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ABSTRACT

Strain provides an additional mechanism in tuning the thermal/electrical properties of nanostructures and therefore has triggered lots of
interest in recent years. However, experimental research about the strain effect on the thermal conductivity of nanowires is still limited,
especially in the low-temperature range, which is important in understanding the physics of strain-induced regulation in thermal conductiv-
ity. Here, we present thermal transport measurements of bent silicon carbide nanowires at temperatures ranging from 20 to 300 K. Reduction
in thermal conductivity compared to their straight counterparts is observed. More specifically, the relative change is up to 55% at 20 K and
descends with temperature, which is due to the inhomogeneous strain-induced phonon scattering. This study will deepen the understanding

of thermal properties in nanostructures with strain.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0200631

Low-dimensional materials have triggered tremendous interest
for decades and have been vastly studied for their novel physical
phenomena and potential applications in magnetic, electronic, and
thermoelectric devices.' * Investigating the thermal conductivity of
low-dimensional materials is essential for addressing challenges in elec-
tronic devices, energy conversion, and thermal management.ﬁ"5 The
capability to tailor thermal properties at the nanoscale provides new
possibilities for advancing technology and designing materials with
specific thermal properties. Thermal properties of low-dimensional
materials can be modulated through doping,” size/dimension effect,”
strain effect,”' etc., allowing for customization to meet the demand in
various specific applications.

The strain effect is important in the thermal transport of nano-
structured materials both from a fundamental and application point of
view. Strain can cause atomic deformation in the nanostructure, which
can change the lattice constant and tune phonon dispersion,"’'* con-
sequently affecting thermal conductivity by changing phonon group
velocity, specific heat, and phonon scattering rate. From an application
point of view, nanowires, such as silicon carbide (SiC) and silicon
nanowires, usually serve as fillers to composites, for example, interfa-
cial thermal materials, for enhancing their mechanical, electrical, and
thermal performance,ls’15 and the mechanical bend or stress from

external force is a common issue in those composites in real applica-
tion scenarios. In addition, it is difficult to ensure a strain-free environ-
ment for low-dimensional devices and they will commonly hold
residual strain, either from the fabrication process or the local thermal
expansion of the substrate.'

Therefore, the strain effect on the mechanical and thermal prop-
erties of nanowires has triggered great interest.” For instance, Li
et al.'” systematically studied the strain effects on the thermal conduc-
tivity of nanostructures, including silicon thin film and graphene flake,
and found that thermal conductivity decreases continuously as the
applied strain is changed from compressive to tensile, owing to the shift
of phonon dispersions. In addition, phonon-phonon scattering can be
directly affected by altering the anharmonicity of the lattice. For exam-
ple, MD simulation on bent silicon nanowires”' observed a reduction
of up to 10% in thermal conductivity, which is attributed to the depres-
sion of long wavelength phonons and enhanced local phonon scatter-
ing.”* Similar results can be found in the literatures where the physics
behind the strain-induced regulation in thermal conductivity has trig-
gered great interest.”” *” To clarify whether phonon group velocity or
phonon anharmonicity dominates the strain-induced thermal conduc-
tivity, the temperature dependence of strain effect needs to be carried
out, which, however, is rare due to the difficulty of experiments.
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In this manuscript, we implement thermal transport measure-
ment on bent 3C-SiC nanowires (Shanghai Aladdin Biochemical
Technology Co., Ltd., China) with temperatures ranging from 20 to
300K. The reduction in thermal conductivity of bent nanowires is up
to 55% at 20 K, compared to the straight counterparts. In addition, the
relative change of thermal conductivity decreases with temperature
and shows an increased trend with the applied strain.

We implement thermal properties characterization by the ther-
mal bridge method (Fig. 1), which has been developing as a
mature method in micro-/nanoscale materials thermal transport mea-
surement. Thermal contact resistance is an important issue of the ther-
mal bridge method,” and one should clarify this before acquiring
accurate experimental results. The measured thermal resistance R,
contains two parts, intrinsic thermal resistance R; of SiC nanowires,
and the two thermal contact resistance between SiC nanowires and the
membranes R, i.e., Ry=R; + R.. Even though R, cannot be directly
measured, we can still extract it by fitting:

4 L
X =+ R, X d, (1)

R, xd=
s TXK d

FIG. 1. SEM image of suspended SiC nanowires on the thermal bridge. A single
homogeneous SiC nanowire was cut into two parts. (a) One part is transferred onto
the thermal bridge for comparison with two ends fixed by the Pt/C pad. (b) The
other is also transferred onto a thermal bridge for the preparation of bent SiC nano-
wires. One end of this nanowire is fixed by a Pt/C pad, and a Pt pillar is deposited
in the opposite membrane (blue rectangle). (c) The free end of the SiC nanowire is
bent by micro-manipulate and blocked by the Pt/C pillar. The red circle fits the cur-
vature of the bent SiC nanowire, and its diameter is 16.9 um. (d) The Pt/C pad is
again deposited onto the end blocked by the P/C pillar as denoted by the blue rect-
angle, for fixing and improving the thermal contact. The scale bars here are 5 um.

ARTICLE pubs.aip.org/aip/apl

where L is the length of suspended nanowires, d is the diameter of the
nanowire, and « is the thermal conductivity. As shown in Fig. 2(a), lin-
ear fitting lines at 100, 180, and 300 K are demonstrated. The intercepts
here are nearly zero, which indicates the thermal contact resistance is
negligible in our measurement.

Overall, eight straight and three bent 3C-SiC nanowires with
diameters ranging from 120 to 280 nm are studied. Figure 2(b) shows
the temperature-dependent thermal conductivity of eight straight sam-
ples. They show a consistent thermal conductivity (33 + 2Wm 'K ')
at ambient temperature, implying no evident diameter dependence.
The thermal conductivity at room temperature of single crystal 3C-SiC
was measured to be 330 Wm ™' K~ 1,** while studies about SiC nano-
wires give a range of 12-120 Wm ™' K ' due to differences in crystal-
linity and geometric size.” *” Therefore, the thermal conductivity of
3C-SiC nanowires measured here is reasonable. According to the XRD
results (Fig. S1), the average grain size (40 = 9nm) here is much
smaller than the diameter of 3C-SiC nanowires, which renders the
grain boundary scattering the main reason for this relatively low ther-
mal conductivity.

To study the bent/strain effect of thermal conductivity, single and
long nanowires are used to exclude any measurement error from ther-
mal contact, as well as the possible inherent strain difference from
samples with different diameters. First, a long and uniform nanowire
is cut into two nanowires by the micro-manipulator (Imina
Technologies Micromanipulation Platform). One serves as the straight
nanowire for comparison and is transferred to a thermal bridge by the
micro-manipulator and thermally bridges two suspended membranes
[Fig. 1(a)]. Then, Pt/C pads are deposited, through the gas injection
system (GIS), to fix two ends of nanowires, which can induce addi-
tional thermal path to improve the thermal contact between the nano-
wire and membranes/electrodes.’ The other is also transferred onto a
thermal bridge, but only one end is fixed onto the membrane by Pt/C
deposition, while a Pt/C pillar is deposited in the other membrane
[blue dotted rectangle in Fig. 1(b)]. The free end of the SiC nanowire is
then bent with the micro-manipulator and blocked by the Pt pillar
from relaxation [Fig. 1(c)]. Finally, the Pt/C pad is deposited again to
fix this end [Fig. 1(d)], which helps enhance the thermal contact and
ensures it is consistent with the straight one.

To calculate the strain in bent SiC nanowires, we refer to the loop
test method and define the stress and strain as:’’

=E =E d 2

Emax = L X Omax = £ X D’ ( )

where E is Young’s modulus™ and d and D are the diameter of the

nanowire and the diameter of the nanowire loop, respectively.

Notably, the strain of bent nanowires is inhomogeneous along the

radial direction of the nanowire, in which compression strain and ten-

sile strain coexist, and &, and G, represent the maximum stress

and strain of the bent nanowire. Equation (2) indicates that strain

changes linearly from positive to negative when stress changes from
compression to tensile.

Three sets of samples with different strains, 1.93%, 1.51%, and
1.02%, are measured. Taking Young’s modulus of the [111]-oriented
SiC nanowires to be 500 GPa,” their stress is calculated to be 5.09,
7.25, and 9.66 GPa, respectively. Notably, it is just an estimation
because [111] is not the only crystallographic orientation [Fig. S1(a)].
The details of these samples are listed in Table I.
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FIG. 2. (a) The fitting lines of Rs x d vs L/d at 100, 180, and 300 K show the inter-
cept of nearly zero, indicating negligible thermal contact resistance. (b) The
diameter-independent thermal conductivity of straight 3C-SiC nanowires with tem-
perature ranging from 20 to 300K. (c) The predicted relationship between room
temperature thermal conductivity and grain size in 3C-SiC*° (blue dashed line),
along with previous experimental data by Collins et al,*’ Pickering et al,”
Rohde,”" and Price.>” The thermal conductivity in this work is consistent with the
theoretical prediction (red pentagram).

pubs.aip.org/aip/apl

TABLE 1. The details of bent 3C-SiC nanowires.

No.  d@m)  D(m)  omx(%) 1 (20K) (%)
Bl 170 16.9 1.02 28
B2 145 9.6 1.51 36
B3 200 104 1.93 55

The thermal conductivity of one bent sample vs temperature is
demonstrated in Fig. 3(a), which is remarkably suppressed compared
with the corresponding straight nanowires. For clarity, here we define
the relative change of thermal conductivity as

n="1"" o 100%, 3)

Ki
where x; and k;, are the thermal conductivity of intrinsic/straight
nanowire and bent nanowire. A negative correlation is reflected
between 7 and temperature, reaching up to 55% at 20 K for the nano-
wire with 1.93% strain, and being less than 10% when T>100 K.

@ e |
‘?10. ¢° S 160
T.:: * t 228 o (1).;3% _40i
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: \El}{}} {{ /_20

L SREIIEN

100
T (K)
(b)* 193%

804 < 1.51%
> 1.02%
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FIG. 3. (a) Comparison of thermal conductivity between straight and bent 3C-SiC
nanowires. (b) The relative change of thermal conductivity # reaches up to 55% at
T=20K in a bent nanowire of 1.93% strain and decreases with temperature. At
low temperatures, 7 shows an evident increasing trend with strain. Inset shows the
schematic diagram of a bent SiC nanowire divided into many layers; d is the diame-
ter of the nanowire, while D is the diameter of the fitting circle.
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All bent 3C-SiC nanowires show a descending # with temperature
[Fig. 3(a)].

Notably, the strain in the bent nanowires is nonuniform. The
normal stress is compressive on the concave side while tensile on the
convex side. It is known that the compressive strain will reduce the lat-
tice constant, which will modify phonon dispersion and change the
group velocity and specific heat."” Compressive strain can cause an
increase in thermal conductivity, while tensile strain has the opposite
effect, i.e., thermal conductivity decreases continuously as the applied
strain is changed from compressive to tensile. It seems that these two
kinds of strains should be symmetrically distributed and will counter-
act each other, which is, however, different from our measurement
results here that thermal conductivity decreases with increasing strain.

Few mechanisms have been proposed to explain the strain-
introduced thermal conductivity variation in nanowires. One of the
mechanisms is related to the diffusive-ballistic mixture picture. A nota-
ble effect from the strain can be found when the radius of the curvature
is one order of magnitude smaller than the phonon mean free path. It
is proposed that the curvature impedes ballistic phonon transport in
nanowires by phonon-boundary scattering and therefore reduces the
thermal conductivity.””*>*” This effect can be enhanced with a lower
temperature where the phonon mean free path is longer, which seems
quite satisfactory to our results. However, as mentioned above, these
nanowires measured are polycrystals with grain sizes of about 40 nm
[Fig. S1(a)], which suggests that the phonon mean free path should be
much less than the radius of the curvature, meaning the diffusive-
ballistic picture is illogic here.

To further uncover the physics mechanism of the strain effect,
the thermal conductivity x ~ cvl under the phonon gas model will be
discussed, where ¢, v, and ] are, respectively, the specific heat (has lim-
ited strain effect), the phonon group velocity, and the phonon mean
free path. Both phonon group velocity and the phonon mean free
path/relaxation time are believed to change under strain, but their con-
tributions to thermal conductivity are material-dependent. For exam-
ple, Li et al. found that mode-specific group velocities of phonons
decrease continuously from compressive to tensile,'” while Tang et al.
showed that both phonon relaxation time and group velocity shift dra-
matically."’ Similar results can also be found in other studies.
distinguish the different contributions from group velocity and pho-
non relaxation time, low-temperature thermal conductivity is studied.
As shown in Fig. 3(b), # changes from ~10% (at room temperature) to
~55% (at low temperatures), with nearly five times of magnitude
enhancement, strongly suggesting that the thermal conductivity
change under strain in this study is due to phonon relaxation time
since acoustic phonon group velocity is believed to be near tempera-
ture independent.”” This scenario is consistent with the inset of
Fig. 3(b) that thermal conductivity decreases due to the additional pho-
non scattering from inhomogeneous strain along the nanowire radius.

As shown in the inset of Fig. 3(b), the bent nanowire can be
divided into many layers along the radial direction, i.e., L; to Ly for
analysis.”' The strain can be assumed to be uniform in each layer, and
it changes from compress strain to tensile strain along the radial direc-
tion. Thus, every layer will have different phonon dispersion, which
means the overall phonon dispersion will broaden. This is confirmed
by the very recent research on bent silicon nanoribbons.** This pho-
non dispersion broadening would increase the phonon frequencies for
available scatterings and therefore promote and accelerate the

24,41,42
To
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phonon-phonon scattering rate. In addition, as nanowires are bended,
the phonon incident angle changes when across different layers, modi-
fying the scattering matrix and shortening the phonon lifetime.">*°

The temperature-dependent strain effect on thermal conductivity
can now be understood by the following picture. At higher tempera-
tures, the magnitude of 17 decreases with temperature and the increasing
trend with strain is not obvious due to the experimental errors, while in
the low-temperature range, thermal transport in stress-free nanowires
is dominated by long-wavelength phonons, which are mainly scattered
by the grain boundary. In bent nanowires, phonon scattering is
enhanced due to strain-induced defects and variation in the scattering
matrix, leading to an evident reduction in thermal conductivity.
However, in the high-temperature range, the Umklapp process domi-
nates thermal transport over the strain effect. The mean free path of
phonons is remarkably suppressed, rendering the strain effect trivial.
Consequently, a reduction in thermal conductivity is more evident in
the low-temperature range than that in the high-temperature range.

Finally, we discuss the possible strain/curvature changes with
decreasing temperature due to the possibly different thermal expansion
coefficients between micro-bridges and the samples. The thermal
expansion coefficient of polycrystal 3C-SiC*” is found to be around
2.8 x 10K}, while that of thin film SiNxJ‘8 is about 3.3 x 10 °K %,
These low thermal expansion coefficients and small differences
between the two materials indicate that the length/curvature changes
should be less than 0.1% as temperature descends, leading to negligible
stress effect from curvature when temperature changes, according to
Eq. (2).

In summary, we measured the thermal conductivity of eight
straight and three bent SiC nanowires by the thermal bridge method.
A reduction in bent SiC nanowires is observed compared to straight
samples. Additionally, relative thermal conductivity change shows a
decreasing trend with increasing temperature and an increasing trend
with the applied strain at low temperatures. Our results suggest that
phonon scattering from the inhomogeneous deformation by strain
along the radial direction of the nanowire is the key to the reduction of
thermal conductivity.

See the supplementary material for details of SiC nanowires char-
acterization including x-ray diffraction and Raman spectrum (Fig. S1),
and the analysis of experimental errors.
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