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systems.l'3] However, practical applica-

Silicon carbide (SiC) nanowires show great promise in advanced
semiconductor applications, where internal stress generated during
processing has a critical impact on their thermal conductivities. However, in
situ stress modulation and thermal conductivity measurement of individual
nanowires remain technically challenging. Herein, an in situ approach is
proposed to characterize thermal transport of individual SiC nanowires under
controlled bending strain utilizing Pt nanopillars on a MEMS suspended
thermal bridge. Measurements reveal a 44.8% reduction in thermal
conductivity at 0.429% bending strain, demonstrating a direct correlation

tions of SiC nanowires are often hindered
by internal stresses generated during de-
vice fabrication processes, such as those
induced by mechanical bending, interfa-
cial mismatch, or thermal cycling. Such
stresses induce lattice deformation that
significantly alters the nanowires’ ther-
mal conductivity, a critical parameter for
heat dissipation and device reliability.[*>]
Despite the wurgency to understand

between strain and phonon transport. Transmission electron microscopy
confirms lattice deformation under bending, with compression on the inner
arc and tension on the outer arc. Molecular dynamics simulations elucidate
the physical mechanism of stress-induced thermal conductivity reduction.
This work advances the understanding of strain-phonon scattering
interactions in SiC nanowires and establishes a robust framework for in situ
investigation of nanoscale thermal transport under mechanical stress, offering
valuable insights for the design of strain-engineered semiconductor device.

1. Introduction

Silicon carbide (SiC) nanowires integrate the exceptional me-
chanical strength, chemical stability, and wide bandgap of bulk
SiC with the quantum confinement and surface effects inher-
ent to 1D nanostructures. This unique combination makes them
a highly promising platform for next-generation semiconduc-
tor devices, high-power electronics, and thermal management
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and regulate strain-dependent thermal
transport in SiC nanowires, progress
has been impeded by the experimental
challenges in achieving in situ stress
modulation coupled with nanoscale
thermal conductivity measurements.[®!

Recent theoretical and simulation
studies have provided preliminary in-
sights into this strain-dependent thermal
transport phenomenon. Guo et all”l
predict a non-monotonic thermal con-
ductivity trend in monolayer SiC under
tensile strain via single-mode relaxation time approximation sim-
ulations, attributing this behavior to strain-dependent phonon
lifetime variations. Wang et al.l®) demonstrated through non-
equilibrium molecular dynamics (MD) that 8-SiC exhibits a peak
thermal conductivity at 4% compressive strain, governed by the
interplay of phonon lifetime and group velocity. Contrastingly,
Yin et al.l’) reported a monotonic decline in thermal conductivity
for SiC nanowires under uniaxial strain, driven by reductions in
phonon group velocity and specific heat. These conflicting theo-
retical predictions highlight the complexity of strain-phonon in-
teractions in SiC nanostructures and underscore the need for ex-
perimental validation. To date, Cheng et al.!%! experimentally ex-
plored the relationship using the thermal bridge method, reveal-
ing that bent SiC nanowires exhibit reduced thermal conductiv-
ity due to strain-induced radial phonon scattering. Nevertheless,
the absence of in situ strain regulation methodologies compatible
with existing thermal characterization platforms has hindered
systematic investigations of dynamic thermal transport behaviors
under controlled deformation.

In this work, we utilize Pt nanopillars on a MEMS suspended
thermal bridge structure to apply controlled bending strain to in-
dividual SiC nanowires and characterize their thermal conduc-
tivity under varying in situ bending stresses. Experiment results

© 2025 Wiley-VCH GmbH
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Figure 1. The in situ bending of SiC nanowire. a) The schematic diagram of the transferred SiC nanowire on the MEMS suspended thermal bridge
device. b) SEM image of the straightening of a bending stress-free SiC nanowire. c,d) SEM images of the SiC nanowire with different bending degrees.

reveal a significant reduction in thermal conductivity with in-
creasing bending strain, exhibiting a 44.8% decrease at a max-
imum normal strain of 0.429% and a maximum shear strain of
0.0154%. Transmission electron microscopy (TEM) analysis con-
firms lattice distortion featuring compressive stresses on the in-
ner concave side and tensile stresses on the outer convex side of
the bent nanowire. To ensure measurement accuracy, we adopt
the electron beam self-heating method, which effectively mit-
igates systematic errors arising from interfacial thermal resis-
tance at the electrode contacts. Additionally, molecular dynamics
simulation further elucidate that the reduced thermal conductiv-
ity results from strain-induced radial phonon scattering. These
findings not only introduce a novel in situ bending approach
for investigating the strain-dependent thermal properties of SiC
nanowires but also deepen the understanding of strain effects on
nanoscale thermal transport, providing valuable insights for the
design of next-generation semiconductor devices.

2. Results and Discussion

Figure 1a shows the schematic diagram of the transferred SiC
nanowire on the MEMS suspended thermal bridge device. The
serpentine resistor exhibits a linear temperature-resistance rela-
tionship, with its temperature coefficient a determined as 2.064
x 1073 Q K~! using a calibrated oven coupled to a Delta measure-
ment system. Subsequently, Pt nanopillars (approximate dimen-
sions: 1 X 0.5 X 0.5 um) were fabricated at predefined locations
on a separate suspended platform to serve as bending support
points. A nanomanipulator probe system was employed to estab-
lish contact with the free end of the nanowire, which was then
sequentially anchored to different Pt nanopillars, enabling con-
trolled bending to various angles. Representative transfer results
are shown in Figure 1b—d. At each bending state (including the
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initial configuration), in situ thermal conductivity measurements
were systematically conducted to evaluate strain-dependent ther-
mal transport properties. The thermal characterization was per-
formed using a non-contact electron beam self-heating technique
based on localized energy deposition through electron-phonon
interactions. This method utilizes a focused electron beam as
a heat source while measuring temperature responses through
integrated platinum thermometers, effectively eliminating in-
terfacial thermal resistance.['!] Theoretical calculations confirm
that our applied acceleration voltage (5 kV) is significantly below
the critical threshold for atomic displacement damage (110-258
kV),[12-14] ensuring that the measured thermal properties reflect
intrinsic material behavior rather than beam-induced artifacts.
The electron beam energy is primarily dissipated through con-
trolled thermal effects while preserving the structural integrity
of the nanowires.

The thermal conductivity k of the SiC nanowires was calculated
using Equation (1),[1>16]

dRi(x) M

where R, (x) represents the distribution function of the thermal
resistance of the SiC nanowire along its length, and A is the cross-
sectional area of the SiC nanowire, as determined from SEM
characterization images.

The measured thermal conductivity of the pristine SiC
nanowire is ~11 Wm~'K~1, as shown in Figure 2, which is con-
sistent with values reported in previous studies.”'”] For SiC
nanowire Sample 1, the thermal conductivity decreases from 11
(straight) to 8.13 W m™'K™! (bent), corresponding to a 26.1%
reduction, as the bending curvature increases. Concurrently, the
normal strain reaches 0.421% and the shear strain 0.0025%. For
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Figure 2. Relationship between strain and thermal conductivity. a) Relationship between normal strain and thermal conductivity. b) Relationship between

shear strain and thermal conductivity.

SiC nanowire Sample 2, the thermal conductivity decreases from
10.7 (straight) to 5.9 W m~'K™! (bent), corresponding to a 44.8%
reduction, with the normal strain reaching 0.429% and the shear
strain 0.0154%. The results demonstrate that the thermal con-
ductivity of SiC nanowires decreases with increasing bending
strain.

The lattice thermal conductivity in classical dynamics is given
by:[18]

K= % vl (2)

Equation (2) shows that the thermal conductivity of crystals
is directly proportional to three key phonon parameters: the
phonon specific heat capacity (C), the phonon group velocity (v),
and the phonon mean free path (J), where | = vz (z denotes the
relaxation time).

From the perspective of heat transport mechanisms, long-
wavelength phonons dominate thermal transport processes. The
value of the C is primarily determined by the phonon density of
states. Although strain induces shifts in the phonon spectrum
(compressive strain increases frequencies while tensile strain de-
creases them),!®) the integrated contribution of these frequency
changes to the heat capacity is minimal within our experimental
temperature range. At room temperature, C is near the Dulong-
Petit limit and minimally affected by strain. Therefore, the mod-
ulation of heat capacity by strain gradients is not the dominant
factor in the observed thermal conductivity variation. The v is
directly related to the slope of the phonon dispersion relation.
Theoretical studies confirm that tensile strain reduces the group
velocity of acoustic phonons through phonon spectrum “soften-
ing”, while compressive strain may enhance it via “hardening”
effects.’] In bent nanowires, the strain gradient causes a net v
reduction. Shear strain further lowers v via mode coupling. Al-
though the coexistence of compressive and tensile regions in the
bent nanowires creates a complex net effect, the alteration in
group velocity remains an important aspect for understanding
strain effects. It is concluded that the primary factor responsi-
ble for thermal conductivity reduction is the strong suppression
of the I by strain gradients. The bending-induced strain gradient
creates a continuously varying scattering potential field, which
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not only causes phonon spectrum broadening!!?! and increases
the scattering phase space, but also directly enhances phonon-
phonon interactions. It leads to a sharp decrease in 7,/ conse-
quently reducing the mean free path.

As illustrated in Figure 3a, the normal stress is compressive
on the nanowire’s concave side and tensile on its convex side. In
a uniform nanowire, compressive and tensile stresses are theo-
retically distributed symmetrically across the cross-section. The-
oretical analyses indicate that thermal conductivity increases lin-
early as the stress state shifts from tensile to compressive. How-
ever, normal stress alone cannot fully account for the significant
thermal conductivity reduction observed in bent nanowires.[°l In
contrast, shear stress (defined as the stress component coplanar
with the nanowire’s cross-section plane) induces cross-sectional
warping, which subsequently affects thermal conductivity. The
deformation establishes an intermediate layer within the beam,
referred to as the neutral layer. The intersection of this layer with
the beam’s cross-section forms the neutral axis.!! During bend-
ing, each cross-section rotates about its neutral axis. In planar
bending, the neutral axis remains perpendicular to the cross-
section’s vertical symmetry axis. The normal stress magnitude
at any point on the cross-section varies linearly with its distance
from the neutral axis, with tensile stresses dominating on one
side and compressive stresses on the opposing side. Combin-
ing this stress distribution with the strain law for beam bending
yields the normal stress formula:

o=y ®)

The maximum stress is as follows:

o= Mmax Y — Mmax (4)

l max W

z z

where I, is the moment of inertia about the neutral axis z, W, is
the flexural section modulus about axis z, and the bending mo-
ment M is given by:[21:22]

M= 2 fyda 5)
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Figure 3. Stress analysis of bent nanowires and TEM characterization of bent and straightened SiC nanowires. a) Schematic diagram of stress analysis
for bent nanowires. b) The outer side of the bent SiC nanowires. c) The inner side of the bent SiC nanowires. d) The straight SiC nanowires.

where E is Young’s modulus, p is the radius of curvature of the
neutral surface, y is the distance to the neutral surface, and A is
the cross-sectional area. For a cylindrical beam:

zD*
L= ©
zD3
V=37 )

The strain caused by normal stress is:
Y
e=1 )
p

The shear stress 7 of the cross-section is:

dM 1
T SR )

The shear strain y is:

r== (10)
where G is the shear modulus. For SiC nanowires, the values
used are E = 448 GPa (Young’s modulus) and G = 192 GPa (shear
modulus), as reported in the literature.[?]

Beyond modulating lattice thermal conductivity through regu-
lating the phonon mean free path, stress induces microstructural
modifications, including grain boundary defects!?**! and lattice
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distortions.?®] These imperfections disrupt the crystalline peri-

odicity, enhancing lattice anharmonicity and further degrading
thermal transport. TEM micrographs in Figure 3b—d systemat-
ically compare the morphology of bent and straight nanowires.
HRTEM images reveal three distinct characteristic regions: com-
pressed inner arc, tensile outer arc, and a straightened reference
region at identical cross-sectional positions. Quantitative analy-
sis reveals lattice spacings of 2.57 + 0.02 A (inner, Figure 3c),
2.65 + 0.02 A (outer, Figure 3b), and 2.62 + 0.01 A (straight-
ened, Figure 3d), respectively. The compressed region exhibits
a reduced lattice spacing relative to the tensile outer region, with
unbent nanowires exhibiting intermediate values. Consistent re-
sults were obtained for Sample 2, confirming bending-induced
lattice geometry modifications.

Building on this, the influence of the strain gradient on long-
wavelength phonons—the dominant heat carriers—manifests
primarily in two aspects. First, it modulates the phonon dis-
persion relations: compressive regions induce phonon spectrum
“hardening” (frequency increase), while tensile regions cause
“softening” (frequency decrease).l®] This spatial heterogeneity af-
fects the group velocity of acoustic phonons. However, the more
critical mechanism lies in the pronounced effect of the strain
gradient on phonon lifetime. The gradient strain field leads to a
general broadening of the phonon dispersion,!'”) which substan-
tially increases the number of phonon scattering channels sat-
isfying energy and momentum conservation (i.e., enlarging the
scattering phase space). This strongly enhances phonon-phonon
scattering, significantly reducing phonon lifetime and mean free
path.’l The decline in thermal conductivity observed in the MD
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Figure 4. a) MD-simulated bent SiC nanowires. b) Variation of thermal conductivity of SiC nanowires with bending degree in MD simulation. c) Com-
parison of thermal conductivity between experimental results and MD-simulated bent SiC nanowires.

simulations is a macroscopic manifestation of this scattering en-
hancement mechanism, leading to shortened mean free paths. It
should be noted that this effect exhibits significant mode depen-
dence. Acoustic phonons, particularly long-wavelength acoustic
modes, as the primary heat carriers, play a decisive role in deter-
mining thermal conductivity through alterations in their proper-
ties. In contrast, optical phonons, due to their relatively minor
contribution to heat transport, exert a comparatively secondary
influence.l”]

To further elucidate the mechanism underlying stress-induced
thermal conductivity reduction in SiC nanowires, MD simula-
tions were performed to systematically evaluate thermal trans-
port across bending configurations. As shown in Figure 4, the
results reveal a monotonic decrease in thermal conductivity with
increasing bending curvature, consistent with theoretical mod-
els based on phonon density of states (DOS) analysis. The key
mechanism involves strain-induced broadening of the phonon
DOS.[28] Figure 2 in Ref. [28] illustrates this broadening effect on
the phonon spectrum in an atomic chain under a strain gradi-
ent, comparing the frequency distribution under different gra-
dient magnitudes. The broadening effect significantly increases
the phase space for phonon-phonon scattering, enabling more
scattering processes to satisfy energy and momentum conserva-
tion conditions, thereby strongly enhancing the scattering rate.l’!
The direct consequence is a notable reduction in phonon life-
time and mean free path, which effectively explains the ther-
mal conductivity decrease observed in the simulations of the
manuscript. It is important to emphasize that the DOS of low-
frequency acoustic phonons is particularly sensitive to strain,!’!
and as the primary heat carriers, their property changes play
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a decisive role in thermal conductivity variation. For compu-
tational efficiency, the MD model was scaled down to 13.59
A (length) x 13.03 A (width) x 165.01 A (height), preserving
geometric similarity to experimental specimens. The pristine
nanowire model exhibits 15.97 W m™'K~! thermal conductiv-
ity, decreasing by 64.6% to 5.66 W m~! K~! under maximum
bending. While this trend qualitatively aligns with the experi-
mental observations, the simulated reduction magnitude is less
pronounced.

3. Conclusion

In summary, this study presents a systematic investigation of
stress-induced thermal transport modulation in SiC nanowires
through an integrated approach combining experiments and
computations. In situ thermal bridge measurements, coupled
with contact resistance compensation via the electron beam self-
heating technique, demonstrate a maximum thermal conductiv-
ity reduction of 44.8% during bending. HRTEM lattice analysis
confirms the formation of a strain gradient, characterized by a
lattice spacing variation of 2.58-2.65 A between compressive in-
ner and tensile outer arcs. MD simulations quantitatively corrob-
orate the experimental trends, attributing the thermal conductiv-
ity degradation to strain-enhanced lattice anharmonicity. Mech-
anistically, stress-mediated bond distortion activates additional
phonon modes while intensifying Umklapp scattering, thereby
collectively suppressing heat transport. These findings establish
fundamental principles for strain-mediated phonon engineer-
ing, providing critical mechanistic insights for advancing the
development of high-efficiency thermoelectric materials.
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4. Experimental Section

The MEMS suspended thermal bridge device consists of two sus-
pended silicon nitride (SiN) platforms, each integrated with a platinum
(Pt) serpentine resistor that serves dual functions as both a heater and
a temperature sensor. Mechanical support and electrical interconnection
are provided by six Pt/SiN composite cantilevers, which anchor each sus-
pended platform while routing signals from the serpentine resistors and
the integrated electrodes.[2°-32] The structural features of the MEMS sus-
pended thermal bridge device and SiC nanowires were examined using a
dual-beam system (Helios 5CX) combining focused ion beam (FIB) and
scanning electron microscopy (SEM). A four-probe configuration, imple-
mented with a Delta measurement system (including a Keithley 6221 cur-
rent source and a Keithley 2182 nanovoltmeter), was employed to record
the resistance-temperature relationship of the Pt serpentine resistors.
All measurements were conducted in a high-vacuum chamber (<107*
Pa) to eliminate thermal interference from air conduction and convec-
tion. The lattice structure of strained SiC nanowires was analyzed using
high-resolution transmission electron microscopy (HRTEM, TECNAI G2
20) to correlate bending-induced lattice defects with thermal transport
properties.

The SiC nanowires used in this study were procured from Jiangsu
XFNANO Materials Tech Co., Ltd., with a purity of 98%. The experi-
mental procedure began with the transfer of SiC nanowire to a MEMS
suspended thermal bridge device via a tungsten probe-assisted manip-
ulation technique. The device with the transferred nanowire was sub-
sequently loaded into the Helios 5CX system. Within the dual-beam
chamber, electron beam-induced deposition (EBID) was utilized to de-
posit Pt anchoring blocks at the nanowire ends on the suspended plat-
form, thereby ensuring mechanical stability during subsequent bending
operations.
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