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Nanoscale structures can produce extreme strain that enables unprecedented
material properties, such as tailored electronic bandgap'™, elevated superconducting
temperature®” and enhanced electrocatalytic activity®®. While uniform strains are

known to elicit limited effects on heat flow'* ", the impact of inhomogeneous strains

has remained elusive owing to the coexistence of interfaces

16-20 21-23

and defects

Here we address this gap by introducing inhomogeneous strain through bending
individual silicon nanoribbons on a custom-fabricated microdevice and measuring
its effect on thermal transport while characterizing the strain-dependent vibrational
spectra with sub-nanometre resolution. Our results show that a strain gradient of
0.112% per nanometre could lead to a drastic thermal conductivity reduction of

34 + 5%, in clear contrast to the nearly constant values measured under uniform
strains'®>*15, We further map the local lattice vibrational spectra using electron
energy-loss spectroscopy, which reveals phonon peak shifts of several millielectron-
volts along the strain gradient. This unique phonon spectrabroadening effect
intensifies phonon scattering and substantially impedes thermal transport, as
evidenced by first-principles calculations. Our work uncovers a crucial piece of the
long-standing puzzle of lattice dynamics under inhomogeneous strain, whichis
absent under uniform strain and eludes conventional understanding.

There is a mantra in the realm of material mechanics, ‘smaller is
stronger’, the science of whichtook rootin the 1950s and is vigorously
developing today®. As nanomaterials are mechanically much stronger,
significantly higher strains can be applied to tune their physicochemi-
cal properties thanare possible with traditional materials®**. Based on
this, we canrationally engineer aspectrum of advanced functionalities
ranging from transistors'?, solar cells*and photodetectors® to batter-
ies®, superconductors’ and electrocatalysts®’. Despite extensive inves-
tigations into strain-engineered electronic properties'®, the intricate
phonon transport mechanism subjected to inhomogeneous strain
remains largely unexplored™®, This is especially frustrating given that
precise thermal management stands as a critical bottleneck to device
efficiency and lifespan®%,

One prevalent method for introducing strain involves growing
thin epitaxial layers on substrates with lattice mismatch'>7, such as
Sion SiGe (ref. 27), and research has been conducted to investigate
thermal transport through various epitaxial layers'®2°*, However,
although low thermal conductivity (k) values—even below those of
their alloy counterparts—have been observed'®?, the effects of strain
gradient through the epitaxial layers are experimentally difficult to
decouple from the interfacial phonon boundary scattering effects®,

which presents a daunting challenge to drawing a solid conclusion on
the physical origin of the ultra-low . Similarly, although dislocations
and vacancies could scatter phonons in various functional devices®’,
itremains aformidable challenge toisolate their effects from those of
long-range strain fields introduced by these defects, which could also
impede thermal transport via an increase in vibrational anharmonic-
ity?’ 2. Consequently, questions regarding the cause of the unusual and
somewhat perplexing thermal behaviour in these functional materials
have lingered unanswered.

While elastic strain engineering oftenrelies on highly inhomogene-
ous stress produced by nanoscale deformation (for example, by epitax-
iallayer growth', defects and vacancies®’, or lithography patterning®),
most studies of strain effects on thermal transport to date have centred
around materials under the simplified condition of uniform stress'® ™,
The major challenges in experimentally quantifying the effects of inho-
mogeneous strainon thermal transportinclude applying stress exclu-
sively, withoutintroducing confounding factors (such as interfaces and
defects) and combining thermal measurements with sub-nanometre
resolved characterization of the phonon spectra. Here, weinduce inho-
mogeneous strain through bending individual silicon nanoribbons
(SiNRs) on a custom-fabricated microdevice and measureits effecton
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Fig.1|Remarkable suppression of thermal transportby inhomogeneous
straininSi. a, k change as a function of uniformand inhomogeneous elastic
strain up to approximately 6%. Both the experimentally measured (filled symbols)
and theoretically modelled (empty symbols) k change for bulk Si (refs. 13,14)
and Sinanowire'*" under uniform strain remain nearly constant, while the
measured data for bent Sinanoribbons rises sharply withincreasing strain
(half-filled). Note that the larger x change of several data points under uniform
strain of less than 1% is probably due to the measurement uncertainties*.

b, Schematic of the suspended micro-bridge device with abent Sinanoribbon

thermal transport while characterizing the local vibrational spectra
using electron energy-loss spectroscopy (EELS) in ascanning transmis-
sionelectron microscope (STEM) with sub-nanometre resolution. Our
results show thatastraingradient of 0.112% per nanometre could lead to
adrastick reduction of 34 + 5%, whichis over 3-fold of previously dem-
onstrated k modulation under uniform strain (see summary in Fig. 1a).
Taking advantage of recent progress in EELS equipped with a mono-
chromatorinanaberration-corrected STEM* %, we directly measured
thelocal phonon modes and correlated them with the nanometre-scale
strain gradient. Results show that the bending-induced lattice strain
gradient significantly alters the vibrational states and broadens the
phonon spectra. Coupled with ab initio theoretical modelling, this
broadeningeffectis shown toenhance phononscattering and shorten
phonon lifetimes, ultimately contributing to a suppressed k.

kreductioninbent SiNRs

We studied the impact ofinhomogeneous strain on phonon transport
by bendingindividual SiNRs onacustom microdevice and measuring x
across awide temperature range (Fig. 1b). We fabricated single crystal-
line straight and kinked SiNRs with the same rectangular cross-sectional
dimensions (34 nm x 85 nm) using electron-beam lithography, as
describedinour previous reports (Methods)***’. Using an in-house-built
microprobe, we precisely bent the nanoribbon to bridge the gap of the
suspended microheater device, withbothendsanchored tounderlying
Ptelectrodes using electron-beam-induced deposition of Pt/C (Fig. 1b).
This approach introduces inhomogeneous strain without involving
complexity from other factors, forexample, frominterfaces and defects
(Extended Data Figs. 1and 2). As shown in Fig. 1b, atoms below the
centre line experience anincreasein the interatomic distance a along
the axial direction due to tensile strain, while atoms in the upper part
experience areductioninadue to compression. The k of each sample
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Bent SiNFi"“
without kink_'

placedtobridge the gap, where the zoomed-in view highlights the distorted
lattice due to theinhomogeneous strain. ¢, High-resolution transmission
electron microscopy image showing the lattice of abent Sinanoribbon, where
theinsetshowsaselected areaelectrondiffraction patterntakenalongthe
[110] zone axis. d,e, SEM images of two bent Sinanoribbons without kink under
the maximum strain of 0.65% (d) and 1.23% (e). The calculated strain contour is
overlaid on top of the SEM images to visualize the strain distribution. Scale
bars,2nm(c),500 nm(d,e).

was then measured using the well-established microthermal bridge
scheme (Methods)**°. The high-resolution transmission electron
microscopy micrograph of a bent nanoribbon and the selected area
electrondiffraction pattern verify the single crystalline nature (Fig. 1c
and Extended Data Figs. 1and 2). In Fig. 1d,e, we show the calculated
strain distribution for each bent SiNR using finite element analysis
(Methods). The maximum principal strain, &,,,,, for each case is marked
near the bending apex. Notably, we ensured that the maximum strain
exerted on the SiNRs was low enough to avoid any phase transitions'.
We also analysed the length of strained SiNRs in which the principal
strain on the cross-section was greater than 0.5¢,,,, and found that
ratio of the strained portion to the measured total length is roughly
the same within two groups of SiNRs without and with kink (Methods).

We compared the k of stress-free SiNRs (Extended Data Fig. 3) with
that of bent SiNRs to understand theimpact ofinhomogeneous strain
onphonon transport. Figure 2a,b shows that the k of the bent SiNRs is
appreciably lower than that of the stress-free SiNR, and the reduction
inkincreases as &, increases. Specifically, the measured x reduction
is 4.2% at 300 K for bent SiNR no. 1 with &, = 0.65%, which increases
t013.1% for bent SiNR no. 2 with £,,,, = 1.23%. Note that as the radius of
curvature (greater than1,380 nm) is much larger than the cross-section
(34 nm x 85 nm) tested in this work, the curved geometry of the bent
SiNRs has only amarginalimpact on phonontransport (lessthana3.3%
x reduction, Supplementary Fig. 4)*. Thus, the observed k reduction
could be safely attributed to the curvature-induced strain gradientin
the bent SiNRs.

Toincrease the straingradient and boost the strain effects on phonon
transport, bent SiNRs withkink are prepared and measured. The pres-
ence of akink canreduce the length over which the SiNR is deformed,
thereby facilitating the development of large strains given similar levels
of deflection. Indeed, as shownin Fig. 2c-f, in contrast to the bent SiNRs
without kink, the kinked morphology could lead to enhanced ¢,,,, as
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Fig.2| Temperature-dependent k of bent Sinanoribbons. a, Measured x of
bent SiNRs without kink, where the measured results for the stress-free
counterpartare also plotted for comparison. b, k reduction of the two bent
SiNRsinawithrespecttothestress-free counterpart. The solid lines are modelled
results considering strain gradient-induced phononscattering. c-f, SEM
images of four bent SiNRs with kink under maximum train of 2.04% (c), 3.12%
(d),3.91% (e) and 4.77% (f). The calculated strain contour is overlaid on top of

evidenced by the finite element analysis results (overlaid on the scan-
ning electron microscope (SEM) images). As a result, the measured
k exhibits a much stronger reduction compared with the stress-free
kinked counterpart (Extended DataFig. 3), and for the bent SiNR with
kink no. 4 under ¢,,,, 0of 4.77%, its k reduction escalates to 34 + 5% at
300 K, which furtherincreases to43 + 6% as the temperature drops to
50 K (Fig. 2g,h). In stark contrast to the previously measured, nearly
constant k of Si under uniform strain** up to approximately 5.5%, the
bending-induced inhomogeneous strain leads to a steep increasing
trendinkreduction, showcasing the remarkable suppression of thermal
transport under a moderate strain gradient of 0.112% per nanometre.
Note that this level of strain gradient is several orders of magnitude
lower than naturally occurring defects-induced strain gradients*.

Phonon spectraalong strain gradient

To reveal the strain effect on phonon transport, direct measurement
of'the local phonon spectra of bent SiNRs and characterization of the
strain-dependent evolution of phonon modes along the strain gradient
are highly desirable. Although the shift in phonon frequency under
uniformstrain has been observed using conventional techniques, such
asRaman spectroscopy®, theimpact of inhomogeneous strain has not
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the SEM images to visualize the strain distribution. g, Measured x of the
stress-free and bent SiNRs with kinks. h, k reduction of four bent ribbons with
kinking, comparedto the stress-free counterpart, where the solid lines are
modelled results. The error barsinaand g represent uncertainties from
measurements of the thermal conductance, length and cross-sectional area
ofthe nanoribbons (Supplementary Note 2). Scalebars,1pm (c,d,e,f).

drawn much attention, owing to the substantial experimental chal-
lenges associated with resolving the millielectron-volt-scale peak shift
atnanometre level. Recent developmentsin STEM-EELS with combined
millielectron-volt (meV) energy resolution and sub-nanometre spatial
resolution have enabled nanoscale and atomic-scale probing of lattice
vibrationalmodes in Si (refs. 31,32) and around the structural defects®.
The experimental setupisillustrated in Fig. 3a, where a 60 keV electron
beamisfocused toasub-nanometre spot using aberration correction,
andamonochromator is also used to refine its energy resolution®**, An
EELS apertureis placed on the diffraction plane toselect the scattered
electrons with particular momentum transfers to analyse their energy
loss, fromwhichthe corresponding phonon spectra canbe extracted.
Figure 3bis a high-angle annular dark field (HAADF) image of a bent
SiNR with a kink, overlaid with the calculated strain field. Figure 3c is
azoomed-in view of the bent SiNR, and EELS spectra are recorded at
selected points along the strain gradient.

Figure 3d displays the local vibrational spectra for the transverse
acoustic and transverse optical modes acquired at five positions
(P1to P5) under different strain states. Notably, the transverse acoustic
mode exhibits ablueshiftasit transitions from compressive to tensile
strain, resulting in a phonon peak shift of approximately 2.2 meV under
approximately 6.4% strain difference. Conversely, the transverse optical
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Fig.3|Spatially resolving the strain-modulated phonon modes. a, Schematic
diagram of STEM-EELS to probe vibrational modes along the strain gradient of
abentSinanoribbon.b,c, AnHAADF image of abent Sinanoribbon with kink
(b) and zoomed-in view of the region for EELS measurements (c), where the
calculated strain contour is overlaid on top.d, Measured EELS profiles for the
transverse acoustic (TA) and transverse optical (TO) phonon modes at different
positions (P1to P5) along the strain gradient, where the transverse acoustic
mode exhibits ablueshift of approximately 2.2 meV, whereas the transverse
optical mode shows a redshift of approximately 6.0 meV as the elastic strain

mode displays a redshift of approximately 6.0 meV asit undergoes the
same strain gradient from compressive to tensile strain. To further
elucidate the bending-induced phonon frequency shift in SiNRs, the
EELS spectra are recorded within the selected rectangular region for
another bent SiNR without kink (Fig. 3e). The signals are acquired by
summing each columnspectra of the three-dimensional dataset along
the axial direction (perpendicular to the strain gradient) to enhance
the signal-to-noise ratio (Methods). Figure 3fillustrates the vibrational
spectra map for the transverse acoustic and transverse optical mode
alongthestrain gradient direction. To better show the phononspectra
evolution under inhomogeneous strain, the EELS line profiles at each
strain state are plotted in Fig. 3g. Similarly, as it moves from compres-
sive to tensile strain under approximately 4.6% strain difference, the
transverse acoustic mode exhibits ablueshift of approximately 1.5 meV,
whereas the transverse optical mode exhibits a redshift of approxi-
mately 4.2 meV. This aligns well with the measured EELS profiles in
Fig.3b-d and the recorded results for transverse acoustic mode at a
different location for the same straight SiNR (Extended Data Fig. 4).
These STEM-EELS data, obtained at very high spatial and energy reso-
lutions, provide direct evidence that phonon spectra could be signifi-
cantly modified under aninhomogeneous strain field withamoderate
strain gradient.

The as-acquired vibrational spectra encompass momentum-
integrated vibrationalmodes across the entire Brillouinzone and closely
resemble the projected phonon density of states*. In comparison with
the experimental results, we performed ab initio calculations of the
density of states and found good consistency for the phonon-mode
evolution: as the elastic strain transitions from compression to tension,
the transverse acoustic phonon exhibits ablueshift whereas the trans-
verse optical phonon demonstrates a redshift, confirming the altered
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varies from-3.14%to 3.26%. The peak position is extracted via Gaussian fitting.
e, AnHAADF image for abent SiNRwithoutkink. Theyellow rectangle represents
theareawhere the EELS signalsare acquired by summing each columnspectra
ofthe three-dimension dataset along the axial direction (perpendicular to the
strain gradient) to enhance the signal-to-noiseratio. f, Vibrational spectra map
for the transverse acoustic and transverse optical modes along the beam shift
direction. g, Measured EELS line profiles along the strain gradient for the
regionmarkedine. Topxaxisin(d) and (g) represent the phonon frequency

in THz.Scale bars,200 nm (b), 50 nm (c, e). a.u., arbitrary units.

vibrational states due to lattice distortion (Extended Data Fig. 5). This
isalso in good agreement with the theoretically calculated phonon
dispersion under uniform strain'>**, Unlike previously observed EELS
peak shift around heterointerface or defects, which are complicated
by the coexistence of interfacial and/or defect phonon modes and
strain gradient-modulated phonon modes***, the observed peak shift
inbent SiNRs is unequivocally attributed to lattice strain. This strain
gradient-dependent shift in the phonon EELS spectra serves as a sig-
nature of phonon spectra broadening effect, which is responsible for
the remarkable x reduction, as discussed below in more detail.

Phonon spectrabroadening effect

The statically distributed lattice straininduces a broadening effect in
phonon frequency at a given wave vector, resulting in enhanced pho-
nonscattering rates. For the simple case of aone-dimensional atomic
chain with atomic mass of M, the phonon dispersion is given by
w=2 % sin %l:‘—c ,where Fand k are the force constant and phonon
wave vector, respectively, and k. is the cut-off wave vector®***, This
manifests as a single line for the relationship between w and k that
governs phonon transport through the atomic chain (Fig. 4a). However,
for the case of bent SiNRs investigated in this work, the existence of a
lattice strain gradient introduces external perturbations in atomic
distances and, consequently, in effective interatomic force constants,
F (Fig. 4a). This leads to a unique perturbation effect in phonon fre-
quency (w) and translates into the phonon spectra broadening effect
evidenced by the EELS measurements (Fig. 3). Distinct from the case
of uniformstrain, where each phonon branch has a specific dispersion
relation as asingle line*, the presence of inhomogeneous strain gives
rise to a frequency distribution at a given wave vector (Fig. 4b, left).
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the phonon frequencyin meV. The characteristic phonon frequency at 300 Kis

This phonon spectra broadening effect intensifies the diversity of
available phonon frequencies, promoting faster relaxation of phonons
backtotheir equilibrium states. Consequently, it accelerates phonon-
phonon scattering rates and shortens the phonon lifetime. This pre-
sents as a fundamentally new phonon scattering mechanism that is
absent in the context of uniform strain and is beyond conventional
understanding.

Toevaluate theimpact of phononspectrabroadening on heat trans-
port, we employed a combination of first-principles calculations and
the Boltzmann transport equation*®*” to model xk under varying mag-
nitudes ofinhomogeneous strain (Methods). To examine the influence
of strain gradients on phonon transport, we calculated the atomic
interaction cut-off distance*, which reflects the phonon interaction
radiusinreal space and thus determines how far alattice vibration can
sense the strain gradient (Methods). Based on this, we can calculate
thestraingradient-induced phononscatteringrate, T;é, whichisshown
for each phonon mode under the strain gradient of approximately
0.117% nm™ (10% strain difference over 85 nm width) at 300 K (Fig. 4b,

Frequency (THz)

estimated as fp: kgT/2mh, where kyand 7 are the Boltzmann and reduced Planck
constants, respectively. Inset, atomicinteraction cut-off distance calculation
using density functional theory. ¢, Phonon-mode-dependent scattering rate
duetostraingradient, r;é, under differentstraingradientsat 300 K. d, Ratio of
strain gradient-induced phononscattering over total phononscattering rate,
r;;/t[gt, foreach phononmodeat 300 K. Topxaxisin (c) and (d) represent the

phonon frequency in meV.

right; Methods). We further compared our measured x reduction of
SiNRs under different bending strains with theoretical modelling.
Indeed, the modelled k demonstrated a larger reduction as the strain
gradientincreases, recapturing the trend of the experimentally meas-
ured results of bent SiNRs (Fig. 2b,h).

To further illustrate the altered phonon scattering process, we cal-
culated phonon-mode-dependent scattering rates at 300 K with dif-
ferent strain gradient values. As the strain gradient increases, the
phononfrequency distribution widens, which facilitates three-phonon
scattering and results in an enlarged phonon scattering phase space
(Supplementary Fig. 10). This is directly manifested by isolating the
strain-gradient-induced phononscattering term, r;gl, whichincreases
by nearly one order of magnitude as the strain gradient increases
from 0.038% nm™ to 0.112% nm. Furthermore, we evaluated the
contribution ofrsg1 to the total phonon scattering rate 7., through
r;gl/rt’ét (Fig.4d).Itisevident that the strain gradient poses amore pro-
nounced effect on heat-carrying acoustic phonons with frequencies

below approximately 6 THz. This observation aligns well with the
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experimentally measured larger x reduction as temperature reduces
(Fig.2b,h), aslower frequency acoustic phonons make alarger contri-
bution to thermal transport at lower temperatures. The reduced con-
tribution from low frequency phononsis further corroborated by the
calculated x accumulation curve (Supplementary Fig. 12). Taken
together, as evidenced by the acquired EELS peak shift along the strain
gradient, our theoretical modelling clearly verifies that the atomistic
origin of thisremarkable k reductionin bent SiNRs indeed arises from
the enhanced phononscatteringinduced by the unique phonon spec-
trabroadening effect.

Conclusions and outlook

Through developing experimental characterization tools that span
from micrometre to atomic scale, and pairing with ab initio theoreti-
calmodelling, our study provides a crucial piece to the long-standing
puzzleregarding the impact of inhomogeneous strain on phonontrans-
port. Asaresult, this study not only unequivocally reveals the remark-
able impact of inhomogeneous strain on thermal transport, but also
offersinsights for theinnovative design of strain-engineering-enabled
functional devices. For example, the synergisticinterplay between the
reduction inlattice k induced by strain gradients and the previously
demonstrated enhancement of carrier mobility**® presents a new
strategy for developing high-performance thermoelectricenergy con-
verters. Additionally, this degree of k modulation can enable functional
thermal switches through elastically tuninginhomogeneous strain in
nanoribbon arrays for dynamic heat flux control.

Online content

Anymethods, additional references, Nature Portfolio reporting summa-
ries, source data, extended data, supplementary information, acknowl-
edgements, peer review information; details of author contributions
and competinginterests; and statements of data and code availability
are available at https://doi.org/10.1038/s41586-024-07390-4.

1. Balaghi, L. et al. Widely tunable GaAs bandgap via strain engineering in core/shell
nanowires with large lattice mismatch. Nat. Commun. 10, 2793 (2019).

2. Conesa-Boj, S. et al. Boosting hole mobility in coherently strained [110]-oriented Ge-Si
core-shell nanowires. Nano Lett. 17, 2259-2264 (2017).

3. Zhu, C. et al. Strain engineering in perovskite solar cells and its impacts on carrier
dynamics. Nat. Commun. 10, 815 (2019).

4. Jiang, J. et al. Synergistic strain engineering of perovskite single crystals for highly stable
and sensitive X-ray detectors with low-bias imaging and monitoring. Nat. Photonics 16,
575-581(2022).

5. Jiang, M. et al. Strain-regulated Gibbs free energy enables reversible redox chemistry of
chalcogenides for sodium ion batteries. Nat. Commun. 13, 5588 (2022).

6. Li, J., Shan, Z. & Ma, E. Elastic strain engineering for unprecedented materials properties.
MRS Bull. 39,108-114 (2014).

7. Choi, E.-M. et al. 3D strain-induced superconductivity in La,CuQ,,s using a simple
vertically aligned nanocomposite approach. Sci. Adv. 5, eaav5532 (2019).

8. Ling, T. et al. Activating cobalt(ll) oxide nanorods for efficient electrocatalysis by strain
engineering. Nat. Commun. 8, 1509 (2017).

9. Wu, G. etal. In-plane strain engineering in ultrathin noble metal nanosheets boosts the
intrinsic electrocatalytic hydrogen evolution activity. Nat. Commun. 13, 4200 (2022).

10. Zhou, Y., Dong, Z.Y., Hsieh, W. P., Goncharov, A. F. & Chen, X. J. Thermal conductivity of
materials under pressure. Nat. Rev. Phys. 4, 319-335 (2022).

1. Li, S. etal. Anomalous thermal transport under high pressure in boron arsenide. Nature
612, 459-464 (2022).

12.  Li, X., Maute, K., Dunn, M. & Yang, R. Strain effects on the thermal conductivity of
nanostructures. Phys. Rev. B 81, 245318 (2010).

13.  Parrish, K. D., Jain, A., Larkin, J. M., Saidi, W. A. & McGaughey, A. J. H. Origins of thermal
conductivity changes in strained crystals. Phys. Rev. B 90, 235201 (2014).

14. Hohensee, G. T, Fellinger, M. R., Trinkle, D. R. & Cahill, D. G. Thermal transport across
high-pressure semiconductor-metal transition in Si and Sig ¢e:G€000e- Phys. Rev. B 91,
205104 (2015).

1026 | Nature | Vol 629 | 30 May 2024

15.  Murphy, K. F., Piccione, B., Zanjani, M. B., Lukes, J. R. & Gianola, D. S. Strain- and
defect-mediated thermal conductivity in silicon nanowires. Nano Lett. 14, 3785-3792
(2014).

16. Lee, S. M., Cahill, D. G. & Venkatasubramanian, R. Thermal conductivity of Si-Ge
superlattices. Appl. Phys. Lett. 70, 2957 (1998).

17. Abramson, A. R., Tien, C. L. & Majumdar, A. Interface and strain effects on the thermal
conductivity of heterostructures: A molecular dynamics study. J. Heat Transfer 124,
963-970 (2002).

18. Hopkins, P. E. et al. Effects of coherent ferroelastic domain walls on the thermal
conductivity and Kapitza conductance in bismuth ferrite. Appl. Phys. Lett. 102, 121903
(2013).

19. Sarantopoulos, A., Ong, W.-L., Malen, J. A. & Rivadulla, F. Effect of epitaxial strain and
vacancies on the ferroelectric-like response of CaTiO; thin films. Appl. Phys. Lett. 113,
182902 (2018).

20. Ning, S. et al. Anomalous defect dependence of thermal conductivity in epitaxial WO,
thin films. Adv. Mater. 31, 1903738 (2019).

21.  Carruthers, P. Theory of thermal conductivity of solids at low temperatures. Rev. Mod.
Phys. 33, 92 (1961).

22. Herring, C. Role of low-energy phonons in thermal conduction. Phys. Rev. 95, 954 (1954).

23. Klemens, P. G. The scattering of low-frequency lattice waves by static imperfections.
Proc. Phys. Soc. A 68, 1113-1128 (1955).

24. Dai, Z., Liu, L. & Zhang, Z. Strain engineering of 2D materials: issues and opportunities at
the interface. Adv. Mater. 31, 1805417 (2019).

25. Moore, A. L. & Shi, L. Emerging challenges and materials for thermal management of
electronics. Mater. Today 17, 163-174 (2014).

26. Pop, E. Energy dissipation and transport in nanoscale devices. Nano Res. 3, 147-169
(2010).

27.  Chu, M., Sun, Y., Aghoram, U. & Thompson, S. E. Strain: a solution for higher carrier
mobility in nanoscale MOSFETs. Annu. Rev. Mater. Res. 39, 203-229 (2009).

28. Gu, X., Li, X. & Yang, R. Phonon transmission across Mg,Si/Mg,Si,Sn, interfaces:

a first-principles-based atomistic Green’s function study. Phys. Rev. B 91, 205313 (2015).

29. Capinski, W. S. & Maris, H. J. Thermal conductivity of GaAs/AlAs superlattices. Physica B
Condens. Matter 219-220, 699-701 (1996).

30. Li, H. etal. Optoelectronic crystal of artificial atoms in strain-textured molybdenum
disulphide. Nat. Commun. 6, 7381 (2015).

31.  Krivanek, O. L. et al. Vibrational spectroscopy in the electron microscope. Nature 514,
209-212 (2014).

32. Venkatraman, K., Levin, B. D. A., March, K., Rez, P. & Crozier, P. A. Vibrational spectroscopy
at atomic resolution with electron impact scattering. Nat. Phys. 15, 1237-1241(2019).

33. Haas, B. et al. Atomic-resolution mapping of localized phonon modes at grain
boundaries. Nano Lett. 23, 5975-5980 (2023).

34. Qi,R. etal. Four-dimensional vibrational spectroscopy for nanoscale mapping of phonon
dispersion in BN nanotubes. Nat. Commun. 12, 1179 (2021).

35. Qi, R. etal. Measuring phonon dispersion at an interface. Nature 599, 399-403 (2021).

36. Yang, L. et al. Thermal conductivity of individual silicon nanoribbons. Nanoscale 8,
17895-17901(2016).

37. Yang, L. etal. Kink as a new degree of freedom to tune the thermal conductivity of Si
nanoribbons. J. Appl. Phys. 126, 155103 (2019).

38. Shi, L. et al. Measuring thermal and thermoelectric properties of one-dimensional
nanostructures using a microfabricated device. J. Heat Transfer 125, 881-888 (2003).

39. Yang, L. etal. Observation of superdiffusive phonon transport in aligned atomic chains.
Nat. Nanotechnol. 16, 764-768 (2021).

40. Yang, L. et al. High thermoelectric figure of merit of porous Si nanowires from 300 to 700
K. Nat. Commun. 12, 3926 (2021).

41, Liy, L.-C., Huang, M.-J,, Yang, R., Jeng, M.-S. & Yang, C.-C. Curvature effect on the phonon
thermal conductivity of dielectric nanowires. J. Appl. Phys. 105, 104313 (2009).

42. Gao, P. et al. Atomic-scale measurement of flexoelectric polarization at SrTiO,
dislocations. Phys. Rev. Lett. 120, 267601 (2018).

43. Yan, X. et al. Single-defect phonons imaged by electron microscopy. Nature 589, 65-69
(2021).

44. Wu, Y. et al. Lattice strain advances thermoelectrics. Joule 3, 1276-1288 (2019).

45. Wu, Y. et al. Thermoelectric enhancements in PbTe alloys due to dislocation-induced
strains and converged bands. Adv. Sci. 7, 1902628 (2020).

46. Kresse, G. & Joubert, D. From ultrasoft pseudopotentials to the projector augmented-
wave method. Phys. Rev. B 59, 1758-1775 (1999).

47.  Li, W., Carrete, J., Katcho, N. A. & Mingo, N. ShengBTE: a solver of the Boltzmann transport
equation for phonons. Comput. Phys. Commun. 185, 1747-1758 (2014).

48. Niquet, Y.-M., Delerue, C. & Krzeminski, C. Effects of strain on the carrier mobility in silicon
nanowires. Nano Lett. 12, 3545-3550 (2012).

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds exclusive rights to this
article under a publishing agreement with the author(s) or other rightsholder(s); author
self-archiving of the accepted manuscript version of this article is solely governed by the
terms of such publishing agreement and applicable law.

© The Author(s), under exclusive licence to Springer Nature Limited 2024


https://doi.org/10.1038/s41586-024-07390-4

Methods

Sinanoribbon fabrication

The SiNRs were fabricated from 6 inch (150 mm) silicon-on-insulator
(SOI) wafers (p-type boron doped Si<100>withadopant concentration
0f 0.7-1.5 x 10" cm, SimguiTechnology Co., Ltd). The SOl wafers pos-
sess a140-nm-thick top silicon device layer and a 500 nmburied oxide
layer.Inthe fabrication process, the SOl wafer first went through ather-
mal oxidation process to oxidize atargeted thickness of the devicesili-
conlayer, after which the resulted silicon oxide layer was removed with
buffered oxide etch (6:1). Then the wafer was cutinto 30 mm x 30 mm
pieces and patterned into nanoribbons using E-beam lithography (JEOL
6300) and reactive ion plasma etching (Oxford PlasmaPro), leading to
ribbons anchored on two separated islands (Supplementary Fig. 1).
Note that during E-beam lithography, to compensate for the interfer-
ence effects between the electron beams, proximity effect correction
was performed using NanoPECS software. Finally, wet hydrofluoric
acid etching (10:1) and critical point dry were used to remove the
underneath oxide and release the Si nanoribbons into freestanding
structures.

Sinanoribbon bending procedures

To introduce strain gradient within the ribbon, one end of the ribbon
is first picked up by a sharp tungsten microprobe with tip radius of
approximately 100 nm, with the other end well attached with the flat
Ptelectrode via van der Waalsinteraction (Extended DataFig. 6). Then,
through careful manipulation using the microprobe, we deliberately
bendthenanoribbonwith certain curvature, asshowninFig.1d,e. After
this, both ends of the sample are firmly anchored with the underlying
Ptelectrodes via electron-beam-induced deposition of Pt/C. By doing
this, we are able to exclusively introduce an inhomogeneous strain
field within the nanoribbon without the complexity of involving other
factors, such asinterfaces, defects, etc. A visual representation of the
entire sample preparation processis also provided in anaccompanying
illustrationvideo (Supplementary video1). The elastic strain distribu-
tion is numerically calculated based on the geometry and bending
configuration using finite element modelling.

Kmeasurement

We conducted the k measurementsin acryostat (Janis CCS-400/204)
operated under a high vacuum (<1 x 10~® mbar) with a dual radiation
shield configuration. For k measurements, a Wheatstone bridge
scheme was applied at the sensing side to improve measurement
sensitivity (approximately 36 pW K™). The background thermal con-
ductance between the suspended membranes was measured sepa-
rately and subtracted from the measured thermal conductance of
the sample. To evaluate the k, we obtained the cross-sectional area
of tested samples by measuring the width using SEM and thickness
using atomic force microscopy. We have confirmed that the contact
thermal resistance poses negligible effects on the measured total
thermal resistance (Extended Data Fig. 7), and the detailed exami-
nation on the effects of contact thermal resistance can be found in
Supplementary Note 3.

Strain distribution analysis

The initial geometric model of each SiNR sample is constructed in
a commercial finite element software, ABAQUS, exactly following
its dimensions measured in experiments. We used beam elements
considering the geometric nonlinearity with mesh sensitivity verified.
The bent SiNRs with different configurations are simulated by the
loads applied only at the two ends, aligning with the actual experi-
mental setting. Note that for straight SiNRs, a small perturbation load
(inadditiontotheendloads) s first used toinitiate instability and then
released after the desired configurationis achieved. We identified the
maximum principal strain g, inthe deformed configuration of each

ribbon. We calculated the arclength of the ribbon whose cross-section
is subject to principal strain greater than 0.5¢,,,. The ratio of this
calculated arclength to the total length of the ribbon is roughly the
same within each group of bent SiNRs without and with kink. Specifi-
cally, theratiois 57.5% and 54.9% for the bent SiINR nos.1and 2 and is
36.4%,32.2%,38.9% and 35.5% for bent SINR with kink nos. 1,2,3 and 4,
respectively.

EELS characterization

The EELS data was acquired on a Nion U-HERMES200 microscope
equipped withboth amonochromator and aberration corrector, with
anapproximately 10 pAbeam current operated at 60 kV. Although such
ameasurement can reach atomic resolutions for Si (refs. 32,33), the
resolution here was set to be sub-nanometre scale to precisely correlate
with the nanoscale strain distribution and further avoid the possible
complicating effects between the on-column and off-column measure-
ments®*®, The point analysis spectra are acquired at the five selected
points alongthe strain gradient (Fig.3b,c). Anelectronbeam withacon-
vergence semi-angle of 20 mrad was used, and the collection semi-angle
of the circular aperture with diameter of 1 mm is 25 mrad. The point
analysis spectraare averaged using long acquisition time and measur-
ing about 50 times to reduce the signal noise. The three-dimensional
EELS datasets were acquired with 35 mrad convergence semi-angle
and 25 mrad collection semi-angle. The typical energy resolution
under these conditions is about 8.5 meV, and the spatial resolution
is better than 220 pm. The typical dwell time was 2-5 s per pixel and
approximately 120 min for each dataset in total (30 pixel x 50 pixel,
but slightly adjusted for each dataset). The acquired spectra of the
three-dimensional EELS datasets were first aligned by the zero-loss peak
position to correct possible beam energy drift. After the alignment,
the spectrawere normalized by the zero-loss peak total intensity. Then
the block-matching and three-dimensional filtering (BM3D) algorithm
was applied to remove Gaussian noise*. After that, the zero-loss peak
was removed by fitting the spectra to the Pearson VII function®® with
two energy windows, 13-18 meV and 200-230 meV (one before and
one after the energy-loss region). Lucy-Richardson deconvolution
was then employed to ameliorate the broadening effect caused by the
finite energy resolution®*, taking the zero-loss peak as the point spread
function, where the zero-loss peak is acquired in vacuum containing
no phonon signals. Finally, the spectra were summed along the axial
direction (perpendicular to the strain gradient direction) to enhance
the signal-to-noise ratio. The Gaussian fits of the EELS peaks give the
energy of the peaks.

Modelling phonon transport underinhomogeneous strain

To investigate the phonon spectra broadening effect, we compared
the modelled reductionin x for bulk Si with and without strain gradi-
entto the experimentally measured kreduction of the SiNRs (Fig. 2).
We performed density functional theory simulations through the
finite displacement method to obtain phonon dispersions under
different elastic strain states (Fig. 4b, left). Theinhomogeneous strain
drives a significant phonon frequency shift in the whole Brillouin
zone of bent SiNRs, resulting in abroadened phonon spectrum. The
phonon spectrabroadening effect caninduce an additional scatter-
ing process for phonons subjected toinhomogeneous strain. Under
the framework of Matthiessen’s rule, the total phonon scattering
rates, To,, considering the effects of inhomogeneous strain, can be
expressed as

1 1 1
et )
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where gk is the original phonon scattering rate of bulk Si from Sheng-
BTE calculations*, and the phonon scattering rate induced by inho-
mogeneous strain is given by
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Here fisthe Bose-Einsteindistribution, AQistotal phonon frequency
shift under the giveninhomogeneous strain field, and a is the ratio of
the atomic interaction cutoff distance to the size of the inhomogene-
ousstrain field. To determine how far the lattice vibration could sense
the strain gradient, we calculated the atomic interaction cut-off dis-
tance (r.) inSi (ref.47), which reflects the phononinteractionradiusin
real space. Assuming the broadened phonon spectra to be linearly
distributed in real space (Extended Data Fig. 8), we then calculate the
ratio of r. over the nanoribbon width W\ as a = ﬁ and ax AQ
represents the actual phonon frequency perturbation under given
elasticstrain gradient (Fig. 4b, left). Based on Fermi’s goldenrules, AQ
is given by the transition rate from phonon mode qj to phonon mode
q’j’ under the perturbations ofinhomogeneous strain in Si, which can
be written as®*™**

AQZ

Here Vis the unit cell volume, |q j) is the phonon eigenstate, q andj
denote the wave vector and phonon polarization, respectively, v, is
the phonon group velocity of phonon mode q, and w is the phonon
frequency Here, 6(x) = + when x = 0, 6(x) = 0 when x # 0, and
f 6(x)dx =1. Note that equation (3) describes an energy-conserved
scattering process between the annihilated phonon with mode qj
and created phonon with mode q’j’, while the Bose-Einstein distribu-
tionfin equation (3) tallies the scattering events through taking into
account the overall quantity of created phonons. T(w) represents the
transfer matrix element between |gj) and |q’j"). For weak perturbations,
the transfer matrix 7 can be simplified using the Born approximation®°

Z (GO sg' “4)
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where H,, is the perturbation Hamiltonian®>*, and G, is the retarded
Green'’s function of the unperturbed crystal. The perturbation Hamil-
tonian in the matrix form can be expressed as H,, = ngo where Mj;
is the atomic mass of silicon, @,, and @, represent the ‘effective har-
monicinteratomic force constants for the straingradient-modulated
and unperturbed crystal, respectively.

All the simulations were conducted using the density functional
theory method and implemented in the Vienna ab initio simulation
package®®2, The projector augmented wave method**** and gener-
alized gradient approximation with the Perdew-Burke-Ernzerhof
exchange-correlation functional were adopted®. The plane-wave
cut-off was set to 500 eV and the energy criterion for self-consistent
convergence was 1x107°eV. A 4 x 4 x 4 Monkhorst-Pack k-mesh,
including thel point, was used to sample the whole Brillouin zone. The
Hellmann-Feynman forces tolerance value was takenas1 x 107 eV A
for all geometric optimizations. The convergence of the kinetic energy
cut-off and k-mesh were examined.

Data availability
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deposited in Code Ocean (https://codeocean.com/capsule/9335891/
tree). Source data are provided with this paper.
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Extended DataFig.1|HRTEM examination showing the single crystalline blue dashed rectanglesin (a) mark the differentlocations along the length of
nature ofthe bent SiNR. (a) TEM image of abent SiNR. (al-a7) HRTEM images thebent SiNR for HRTEM tests.
covering the fullwidth of the examined region for the bent SiNR in (a), and the
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Extended DataFig.2|SAED patterns of abent SiNR. (al-a5) SAED patterns of thebent SiNR, where the inserts show the corresponding portion of the sample in
Extended Data Fig.1withintheselected aperture with diameter of -180 nm.
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Extended DataFig.3|Stress-free sample. (a) SEMimage of the stress-free nanoribbonare patterned with 90°kink angle, and thus the straight dashed
straight Sinanoribbon sample, where the ends are treated with EBID Pt/C line delineating on the ribbon edge as well as 90° kink angle formed between
composite to minimize the effects of contact thermal resistance. (b) SEM thetwo kinkarms suggest this kinked ribbonis in stress-free condition.

image of the stress-free kinked Sinanoribbon sample. Note that the kinked Si
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the calculated strain contour is overlaid on top to visualize the strain
distribution. Theyellow rectanglerepresents the areawhere the EELS signals
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Extended DataFig.4|Measured EELS map of the transverse acoustic mode alongtheaxial direction (perpendicular to the strain gradient direction) to
under bending. (a) HAADF image for the bent Sinanoribbon withoutkink, and

enhance the signal-to-noiseratio. (b) The vibrational spectramap for the
transverse acoustic (TA) mode along the beam shift direction. (c) Measured
EELS profiles for the TA phonon mode along the strain gradient, which shows a
areacquired by summing each columnspectraof the three-dimension dataset

peak shift from25.8 meVto28.3 meV as the strain changes from-2.78%t0 2.65%.
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Extended DataFig. 5| Calculated phonon density of states under elastic discrepancy between the experimental results and theoretical calculation
strain. (a) Calculated phonon density of states (PDOS) of Siatoms as theelastic ~ could be caused by local uniformstrain approximationsin DFT to reproduce
strain changes from4.77%to-4.77%. (b) Extracted TO peak position for the theinhomogeneous strain distribution in bent Si nanoribbons, and
measured bent SiNR with kinkin Fig.3b-d as afunction of elastic strain, where measurement uncertaintiesin EELS due to the limited energy resolutions, as
the theoretically calculated peak position for the TO mode s also plotted for wellaserrorsintroduced during background subtraction and phonon peak

comparison. Error barsrepresent the peak fitting error. Note that the slight fitting.
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a

Extended DataFig. 6| BentSinanoribbonsample preparation procedures. upward using the microprobe. (e) One end of the ribbon adhered well with the
(a-b) ASinanoribboninitially rested on aPDMS substrate and was picked up by underlying electrode viavander Waalsinteraction, and the other end was
amicroprobe through van der Waalsinteraction. (c) The ribbon sample was moved by the microprobe to achieve the desired bending configuration. (f) The
placed onthe suspended microdevice to bridge the gap of the two suspended two ends of the bent ribbon were fixed with the underlying electrode through
membranes. (d) The nanoribbonwasinverted to present its thickness side focused electronbeaminduced deposition (EBID) of Pt/C composite.
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Extended DataFig.7|Contact thermal resistance characterization. SEM (EBID) of Pt/C composite is performed at the two ends. (d) Measured thermal
images of the 34 nm thick, 85 nm wide kinked SiNRwith suspendedlength,L,of  conductivity of the three samplesin (a-c) in the temperature range from
(a)3.8um, and (b) 10.1um, respectively. (c) SEM image of the (34, 85) kinked 50-400 K, where the close thermal conductivity indicates the negligible

SiNRwith suspendedlength of 4.7 pm. The electron beaminduced deposition contribution from the contact thermal resistance.
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Extended DataFig. 8| Phonon frequency broadening as afunction of
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Astheelasticstrainislinearly distributed along the thickness direction for a
bentSinanoribbon (Supplementary Fig. 3), and the phonon frequency shiftis
linearly dependent on elastic strain, thisin turn validates our assumption that
thebroadened phononspectraarelinearly distributed in real space.
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