanowires. The exquisite strain engineering
on 1D Te could open up opportunities in flexible, wearable
integrated electronic systems, as well as promising elastic
strain engineering that takes advantage of the drastically
changed electronic and optical properties under large lattice
strain. The experimental platform can also enable the exqui-
site mechanical control in 1D Te and other nanomaterials
with substrate-induced, on-demand, and controlled strains.

4 Materials and Methods
4.1 Materials

PVP, hydrazine hydrate (85%, w/w), acetone, ethylene gly-
col (EG), aqueous ammonia solution (25-28%, w/w), N,N-
dimethylformamide (DMF), CHCl; were purchased from
Sigma-Aldrich. Na,TeO; (97%) was purchased from Alfa
Aesar. All chemical reagents were used without further
purification. Double-distilled deionized water (DIW; 18.2
megaohms) was used for the synthesis.

4.2 Synthesis of Te Nanowires

In the typical synthesis, 0.1 g Na,TeO; and 1 g PVP were
put into 15 mL double-distilled water and 15 mL EG at
room temperature under magnetic stirring to form a homo-
geneous solution. The resulting solution was poured into a

© The authors

50-mL Teflon-lined steel autoclave, which was then filled
with aqueous ammonia solution and hydrazine hydrate. The
autoclave was sealed and maintained at 180 °C for 3 h. Then,
the autoclave was cooled to room temperature naturally. The
resulting blue products were precipitated by centrifuge at
5000 rpm for 5 min and washed with distilled water and
acetone (to remove any ions remaining in the final product).

4.3 Langmuir-Blodgett (LB) Transfer of 1D Te

The hydrophilic Te nanowires can be transferred to sub-
strates by the Langmuir—Blodgett (LB) technique. The
washed Te nanowires were mixed with a certain volume
ratio of N,N-dimethylformamide (DMF), and CHCl;. Then,
the above solution was dropped into the deionized water.
Then, Te nanowire monolayer was prepared at 25 °C using
an LB trough (Nima Technology, 312D). The trough was
filled with Millipore Milli-Q water (resistivity of 18.2 Mohm
cm) until it brimmed just over the top by about 2 mm. Five
milliliters of the solution of Te nanowires were precipitated
by adding 12 mL of acetone and centrifuging at 5000 rpm
for 5 min. After 30 min, the monolayer Te nanowire can
be transferred to any substrates. The monolayer was lifted
at a pressure of 23 mN m~!, and the deposition speed was
maintained at 4 mm min~!. The centimeter-scale assembly
of nanowires can be realized with controlled density, orien-
tation, and spacing [99, 100, 111]. The floated nanowires can
be parallelly aligned by a controlled barrier.

4.4 Nanoimprinting Process

Before nanoimprinting, the polyester terephthalate thin film
was spin-coated on a silicon wafer with 4000 rpm in 45 s.
The commercial blank compact disks were sonicated in ace-
tone and water. The nanoimprinting was performed using
Nanonex NX 2000.

4.5 DFT Calculations

Vienna Ab initio Simulation Package (VASP) 5.4.4
[112, 113] was used for performing DFT calculations
with the projector augmented wave method [114]. The
exchange—correlation functional of OptPBE-vdW [115]
was used to take into account van der Waals interac-
tions. The plane-wave basis set cutoff was 400 eV, and a

https://doi.org/10.1007/s40820-020-00493-3



Nano-Micro Lett. (2020) 12:160

Page9of 13 160

Gamma-centered k-point mesh was set to 5 X 5 X 3. Gauss-
ian smearing of 0.1 eV was used. The electronic wavefunc-
tion convergence threshold was 1078 eV, and a 0.01 Ev Al
convergence criterion for forces on each atom was adopted.

4.6 Characterization

The thickness and morphology of the substrate surface were
determined by AFM (Keysight 5500). High-resolution STEM/
TEM imaging and SAED have been performed using a probe-
corrected JEM-ARM 200F (JEOL USA, Inc.) operated at
200 kV, and EDS has been collected by an X-MaxN100TLE
detector (Oxford Instruments). A field emission scanning
electron microscope (Hitachi S-4800 Field Emission SEM)
was used to characterize the morphologies of Te nanowires.
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