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ABSTRACT: In high-performance flexible and stretchable electronic
devices, conventional inorganic semiconductors made of rigid and brittle
materials typically need to be configured into geometrically deformable
formats and integrated with elastomeric substrates, which leads to challenges
in scaling down device dimensions and complexities in device fabrication
and integration. Here we report the extraordinary mechanical properties of
the newly discovered inorganic double helical semiconductor tin indium
phosphate. This spiral-shape double helical crystal shows the lowest Young’s
modulus (13.6 GPa) among all known stable inorganic materials. The large
elastic (>27%) and plastic (>60%) bending strains are also observed and

Bent *
Strain>27%

attributed to the easy slippage between neighboring double helices that are

coupled through van der Waals interactions, leading to the high flexibility and deformability among known semiconducting
materials. The results advance the fundamental understanding of the unique polymer-like mechanical properties and lay the
foundation for their potential applications in flexible electronics and nanomechanics disciplines.
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C ompared with organic semiconductors, inorganic semi-
conductors have significantly higher field-effect mobilities
and long-term stability, which are desirable for high-perform-
ance flexible and stretchable electronics."”” However, due to
their high Young’s modulus, small yield strain, and fracture
limit, inorganic semiconductors typically require large
deformation forces and have small elastic deformation ranges.
Such intrinsically nonbendable and nonstretchable character-
istics of inorganic semiconductors significantly limit their
applications in flexible and stretchable electronics where large
deformations are involved. To overcome these limitations,
several approaches have been presented. For example, the size-
dependent mechanical properties of one-dimensional (1D)
semiconductors such as silicon nanowires were utilized to
achieve enhanced flexibility as compared to their large-scale
counterparts.”~> Moreover, large numbers of nanowires were
used in a single device to make sure the performance would
not degrade quickly under repeated bending or stretching.*°
Another approach is leveraging structural designs to form
nanoscale semiconductor thin films into out-of-plane buckled
structures’ or in-plane serpentine structures™’ to accommo-
date overall structure deformations while avoiding substantial
strains in the semiconductor material itself. However, those
approaches yield limited flexibility and stretchability and are
challenging to scale down key device dimensions below tens or
hundreds of micrometers,”’ limiting their use in devices with
increasing spatial resolution and integration density. Therefore,
inorganic semiconductors with polymer-like mechanical
properties, such as low Young’s modulus and high intrinsic
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stretchability, are highly desirable for the next-generation
flexible and stretchable electronic devices.

Double helical structure has always been of central interest
to a broad range of scientific and engineering disciplines from
the architectural marvel of Bramante Staircase in the Vatican
City to the molecular structure of deoxyribonucleic acid
(DNA).""™" In crystal, the atomic double helical structure
would provide a lower Young’s modulus and higher elasticity.
Unlike the double helical nanostructures formed through the
physical winding of carbon nanotube, nanowires, and 2D
materials,"*™'® such double-helical crystals are expected to
consist of atomic-scale double helices orderly arranged in a
highly crystalline manner. Each individual double helix unit in
the crystal lattice would consist of two atomic spiral strands
with identical pitches intertwined about a common axis at the
fundamental atomic scale. However, inorganic solid state
crystals with analogous double helical atomic lattices have
remained largely unexplored by the physical science
community. 19,20

In this work, we study the mechanical properties (including
Young’s modulus, flexibility, and deformability) of a semi-
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Figure 1. SnIP crystal structure and characterization. (a) Atomic structure of the SnIP crystal viewed along the a-axis (left panel) and b-axis (right
panel), respectively. (b) Optical image of the as-grown SnIP in a sealed quartz tube. (c) Atomic resolution bright field HR-STEM image of the
(100) plane in the SnIP crystal. (d) Dark field HR-STEM image along the [100] direction of the SnIP crystal. The insets in (c) and (d) show the

corresponding electron diffraction patterns, respectively.

conducting, carbon-free inorganic double helical van der Waals
crystal tin indium phosphate (SnIP).”' The Young’s modulus
(E) of SnIP along the double helical strand axis is proved to be
lower than any other existing experimentally tested inorganic
crystals and even lower than that of many organic materials,
according to both the nanomechanical bending test and the
Brillouin scattering spectroscopy measurement. Then, a large
elastic bending strain (>27%) is observed, resulting in the high
flexibility of SnIP comparable to polymer. Furthermore, out of
the yield strain limit, a high plastic bend strain (>60%) is also
recorded, leading to a high deformability comparable to metal.
Density-functional theory (DFT) calculation reveals that the
low slipping energy between van der Waals coupled
neighboring double helices is the reason for high flexibility
and deformability.

The bulk SnIP crystal belongs to the C,;, space group, with
lattice parameters of a = 0.79 nm, b = 0.98 nm, ¢ = 1.84 nm,
and f = 110.1° (Figure la). Two substructures (strands) of
different elemental compositions (an inner helical chain
consisting of phosphorus atoms (inner strand) and an outer
helical chain consisting of alternating tin and iodide atoms
(outer strand)) form the SnIP double helix. The inner and
outer strands of an individual double helix have the same
chirality, ie., either left (M-helix) or right-handed (P-helix).
Each two winding cycles of the intertwined strand pair contain
seven SnIP units leading to a 7/2 helix. In the most
thermodynamically stable form, alternating M and P helices
bind together through van der Waals (vdW) interaction to
form the bulk crystal lattice structure. The center-to-center
distance between neighboring double helices is 0.98 nm. Thus,
there are 42 atoms in each unit cell of the bulk SnIP crystal
lattice. Optical image of the as-grown SnIP bulk crystal is
shown in Figure 1b. Due to the vdW interaction between the

9055

neighboring double helices, the SnIP material can be exfoliated
into nanowire-shape crystals on the SiO,/Si substrate (see
Method in Supporting Information).””~** The optical micro-
graph and the scanning electron microscopy (SEM) image of
typical SnIP crystals exfoliated into the nanowire form are
shown in Figure S1 of the Supporting Information. The typical
cross sections of the exfoliated nanowires are close to a
rectangle with width in the range of 0.1—1.5 um, as shown in
the SEM and energy-dispersive X-ray spectroscopy (EDS)
images (Figure S2 of the Supporting Information). Figure lc
shows the bright field high resolution scanning transmission
electron microscopy (HR-STEM) image of the SnIP crystal
perpendicular to the [100] direction. As shown in Figure Ic,
the bulk SnIP crystal lattice is revealed with both the inner and
outer strands of each individual double helix clearly observed
as heptagonal rings in this cross-sectional view. Figure 1d
presents the dark field HR-STEM image along the [100]
direction of the SnIP crystal, which shows the double helical
strands arranged in parallel along the a-axis. The corresponding
selected-area electron diffraction patterns are also provided in
the insets of Figures 1c,d, which confirm the pseudohexagonal
arrangement of the double helical units perpendicular to the a-
axis and their parallel arrangement along the a-axis,
respectively.

An atomic force microscope (AFM)-based nanomechanical
bending test”>”® was employed to measure the Young’s
modulus of SnIP crystals along the g-axis. Circular openings
with depth of 300 nm were first etched in the SiO,/Si
substrate. The nanowire-shape SnIP crystals were then
suspended across these openings. To improve the measure-
ment accuracy, metal (Au/Cr) pads were deposited at both
ends of the SnIP nanowire as the anchoring points (see

https://doi.org/10.1021/acs.nanolett.2c03394
Nano Lett. 2022, 22, 9054—9061
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Figure 2. SnIP Young’s modulus from nanomechanical bending test. (a) AFM height mapping of the suspended SnIP nanowire. The inset shows
the height profile of the nanowire along the blue dashed line. The scale bar is 1 um. (b) Deformation—distance curves obtained from the
experimental measurement, analytical theory, and FEA, respectively, for the sample shown in (a). The inset is a simulated three-dimensional image
of the deformed sample in (a) with deformation scaled by 10X for visualization. (c) Relationship between the FL?/D and moment of inertia (I) of
nine different samples. Inset: theoretical tensile stress—strain relationship of the SnIP crystal along the a-axis calculated using DFT.
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Figure 3. SnIP Young’s modulus from Brillion scattering spectroscopy measurement. (a) Brillouin scattering spectra of SnIP along the a-axis. (b)
Acoustic phonon dispersion relations along the a-axis calculated using DFT. One longitudinal acoustic (LA) and two transverse acoustic (TA, and
TA,) phonon branches are shown. (c) Benchmark of Young’s modulus among different material classes.

Method in Supporting Information for details), as shown in the recorded. Based on elastic beam-bending theory, the
AFM height image in Figure 2a.
During the nanomechanical bending test, the AFM probe is under point load with both ends fixed should follow”” §(d) =

deformation & as a function of the distance (d) for beams

scanned along the SnIP nanowire. At each measurement 64d*(L — d)*D/L®, where L is the effective suspended length of
position, the force applied by the probe (F) is kept constant the SnIP nanowire, D is the deformation at the center of the
and the resulting deformation (§) at the point of contact is SnIP nanowire when the load is applied at the same location,
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Figure 4. Flexibility of the SnIP nanowire. (a—e) Optical images recorded at the different stages of the bending test showing full recovery to the
initial configuration after release. The bending was performed using a micromanipulated probe tip. One end of the nanowire was anchored with a
metal pad. (f) Top panel: zoomed-in optical image of the bent SnIP nanowire marked with the dashed line in (a)—(e). Bottom panel: AFM height
map of the same SnIP nanowire as in the top panel. (g) Figure of merit for flexibility of materials.

and d is the distance from the effective anchoring point
reference position to the position of the probe where the force
is applied (see Method in Supporting Information for details).
As shown in Figure 2b, the experimental results are in excellent
agreement with the theoretical model prediction. Moreover,
the Young’s modulus E along the g-axis can be extracted based
on E = FL*/(192ID).”” The area moment of inertia (I) of the
SnIP nanowire under vertical loading is calculated based on its
cross-sectional profile experimentally obtained using the AFM
as shown in the inset of Figure 2a. To further validate the
experiment results, Finite element analysis (FEA) is used to
simulate the displacement as a function of the distance 5(d)
based on the extracted E. The simulated probe-response
scenario bears closer similarity to the actual experimental
configuration (see Methods in Supporting Information) and
hence is expected to provide better accuracy as compared to
the analytical model. The simulation matches well with the
experimental results and agrees with the analytical results as
shown in Figure 2b. A representative nanowire deformation
calculated by FEA with applied load at the center is shown in
Figure S3 of the Supporting Information. To further improve
the accuracy of the Young’s modulus measurement, a total of
nine samples with various measurement configurations,
especially the L (varying from 2 to 10 pm), are measured.
The average value of the Young’s modulus E obtained across
all the measured samples is 13.55 + 0.78 GPa (Figure 3c). The
small residual error of the obtained value also validates the
reliability of the measurement. Moreover, F is chosen to be
relatively small (about hundreds of nN) during all the
measurements to ensure that the strain in the SnIP nanowire
(&) is well below the elastic limit. Using the sample in Figure
2b as an example, when the force is applied at the center, the
bending strain can be estimated using the analytical expression

~
~

FL
3 M where M = 5 is the bending moment at the point

of load and t is the thickness of the nanowire.”” The calculated
€max = 0.23% agrees with the FEA simulation (0.23%) and is
also well within the elastic regime (<9%) as predicted by DFT
calculations®® ™ (to be discussed later). The theoretical
tensile stress (o)—strain relationship of SnIP along the a-axis

as calculated by DFT is shown in the inset of Figure 2c. The
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DEFT calculation predicts a Young’s modulus of E ~ 13.06 GPa
for the SnIP crystal as obtained by fitting the initial linear
regime (up to 9% here) of the calculated 6—¢ curve, which is
in close agreement with the nanomechanical bending test
results.

To further obtain the Young’s modulus of SnIP at a more
fundamental level, the Brillouin scattering spectroscopy’
measurement is carried out to probe the photon—phonon
interactions in the SnIP crystals. As shown in Figure 3a, under
the VV polarization configuration (the polarizations of both
the incident and scattered light are fixed along the a-axis of the
SnIP crystal), a pair of peaks are observed around +19.6 GHz
with 532 nm wavelength incident laser, corresponding to the
scattering of light by the longltudmal acoustic (LA) phonon
along the ag-axis of the SnIP crystal.”” Thus, the velocity of
sound along the a-axis ([100] direction) can be extracted™ as

«100] = fA/[2nsin(0/2)], where f is the Brillouin scattering
frequency, A is wavelength of the incident laser light, n is the
refractive index along the a-axis of the SnIP crystal, and 0 is the
angle between the incident and scattered beams. Here, we
adopt n = 3.1 based on the DFT calculation, and @ =180° due
to the backscattering geometry, which results in V j;49) = 1.68
km/s. The Young’s modulus can hence be obtained as*'E =
pV t100] = 13.8 GPa, where p = 4.77 g/cm® is the mass density
of SnIP. This result is consistent with the Young’s modulus
value obtained using the nanomechanical bending test. In solid
state crystals, the velocity of sound is equivalent to the slope of
the dispersion curve for the corresponding acoustic phonons.
Figure 3b shows the acoustic phonon dispersion relations
along the I to X direction ([100]) as calculated by DFT. For
small values of the wave vector (k), the acoustic phonon
dispersions are approximately linear and the experimental
results from the Brillouin scattering match well onto the
calculated dispersion curve for the longitudinal acoustic
phonon along the [100] direction as indicated in Figure 3b.
Here, we would also like to note that previous work reported
the experimentally measured Young’s modulus in SnIP to be
well over 190 GPa due to possible inaccuracy in the
experiment or sample degradation, even though the same
work also mentioned that the theoretical value of SnIP bulk
modulus should be around 14.9 GPa.”

https://doi.org/10.1021/acs.nanolett.2c03394
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Figure S. Deformability of the SnIP nanowire. (a) Bending strains measured in 35 SnIP nanowire samples. (b) Calculated charge density and
electron localization function (ELF) of the SnIP crystal. (c) Energy variation as a function of the interdouble-helix distance during the slipping
along the a-axis. (d) Benchmark of the deformability in materials of different electronic bandgaps.

Comparing the Young’s modulus of the SnIP crystal with
other air-stable materials, its E along the g-axis, which has been
independently confirmed by both the nanomechanical bending
test and the Brillouin scattering measurement, is significantly
smaller than any other known inorganic materials, including all
the ceramics, metals, III-V compounds, as well as low-
dimensional materials such as carbon nanotube, nanowire
crystals, and all the known 2D materials. The Young’s modulus
of SnIP is even comparable to or lower than many organic
materials such as bamboo, wood, and polyoxymethylene
(POM),* as shown in Figure 3c. Here, we attribute the
ultralow Young’s modulus of SnIP to the unique double helix
lattice structure, in which the strong interatomic bonding
between the P atoms in the inner strands and between the Sn
and I atoms in the outer strands are along the tangential
direction of the helices, leading to the significantly relaxed
interactions along the a-axis, analogous to atomic-scale
mechanical springs.

To further characterize the flexibility of the material, SnIP
nanowire crystals were bent into U-shape by fixing one end of
the nanowires and moving the other end using a micro-
manipulated probe tip.”” In this test, one end of the SnIP
nanowire was anchored in place and a micromanipulated probe
tip was used to bend the nanowire. Figure 4a shows the
sequential stages of a representative bending and recovery
process as recorded using an optical microscope. The bending
strain is extracted based on the observed radius of curvature: g,
~ w/(2R), where w is the width of the nanowire and R is the
bending radius along the centerline of the nanowire,”** as
shown in the upper panel of Figure 4b. The width of the
nanowire w is confirmed to be 600 nm using AFM
measurement as shown in the lower panel of Figure 4b,
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which leads to &, & 27.3% with R = 1.1 ym. The nanowire
fully recovers to its initial configuration very quickly (well
within 1 s) after being released from this giant strain (>27%).
Raman spectra of the SnIP nanowire were measured both
before and after this bending strain test at the same bent point.
No significant change in the Raman spectra is observed as
shown in Figure S4 of the Supporting Information, indicating
that there is no noticeable change in the local strain after the
recovery. This bending strain is clearly higher than that
observed in other semiconducting nanowires.””*" The
flexibility figure of merit of SnIP is calculated according to
from = 06,/E, where o, is the yield stress,”" and compared with
other materials as shown in Figure 4g. Due to the low E and
relatively large o, the froy of SnIP is higher than most of not
only low-dimensional materials but also polymers. The
flexibility (f) of the materials is further related to its thickness
(h),"'f = (2/h)from- Thus, once the thickness is narrowed
down to the single double helix (~1 nm), the flexibility of SnIP
would increase drastically, comparing with current w (~600
nm).

Moreover, more than 20 samples were elastically tested
showing a large elastic bending range (7.8—27.3%), and plastic
bending was observed when the strain exceeded 29.2%, as
shown in Figure 5a. Furthermore, the plastic bending strain
can be up to 60% without fracture. We attribute this
observation in SnIP to the relatively weak vdW interaction
between neighboring double helices in the SnIP crystal, leading
to relative slipping between the helices during the bending,
which hence results in the large elastic and plastic bending
strain. To confirm the vdW interactions between the
neighboring double helices in the SnIP crystal, we further
calculated the mapping of the charge density and electron
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localization function (ELF) using DFT as shown in Figure 4b,
which indicates that the charge density is localized within the
helical strands and is much weaker between neighboring
double helices units. The slippage energy (E;) along the [100]
direction is calculated to be 0.041 eV/atom. The mirror-
symmetrical slipping period is divided into 14 steps to calculate
the energy differences (see Figure SS in the Supporting
Information) and 8 of them are shown in Figure 4c. The E, of
SnIP is lower than that of some 2D materials, such as MoS,
and InSe,* indicating a slippery interface along the a-axis.
Meanwhile, the cleavage energy (E,) is calculated to be 0.064
eV/atom, which is higher than that of MoS, and graphene*
and higher than the E; of SnIP. It shows that the SnIP double
helices units in the crystal favor slipping (smaller E;) to release
the local strain caused by the bending. Moreover, during the
slipping, the double helices are expected to bind tightly
together (larger E,), leading to a larger observed elastic strain
than the predicted elastic limit without considering the slipping
effect. The slipping between neighboring basal planes has also
been experimentally observed during the bending of 2D van
der Waals materials such as hexagonal boron nitride,” in
which the interlayer coupling is also based on vdW interaction
similar to the interhelix coupling in SnIP. Furthermore, we
adopt the deformability factor proposed in ref 42. E = (E./
E,)(1/E) (in units of GPa™) to evaluate the bendability of the
SnIP nanowire. In Figure 4d, the deformability of SnIP crystal
is benchmarked with respect to other materials of different
bandgaps. Due to the much lower Young’s modulus, the
deformability of SnIP is the highest among all the known
inorganic semiconductors, higher than vdW layered materials
such as MoS,, and InSe,” and Ag25,44 and is comparable to
ductile metals such as titanium.

This study revealed the ultralow Young’s modulus of
inorganic double helical crystal SnIP. Such extraordinary
mechanical property originates from the unique crystal lattice
of this material in which the strong interatomic bonding is
tangential to the g-axis of the crystal, resulting in an atomic-
scale spring-like double helical structure. The large elastic and
plastic bending strain are also observed due to the pliability of
the double helices and the presence of easy slippage pathways
along the ag-axis, giving rise to a record high flexibility and
deformability factor among inorganic semiconductor materials.
The ultralow Young’s modulus and high elastic bending strain
in this unique inorganic semiconductor crystal, combined with
its high predicted electron mobility,* indicate a promising
potential for applications in a broad range of nanomechanical
and nanoelectronics disciplines, especially where giant
stretchability and bendability are desired.
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