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ABSTRACT: The unique thermal transport of insulating
nanostructures is attributed to the convergence of material
length scales with the mean free paths of quantized lattice
vibrations known as phonons, enabling promising next-
generation thermal transistors, thermal barriers, and thermo-
electrics. Apart from size, strain and defects are also known to
drastically affect heat transport when introduced in an
otherwise undisturbed crystalline lattice. Here we report the
first experimental measurements of the effect of both spatially
uniform strain and point defects on thermal conductivity
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of an individual suspended nanowire using in situ Raman

piezothermography. Our results show that whereas phononic transport in undoped Si nanowires with diameters in the range of
170—180 nm is largely unaffected by uniform elastic tensile strain, another means of disturbing a pristine lattice, namely, point
defects introduced via ion bombardment, can reduce the thermal conductivity by over 70%. In addition to discerning surface- and
core-governed pathways for controlling thermal transport in phonon-dominated insulators and semiconductors, we expect our
novel approach to have broad applicability to a wide class of functional one- and two-dimensional nanomaterials.
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fundamental problem facing the rational design of new

materials is the independent control of electrical and
thermal properties with implications for a wide range of
applications including thermoelectrics,"* flexible electronics,’
solar thermal electricity generation* or carbon capture,” and
thermal 10gic.6 One strategy for controlling transport involves
manipulating the length scales that affect it. For instance, the
thermoelectric figure of merit in Si increases by orders of
magnitude in nanowire or thin film form; this arises from a
lowering of thermal conductivity with relatively little change in
electrical properties when the confining dimension (e.g.,
nanowire diameter) is small enough that a significant fraction
of phonons are scattered at free surfaces.”® However, tailoring
properties by geometry or chemistry alone limits the range of
achievable thermal conductivities and furthermore does not
allow for on-demand modification of transport, precluding
applications that require responsive behavior such as thermal
transistors;” thermoelectric modules that adapt to their
environmental temperature in order to maximize efficiency;
or switchable thermal barriers for heat management.

One means of reversibly and adaptively tuning transport is
elastic strain, which has long been known to strongly affect
electronic band structure and has been successfully exploited to
improve carrier mobility in electronic devices.'” Simulations
point to a lowering of thermal conductivity with tensile strain
due to changes in phonon frequencies and unit cell volume,
which result in altered heat capacity, velocity, and mean free
path."'™"* Strain arising from heteroepitaxial interfaces can
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yield increased phonon scattering due to the atomic interfacial
misfit,"> and superlattices comprising alternating thin films'®~"®
have exhibited lowered thermal conductivity compared to the
alloy limit. Another means of controlling thermal transport is
by the introduction or removal of crystalline defects such as
vacancies, impurities, or dislocations, which strongly modify
phonon scattering,'”~>* as has been experimentally observed
for InAs nanowires>* and bulk SiC*>>*® and InN.>’ Such defects
may serve to affect phonon scattering times through local
changes in mass (or absence of atoms in the case of vacancies),
interatomic bonding forces, and strain gradients in the vicinity
of the defect. Nanowires are ideal for the study of both uniform
strain and defect effects due to the availability of a range of
elastic strain an order of magnitude larger than in bulk®®* and
because controlled defect densities can be introduced in a
relatively large fraction of the sample volume as compared with
surface treatments (e.g, irradiation or diffusive processes) of
bulk materials.

The lack of experimental measurements of strain-mediated
thermal conductivity is largely due to the complexity of
simultaneously applying and measuring stress or strain, heating,
and measuring temperature. One versatile, noncontact method
of measuring thermal conductivity is Raman thermography,
which uses a laser to heat a suspended specimen and the
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Figure 1. In situ Raman piezothermography method applied to strained, suspended nanowires. (a) Optical image of the MEMS tensile testing
device. When current is run through the thermal actuator, the angled beams Joule heat and expand, pulling apart the grips. Load is determined by
measuring the deflection of the compound flexure load cell. (b) Schematic of experimental setup. (c) SEM image of a (111) Si nanowire clamped to
the MEMS device. (d) A to-scale map of Raman peak intensities. (e) Sample spectra collected at low (63 W) and high (360 yW) applied laser
powers (equivalently, low and high temperature) and at zero and 0.77 GPa of stress. Dotted lines are fits to Gaussian + Lorentzian line shape.

spectrum of inelastically scattered light to measure temperature.
Raman additionally provides information on phonon frequen-
cies and densities of states, making it particularly well-suited to
studying phonon transport. This noncontact method has been
successfully applied to stress-free nanostructures such as
cantilevered SiNWs,*! bridged GaAs nanowires, > bridged
carbon nanotubes,*>** bridged graphene,>*>*™*" and sus-
pended MoS,*® However, the difficulty of decoupling the
effects of strain or high defect densities from temperature on
the frequencies of the Raman-active modes has largely
prevented this method from being used on strained or defected
samples.

In this work, we present the first study of the coupling
between thermal conductivity and both elastic strain and point
defects in the same nanostructure using a novel method that we
dub Raman piezothermography. We mount an individual Si
nanowire on a microelectromechanical system (MEMS)-based
tensile testing device and apply controlled, uniaxial tensile
strain over an order of magnitude higher than can be achieved
in bulk Si. To explore the effect of point defects, we lightly
irradiated the same wire (as well as two others of similar size
and shape) to introduce vacancies, self-interstitials, and
implanted impurities that introduce phonon scattering sites
that reside in the core of the nanowire and not at the free
surface. Our results show that such defects are far more
effective at lowering thermal conductivity than uniform strain,

suggesting new strategies for tunable thermal conductivity. By
examining two distinct defect states in a single nanowire, we
furthermore provide evidence that core defects play a drastically
larger role in reducing thermal conductivity than surface
roughening, contrary to suggestions from recent experiments.

The total thermal resistance of a system may be written in
terms of the Raman shift @ and absorbed laser power P as®>*

_dT 1 0w

system — A T A
0Py 0P (1)
where yr is the relationship between first-order Raman shift
and temperature for Si nanowires (y; = Odw/0T = —0.022

cm™*%). Equation 1 yields the total thermal resistance of the
system, including the effects of contact resistance and air
conduction. In order to distinguish these effects from the
thermal conductivity of the sample, we make use of the fact that
the temperature rise in a suspended nanostructure will be a
function of the thermal resistances of all components of the
thermal system. We therefore scan a point source, a laser, along
a doubly clamped specimen such that the shape of the resulting
heating profile, as measured at the source, is a signature of the
thermal resistances of the components of the system. Solving
the heat equation for a suspended, doubly clamped, quasi-1D
system heated with a pointlike power source of magnitude P,
the temperature rise AT at the power source as a function of
source position x is given by
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Figure 2. Self-consistent approach for determining thermal conductivity of a strained nanowire. (a) Raman shift as a function of laser position along
the nanowire. Spatially resolved spectra were collected with a 100 nm step, and the maps of peak intensity and position were interpolated with 20 nm
spacing. As laser power increases, temperature increases, resulting in an overall downshift of the curves. The concave shape is due to the thermal
resistance of the wire, heat losses to air, and the contacts with the heat sinks on either end. Residuals of the fits are shown in the Supporting
Information. (b) The minima of the fits shown in (a) for each laser intensity for several increments of stress. The slope of this curve is the total
thermal resistance of the system, and the zero-intercept of the fit is taken to be the room-temperature peak position. Determination of the room-

temperature peak position allows us to plot temperature as a function of peak position (secondary axis of (a)) for any strain.

[MR_, cosh(m(L — x)) + sinh(m(L — x))][MR_, cosh(mx) + sinh(mx)]

AT(x) =P

where M = (ChAx)"? and m = [(Ch)/(Ak)]"% Here L is the
length of the nanowire; A is its cross-sectional area; C is its
circumference; k is the material thermal conductivity
(comprising both electronic and phononic components); R
and R, are the thermal resistances of the left and right contacts,
respectively; and h is the heat transfer coefficient from the
nanowire to air. Fitting the heating profile AT(x) along the
wire gives thermal conductivity as well as the thermal contact
resistances, provided there is accurate determination of P and h.
In the case of Raman thermography, which employs the
excitation laser as the heat source, P = IQ, where I is the total
applied laser power and Q, is the size-, refractive index-,
polarization-, and wavelength-dependent absorption effi-
ciency,* which we calculated using finite-difference time
domain (FDTD) simulations in order to take the nanowires’
specific cross-sectional shapes and the laser spot size and profile
into account. We determined  for the wires studied here to be
1.8 W ecm™ K' by performing Raman thermography on
nominally identical nanowires harvested from the same
synthesis batch in both bridged and cantilevered geometries
and assuming that k, h, and R. should be geometry
independent. Losses due to radiation are negligible compared
to solid or gas conduction. The model, absorption calculations,
and determination of the heat transfer coeflicient are discussed
in detail in the Supporting Information.

We use our Raman-based scheme in situ with a MEMS-based
tensile testing device capable of applying controlled nm-level
displacements and measuring nN-level forces*** (see Support-
ing Information). An optical image of the device is shown in
Figure la, and a schematic of the device placed under the

M[M(R, + R_,)cosh(mL) + (1 + M’R_,R_)sinh(mL)] @)

objective of a confocal micro-Raman system is shown in Figure
1b. A representative scanning electron microscope (SEM)
image of an individual nanowire clamped to the device is given
in Figure lc. Maps of spectra (Figure 1d) were obtained for
nanowires subject to a uniform strain (applied using the device
shown in Figure 1a) as well as for nanowires damaged via ion
bombardment. Sample first-order spectra collected with low
and high laser powers with and without applied uniform strain
are given in Figure le. These peaks correspond to the strain-
and temperature-dependent zone-center longitudinal optical
(LO) phonon in Si. The frequencies of these spectral peaks
(the Raman shifts) were determined as a function of laser
position along the nanowire for each increment of power, as in
Figure 2a. The lowest Raman shift occurs in the center of the
nanowire, indicating the highest induced temperature; the
Raman shift increases (temperature decreases) toward the
grips, which serve as efficient heat sinks. We obtained additional
profiles by examining the profiles laterally shifted from the
nanowire axis and correcting the incident laser intensity based
on the relative Raman peak intensity (see Supporting
Information).

Increasing either strain, defect density, or temperature
produces downshifts in the Raman peak position, and the
separate contributions were decoupled by varying the laser
intensity as follows. Fits of the Raman shift minima (i.e., highest
temperatures) of the heating profile as a function of the total
incident laser intensity for an unstrained nanowire as well as at
three applied stresses are shown in Figure 2b with the slope of
these fits proportional to the total thermal resistance of the
system as per eq 1. The zero-intensity intercepts of the fits
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shown in Figure 2b were taken to be the room-temperature
peak positions for each stress increment. The differences
between the unstrained and strained room-temperature peak
positions are due to strain, while the difference between the
room temperature peak at a given stress and the measured
peaks is entirely due to laser heating. With our independent
measure of stress, this decoupling procedure enabled the
measurement the room-temperature relation between Raman
shift and tensile stress in Si (see Supporting Information). The
peak shift for a given stress was observed to be linear with laser
intensity, suggesting a constant thermal resistance over the
temperature range of the measurement (AT < 80 K) and
negligible resistive heating due to photocurrents, which would
heat the wire as AP’. The temperature (secondary axis of
Figure 2a) was subsequently calculated from the spectrum as
AT = (0 — wgr)/)1, where @ is the measured peak position
and wgy is the room-temperature peak position. We confirmed
that the Raman shift with temperature, yr, is independent of
strain by performing lattice dynamics simulations to extract the
temperature dependence of the frequency of the zone-center
optical phonon (corresponding to the first order Raman peak)
at various tensile stresses. These results show yr to be
unchanged as compared to the unstressed case (see Supporting
Information).

Our results for thermal conductivity of unstrained nanowires
are in excellent agreement with other groups’ reports for
specimens with atomic-scale roughness, demonstrating the
validity of our method. The thermal conductivity values we
obtained for four unstrained (111)-oriented Si nanowires with
diameters between 171 and 177 nm were between 58 and
66 W m™' K™! with contact resistances on the order of 1 K
UW™. With our experimental setup and sample dimensions,
neglecting contact resistance would yield errors of 20—25%.
The first experimental measurement of thermal conductivity
performed on Si nanowires used microfabricated resistive
heater-thermometers on bridged nanowires** and this diame-
ter-dependent data was fit to a model based on diffuse
boundary scattering.*> Predictions from this model for a
circular cross-section nanowire with the diameter and rough-
ness of the nanowires used in the present study give a thermal
conductivity of approximately 60 W m™ K™, which is in
excellent agreement with our measurements. Our results are
also in agreement with the fit to diameter-dependent
measurements obtained using Raman thermography of
cantilevered Si nanowires® from which we would predict
nanowires of similar diameter to have thermal conductivity of
SSWm™ K™

We applied uniform tensile strain to wire 1 (diameter d =
177 nm) and measured thermal conductivity as a function of
stress as shown in Figure 3. We found heat transport changes to
be small, if present, for tensile stresses as high as 1.7 GPa
(equivalent to an elastic strain of ~0.9%). We confirmed our
results by examining the total thermal resistance calculated
using eq 1, a measure independent of the resistance calculated
using eq 2, and corrected for thermal contact resistance and air
conduction using a lumped thermal circuit model which
provides an approximate solution to the heat equation (see
Supporting Information). Thermal conductivity calculated
using this analysis method was in excellent agreement with
the results of the exact method, as can be seen in Figure 3. Our
results are furthermore consistent with recent MD simulations
on Si nanowires'* in which the effect of strain on phonon
frequencies and subsequent changes in phonon velocity and
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Figure 3. Thermal conductivity of an undoped, (111)-oriented Si
nanowire as a function of applied engineering stress. Details regarding
the two analysis methods are given in the text. No systematic change
beyond the error bars is observed. The plotted boundary scattering
model point is for comparison to the model described in ref 45, which
predicts a nanowire of this diameter to have thermal conductivity
60 W m™" K", Engineering strain values were calculated using the
Young’s modulus measured from nominally identical nanowires, which
demonstrated fully elastic behavior with no permanent strains for the
strain ranges used here (see Supporting Information and ref 42).

heat capacity were examined. The authors found that less than
1% strain applied to a 4 nm diameter nanowire would yield less
than 1% reduction in thermal conductivity. Indeed, more than
7% strain was needed to achieve a 10% reduction, beyond the
reported elastic limit of Si nanowires with these sizes.”> We may
also compare our results to experiments on undoped bulk Si
under hydrostatic compressive strain up to 1 GPa,*® which
found a similarly small change in thermal conductivity. Taken
as a whole, our results suggest that uniform, uniaxial elastic
strains below 1% do not substantially affect phononic transport
in Si nanowires.

The strain resulting from uniaxial tension is spatially uniform
and thus affects phonon behavior primarily through changes to
frequencies and hence heat capacity and group velocity. A
contrasting view is that of strain incurred by point defects such
as vacancies, which reduce the phonon mean free path due to
local strain gradients, mass-difference with the host lattice, and
changes to interatomic potential.'****”** One way to
introduce a large density of defects is by way of displacement
damage resulting from ion irradiation. We lightly irradiated a S
um section in the center of wire 1 and a 4 ym section of a
similarly sized wire (wire 2, d = 175 nm) with a focused Ga* ion
beam (30 kV and fluence 4 ions nm >, see Supporting
Information for more details). Figure 4a shows a dark-field
transmission electron microscopy (TEM) image of wire 2 at the
boundary between the irradiated and unirradiated regions with
a selected area electron diffraction (SAED) pattern from the
irradiated region inset. We observe a thin semishell (<25 nm)
of partially amorphized Si in the irradiated region, but the
majority of the wire remains crystalline (although defected as
evidenced by the SAED pattern which exhibits strong spots and
very faint rings). There was no overall change in diameter or
surface roughness. Wires 1 and 2 exhibited drops in thermal
conductivity of approximately 92% and 94%, respectively, as a
result of irradiation. Figure 4b demonstrates this pronounced
effect via the marked change in the relationship between laser
power and peak position (slope proportional to thermal
resistance) for wire 2 before and after irradiation. To verify that
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Figure 4. Point defect mediated thermal transport in ion-irradiated Si nanowires. (a) Dark-field TEM image of the irradiated/unirradiated boundary
of wire 2 using the (111) spot indicated in SAED pattern from the irradiated region, inset. Scale bar represents 100 nm. (b) Raman shift as a function
of incident laser intensity for wire 2 before (blue circles) and after (red squares) ion irradiation. The slope of this curve is proportional to the thermal
resistance of the system. Measurements before and after irradiation were performed on the same day and within the same session in order to
eliminate errors due to instrumental drift. (c) Heating profiles for fixed laser intensity for wire 3 before and after irradiating one end near a grip. (d)
Direct comparison of representative Raman spectra from unirradiated and irradiated regions of wire 2 collected using the same laser intensity and

collection time. Any amorphous peaks are undetectable.

the apparent heating increases in the irradiated wires were due
to changes in thermal conductivity and not to changes in
absorption or in yr in the irradiated region, a third wire (wire 3,
d =171 nm) was irradiated along a 1.5 ym length at the end of
the nanowire such that all Raman measurements were
performed on the pristine section of the nanowire. Changes
in the heating profile for fixed laser intensity (Figure 4c) could
then be attributed to changes in the resistance of the irradiated
length of the nanowire. Here, a drop of 71% in thermal
conductivity was observed for the irradiated section. The
difference between the thermal conductivities measured using
the two irradiation geometries could be due to small changes in
absorption or yr in the irradiated region or due to changes in
contact resistance upon irradiation that we were unable
measure in this experimental geometry. Regardless, it is clear
that the bulk of the apparent drop is due to a change in thermal
conductivity within the irradiated region.

We ascribe our decrease in thermal conductivity to the
introduction of defects in the form of vacancies, self-interstitials,
and implanted ions*’ throughout the nanowire volume.
Stopping and range of ions in matter (SRIM)*® calculations
imply that we should expect orders of magnitude more
displaced Si atoms than implanted Ga* ions, so we expect that
vacancies are the dominant defects in the irradiated nanowires.
Accordingly, our Raman spectra from the irradiated regions
suggest more extensive disruption of the lattice than can be
seen with TEM. Compared to the perfectly crystalline case, the
first-order Raman peak for Si which has been disordered via
either ion implantation®" or deposition conditions,** has been
observed to be of lower Raman shift, lower intensity, and

broader line width. As can be seen in Figure 4b, the room-
temperature peak position in the irradiated region is 0.3 cm™
lower than in the unirradiated region. Furthermore, the
intensity of the irradiated peak is lower by a factor of
approximately 10 with no amorphous peak, as shown in
representative Raman spectra collected from wire 2 in the
irradiated and unirradiated regions within the same map
(Figure 4d). Although more difficult to measure compared to
the changes in intensity or position, we detect some (6—14%)
broadening in the irradiated regions beyond what would be
expected with increasing temperature. The lowered shifts and
intensities and increased line widths we observe suggest
phonon confinement with characteristic length scales smaller
than the nanowire diameter, akin to systems with large fractions
of planar defects (e.g., grain boundaries) such as nanocrystalline
systems.>>>* This interpretation is consistent with our TEM
and SAED results, which indicate that the vast majority of the
irradiated material maintains crystallinity, albeit with local
disorder introduced via irradiation-induced defects, leading to
the large measured drop in thermal conductivity. We may
exclude diameter and surface effects as causes of the dramatic
lowering of thermal conductivity since we observe no changes
to the nanowire outer surface. Additionally, the <25 nm
diameter reduction of the crystalline core is not sufficient to
yield the observed >70% drops. By comparison with diameter-
dependent studies, we should expect a decrease of approx-
imately 12%,*"* which is an upper bound because any
contribution from thermal conduction within the thin
amorphous layer would be small and would only serve to
increase the measured thermal conductivity. The rms roughness
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of the crystalline—amorphous interface was at most 1 nm
greater than the surface roughness of the unirradiated wire, also
insufficient to yield the observed drops by comparison with
systematic studies of roughness dependence.*>*® A decrease in
thermal conductivity with irradiation is additionally consistent
with experimental reports on irradiated samples of bulk SiC***¢
and microscale InN,”” for which the surface and diameter
effects prevalent at the nanoscale are negligible.

Our measurements suggest that the diminished thermal
conductivity observed in studies of rough Si nanowires may in
fact be due in large part to core rather than surface effects.
Reports on the effect of surface rou§hness have all used metal-
assisted chemical etching,8'45‘55_ 7 a process known to,
depending on the concentrations of the etchant components,
lead to the formation of nanoporous nanowires.** It has not
been unequivocally demonstrated that the etched nanowires
used in these surface roughening studies did not also contain an
increased concentration of atomic-scale pores and vacancies
(which would not be observable in conventional TEM) as
compared to pristine wires. Indeed, Raman spectra of etched Si
nanowires with roughness controlled by the etch time have
been reported to exhibit broadening of the first-order peak that
increased with etch time with lowered thermal conductivity
always accompanied by significant broadening, indicating that
increasing lattice disorder may have been responsible for the
decrease in thermal conductivity.*® This notion is consistent
with recent MD simulations that examined Si nanowires with
both surface roughness and core defects and found that a
combination of the two is necessary to achieve the thermal
conductivity decreases reported in the literature with core
defects responsible for the majority of the reduction.® Our
measurement of a large drop in thermal conductivity without a
significant increase in surface roughness and with a broadened
peak width is consistent with this notion, and it is clear that
roughening approaches that do not modify the core must be
developed and utilized to isolate the effect of surface quality on
thermal conductivity.

Taken as a whole, our measurements imply that point defects
radically affect thermal transport in Si, whereas small, uniform
elastic strains do so weakly. The decrease in Si thermal
conductivity with uniform tensile strain arises from a reduction
of phonon frequencies and hence heat capacity and phonon
velocity.14 For the elastic strains achieved here (<0.9%), the
change in zone-center phonon frequency is relatively small
(<1.1%, as seen from our room-temperature Raman shifts) and
the effect on thermal conductivity is also relatively small. This
implies that uniaxial strain may be used to independently tune
electrical properties without strongly influencing thermal
transport, a promising indicator of the use of elastic strain
engineering in applications benefiting from tunable charge
transport or optical properties. Irradiation has a more drastic
effect on thermal properties by significantly decreasing phonon
scattering times due to defects, primarily vacancies, due to
localized changes in mass, interatomic potential, and strain.
Atomistic simulations that have examined the relative weights
of these mechanisms for vacancies have suéggested that the
strain effect dominates over the mass effect,*>®* contrary to, for
instance, scattering from substitutional impurities where the
two contributions to the scattering time have been found to be
of the same order.%> This is perhaps due to differing magnitudes
of strain. For the stable vacancy clusters in Si predicted from
first-principles calculations, bond lengths near a vacancy are
extended by up to 17%,% four to five times the strain that has

been measured near dopants in Si.** However, the simulations
that attempt to distinguish the effects of the various phonon
scattering mechanisms from vacancies do not address changes
in interatomic potential or account for vacancy clustering and
the associated changes in bond strength and angle, so it is clear
that much work must still be done. Nevertheless, the role of
lattice disorder owing to irradiation-induced defects in
drastically reducing thermal conductivity is clear.

We expect the method presented here to be widely
applicable for characterizing the thermal and phononic behavior
of any Raman-active system that may be laser-heated.
Determination of the room-temperature peak position makes
the method particularly useful when the positions of peaks in
the Raman spectrum do not exactly correspond to the bulk due
to nanostructuring, alloying, doping, defects, or strain. We note
that of the various mechanisms behind phonon scattering from
defects, locally heterogeneous strain is believed to play a role,
which is in contrast with our finding that uniform, uniaxial
strain is an ineffective modifier of phonon transport. This may
imply that the state of strain is far more important than the
presence of strain, and reversibly introducing strain gradients
may present a new direction for adaptively tuning thermal
conductivity, for example, by straining a tapered or kinked
nanowire or by buckling. Two-dimensional systems that, like
one-dimensional systems, may accommodate more strain than
their bulk counterparts, present further opportunities for
producing reversible strain gradients, for example, by indenting
graphene or dichalcogenides or by applying tensile strain to
micro- or nanoporous thin films. We additionally note that our
measurements probe the total thermal conductivity (Kiow),
which includes contributions from both charge carriers (k)
and the lattice (K‘Ph). Room temperature, undoped Si has k, on
the order of 1 nW m™' K™}, whereas ko = 150 W m™ K71,
but systems with very low thermal conductivity and highly
strain-sensitive electrical conductivity may exhibit a more
significant effect. For instance, the study of SiGe nanowires,
which have thermal conductivity nearly an order of magnitude

66
and

lower than single-crystal Si nanowires of the same size
piezoresistive gauge factors several times that of 51, could be
another interesting avenue of research.

Conclusions. We have measured the effect of both uniform
tensile strain and point defects on thermal conductivity in a
single nanostructure using Raman piezothermography. Up to
1.7 GPa of unixial tensile stress was applied to a (111) Si
nanowire, and spatially resolved maps of Raman spectra at
several laser powers were used to decouple the effects of strain
and temperature in order to calculate thermal conductivity. No
change in thermal conductivity was observed for these
uniaxially strained nanowires but when defects were introduced
via Ga' irradiation, near-order-of-magnitude decreases in
thermal conductivity were realized due to enhanced phonon
scattering. Our results also show that thermal conductivity
decreases in nanowires previously attributed to surface
roughness may in fact be due to core defects created during
the fabrication of roughened nanowires. It follows that point
defects and potentially the large strain gradients surrounding
such defects have a far larger effect on thermal conductivity
than surface roughness or unixial strain do, pointing toward
new means of controlling and tuning thermal transport.
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1. Nanowire characterization

Vapor-liquid-solid-grown, <111>-oriented Si nanowires of a narrow range of diameters
(d=170 to 180 nm) were purchased from Sigma Aldrich. Several nominally identical Si
nanowires (Ad<10 nm) to those used for the thermal conductivity measurements discussed here
have been mechanically tested under uniaxial tension, the results of which have been discussed
elsewhere.' Stress-strain curves are linear (see Figure Sla) and recover the bulk Young's
modulus for the range of stresses used here, indicating no deviation from bulk mechanical
behavior or the harmonic approximation.

Following thermal testing, nanowires were cut near one end using a FIB and then bent
towards the pole piece of an SEM using a nanomanipulator, enabling end-on imaging for precise
measurements of cross-sectional shape, area, and circumference. Nanowires are of a rounded
triangular shape, as can be seen in Figure S1b.
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Figure S1: a) Stress-strain curve of a similarly-sized nanowire from the same batch as the
nanowires used for thermal conductivity measurements. The Young's modulus is identical to that
of bulk Si along the <111> direction. b) Cross-sectional image of wires 1-3.



2. MEMS-based tensile testing

The MEMS-based tensile testing device used to apply uniaxial tensile strain to individual
Si nanowires consists of a suspended thermal actuator, which is electrically and thermally
isolated from the grip region, and a suspended compound flexure load cell with a stiffness of 44
N m™. Since the load cell compliance was nearly an order of magnitude higher than that of the
nanowire, we avoided errors due to compressive stresses from thermal expansion (see section
11). Nanowires were drop cast onto a lacey carbon TEM grid and single nanowires were
harvested using a nanomanipulator inside a SEM. The nanowire was aligned to the grips of the
MEMS device and clamped using electron beam induced deposition (EBID) of a platinum-
containing organometallic compound, as shown in main text Figure 1c. The gauge lengths of the
wires between the two grips was 12.4 to 14.5 um. The device was actuated to produce quasi-
static strain rates in the nanowires (10~ s to 10 s™') between strain increments. A series of
images were obtained during actuation with an optical camera, and the load applied was
determined using digital image correlation (DIC) to yield sub-pixel displacement resolution
below 10 nm. Load differences were measured both on loading and unloading in order to verify
that no relaxation occurred in the nanowire or in the contacts during Raman scanning.

3. Heating profile in a doubly-clamped nanowire

The steady-state heat equation for the temperature rise A 7=T7-T mpicn: at position s in a
one-dimensional conductor of length L, cross-sectional area A, circumference C, heated from
some point in the interior a distance a and L-a from the two heat sinks (see Figure S2) may be

- 23
written as:”™

2
d’AT_Ch,. P

—s2/w?
K L e 20 (S1)
ds* A NawA

with boundary conditions

AT(-a) = R, 42T
j d s=-a
AT(L-a)=-R, rAKdAT
) dS s=L-a

where / is the heat transfer coefficient, « is the thermal conductivity, P is the absorbed power, w
is the half-width of the laser spot, and R.; and R, are the thermal contact resistances at the right
and left heat sinks, respectively. The laser power source is represented by a Gaussian centered at
s=0. The solution gives the full temperature distribution in the nanowire, but we are only

3



interested in the temperature rise at the laser spot as the distance a is varied. Setting x=0 and
taking the limit as w approaches O (a reasonable simplification since, at 290 nm, the real w is
approximately 2% the length of the nanowire) we obtain equation 2 from the main text, where
now the independent variable x is the distance from the laser to the left heat sink:

[MRCJ cosh(m(L - x)) +sinh(m(L - x))][MRCJ cosh(mx) + sinh(mx)]
M[M(R,, +R.,)cosh(mL)+(1+M*R_ R, ,)sinh(mL)|

where M =+/ChAk and m =+ Ch/ Ak .

AT(x)=P

Laser Heat Source

Heart‘ Sink Heat Sink

AT

e - - - - - —— - - -

s=-a s=0 s=L-a

Figure S2: Schematic of setup for determination of the heating profile as a function of laser
position. The solution to the heat equation yields temperature profiles similar to the
representative profile shown. This function is solved for s=0 to obtain the rise in temperature at
the laser spot. By varying a we obtain the temperature rise at the laser spot as the laser is scanned
across the nanowire.



4. Raman mapping of strained and unstrained nanowires

Maps of spectra were obtained by placing the MEMS device with a clamped Si nanowire
under the objective of a confocal micro-Raman system equipped with a 532 nm continuous-wave
laser at ambient temperature and pressure. For the unstrained state and upon application of each
increment of strain, spectra were collected along the central 9-10 um of the nanowire length and
across the nanowire diameter with a 100 nm step size. Laser intensity was precisely controlled
with a neutral density filter, and at least five different powers in the range of 40 to 400 uW (as
measured using a power meter at the focal point) were used. Both strain and laser power
increments were varied non-monotonically to rule out systemic measurement errors and strain
relaxation. Care was taken to not expose the EBID clamp material to the laser at any intensity in
order to avoid heating and degradation of the clamps, as well as any potential laser-induced
diffusion of the clamp material down the nanowire. The first-order Stokes peak (~520 cm™ for Si
at room temperature and zero strain) for each spectrum was fit to a Gaussian + Lorentzian
lineshape to extract peak intensities, linewidths, and frequencies, and maps of these fits were
interpolated using cubic splines. Exact nanowire position was determined from the pixels with
maxima in peak intensity. Heating of the sample due to the thermal actuator was accounted and
corrected for by measuring the temperature gradient in the wire at very low laser power (see
section 12).

The spatially resolved maps of Raman spectra allows us to establish which spectra were
obtained when the laser was centered on the nanowire by examination of the Raman peak
intensity: the highest intensity spectra were acquired using the highest laser power (equivalently,
when the laser was centered), as in Figure S3a. We gain additional information by examining
spectra collected when the laser was off the nanowire axis, but the incident laser power must
then be determined. To find the incident laser power for off-axis spectra, we calculated the ratio
between the average peak intensity when the laser was centered and the average when the laser
was off-axis, as can be seen in Figure S3b. We then assumed this ratio to be the same as the
relative incident laser powers. The absorbed laser power when the laser was centered was
determined using FDTD simulations, as discussed in this document as well as in the main text, so
we can then solve for the off-axis laser intensity. The inclusion of off-axis profiles had a
negligible effect on the fit to the plot of Raman shift as a function of laser power but resulted in
more heating profiles (as in Figure S3c) and thus more thermal conductivity and contact
resistance data points.
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Figure S3: Scheme for determining power absorbed when the laser is not centered on the
nanowire. a) 2 um section of an interpolated Raman peak intensity map for unstrained wire 1.
The laser was assumed to be centered on the nanowire where there were maxima in peak
intensity. b) First-order Raman peak intensity for the center and laterally shifted from the
nanowire axis. The absorbed power for the original data was calculated using the FDTD method
described in the Supplemental Information. The absorbed power for the off-axis data was
calculated from the ratio of the peak intensities (about 0.91 here) and the absorbed power for the
original data. c) Corresponding Raman shift profiles for the original and off-axis data. The
temperature difference is approximately 4 K.



5. Calculations of laser power absorption in non-cylindrical nanowires

Knowing exact values for the fractopm of incident power absorbed is critical to our
methodology. At the nanoscale, this quantity is highly sensitive to size and shape and must be
precisely determined. Absorption for silicon nanowires with a circular cross-section is known
from analytical Mie scattering solutions,” but significant deviations from circular cross-sections
in our nanowires prevent application of an analytical solution. Using a commercial finite-
difference time-domain (FDTD) software package (Lumerical), 3D numerical simulations were
performed for the Si nanowires with a Gaussian source focused to a FWHM of 570 nm to match
measured experimental conditions. Non-circular cross-sections were obtained by fitting
polynomials to cross-sectional nanowire images obtained via SEM (Figure S4a), and power
absorbed per unit volume in the simulated structures was calculated from the divergence of the
Poynting vector Py=—0.5w|E|*imag(¢), where w is frequency, |E|* the electric field intensity, and
¢ the permittivity). Integrating |E|* over the entire illuminated nanowire volume (Figure S4b)
produced total power absorbed. The refractive index of Si was taken from Ref. S5. A range of
frequencies about 563.5 THz with a bandwidth of 30 THz were applied to each wire to simulate
the effects of scaling nanowire cross-sectional area and ensure measurement errors would not
result in incorrect absorption values. No resonance peaks were found, and calculated absorption
values were stable to ~0.2% within the frequency range tested. Values for wires 1-4 varied
between 4.9% and 6.1%. By contrast, absorption in cylinders of the same major diameters
(171-177 nm) calculated using the Mie solutions and accounting for the relative sizes of the laser
spot and the nanowire is 3.1-4.4%.
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Figure S4: a) Fitted nanowire profile overlaid on cross-sectional SEM image. b) Cross-section of
simulated nanowire under far-field illumination, illustrating spatial distribution of electric field
intensity for 532 nm wavelength light.



6. Heat losses due to air conduction

For fixed surroundings, thermal conductivity and the heat transfer coefficient should not
depend on how the sample is clamped—that is, if the wire is in bridged or cantilevered geometry,
h and x should be the same. Keeping this in mind, the thermal measurement procedure for
bridged nanowires described in the main text was performed on wire 4 (d=175 nm). Following
testing, the wire was cut at one end using a focused ion beam to create a cantilever and the
measurement procedure was repeated. We may then modify the boundary conditions of equation
S1 to allow for air conduction from the tip:°

AT(-a) = R, Ax22L
’ dx xX=-a

AT(L-a)=-5 4T
h dx x=L-a

so we can subsitute —«/h for —R, Ak in equation 2:

[(M / Ah)cosh(m(L - s))+sinh(m(L - s))][MR(_J cosh(ms) + sinh(ms)]

T(s)=P 5 .
M[M(R,, +1/ Ah)cosh(mL)+(1+ MR, /| Ah)sinh(mL)]

(82)

We fit both the bridged and cantilevered heating profiles (see Figure S5a) using various
fixed values of the heat transfer coefficient and extracted thermal conductivity from the fit. The
intersection of the % vs. x curves seen in Figure S5b represents the value of 4 which yields the
same calculated value of x for both clamping geometries; this intersection occurred at
h=1.8 W em™ K™ and =52 W m" K''. All measurements were performed in a sealed enclosure
to minimize air currents. Figure S5¢ shows a heating profile fit to curves which do and do not
account for heat loss to air; although both curves fit the profile well, not accounting for air losses
(i.e., treating h=0) leads to a 19% increase in the calculated thermal conductivity, highlighting
the importance of measuring and accounting for heat losses to air. The difference would be
expected to be more pronounced for thinner nanowires, which have both higher /# and lower «.

Although the value of # we measure differs from other diameter-dependent experimental
measurements of /4, which we would predict 4 to be near 0.50 W em™ K™, it is in good
agreement with the value we calculate using a semi-empirical model from Wang e al.® based on
measurements performed on microwires and carbon nanotubes. This two-layer model
appropriate for quasi-1D particles with diameter approaching the mean free path of air molecules
treats the transition region near the particle surface using molecular kinetics and the region
farther from the particle as a continuum.® Within this model, the heat transfer coefficient is
related to the mean free path and heat capacity of air as well as the particle diameter via the
dimensionless Nusselt number, Nu:



2rh 4a,f,,Clm

Nu = K B+ f. C+A M (C+r /A E+AT L)

(S3)

where 7 is the particle radius, A is the mean free path of air (67 nm’), A is the thickness of the
transition region (here taken to be 51 as per Ref. S10), & = #/4, and f,., is a function of £. The
values of the fitting parameters oy, S, n,, and ry were taken from Ref. S8. We then solve this
expression for /, obtaining 1.18 W cm™ K™ for a wire 175 nm in diameter. At 1.8 W em? K™,
our experimental value of / is higher by 52%. We attribute the discrepancy to errors in the
choice of A as 54, the maximum value allowed by Ref. S10, and in the fitting parameters taken
from Ref. S8, which were determined using samples an order of magnitude larger and smaller in
diameter than our nanowires. Heat transfer from solids to air is also strongly affected by
environmental conditions such as humidity and air currents, which for our measurements were
not likely identical to those of other reports.
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Figure S5: a) Bridged and cantilevered heating profiles for the same wire obtained using the
same laser intensity and fit using the correct value of 4. b) Thermal conductivity calculated using
varying values of the heat transfer coefficient for wire 4 in bridged and cantilevered geometry.
The intersection of the two curves gives the correct values of the two variables: 52 W m™ K™ and
1.8 W em™ K™, respectively. ¢) Heating profile for wire 1 collected using 370 pW incident laser
intensity and fit to models with and without heat lost to air. The fits are nearly identical in the
region of the data. If air conduction is not accounted for, thermal conductivity measured from
this profile increases by 19%.
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7. Heat losses due to radiation

Power lost to radiation will be proportional to the fourth power of temperature as per the
Stefan-Boltzmann law. For a nanowire with the dimensions given in the text at a uniform
temperature of 370 K, radiative losses are on the order of nW, three to four orders of magnitude
lower than the power absorbed. We therefore consider radiative losses to be negligible.

8. Raman-based stress measurement of laser-heated nanostructures

The application of stress affects the spring constant of the Raman-active phonon mode,
downshifting the entire intensity-dependent profile of Raman peak position as well as the room
temperature peak position wgr. With our independent measurement of stress we were able to
determine the stress dependence of the Raman shift. Figure S6 shows the change in room
temperature peak position with respect to the unstrained nanowire for stresses up to 1.7 GPa. At
-3.5cm™ GPa™, the slope of the linear fit here is in very good agreement with the relationship
between Raman shift and stress along <111> predicted from lattice dynamics'"'* as well as with
experiments on uniaxially stressed bulk Si up to 1.2 GPa in compression''* or 0.15 GPa in
tension"” along <111>. This measurement is the first to be performed on a <111>-oriented Si
nanowire, and due to the large range of elastic stresses accessible in Si nanowires, it is the also
the highest-stress measurement of this relationship along <111> in Si.
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Figure S6: First-order Raman shift of the room temperature peak positions as a function of stress
as measured using the MEMS-based load cell. The dotted line is the linear fit to this data and is
in very good agreement with reports of this relationship for bulk samples in both tension and
compression. Inset: Comparison between stress measured using the MEMS device and stress
measured using Raman and the previously-determined relationship between Raman shift and
stress for <111> bulk Si in tension (-3.39 cm™ GPa" '°). The dashed line represents perfect
agreement between our stress measurement and the Raman-based stress measurement.

12



9. Simulations to determine yr dependence on stress

Transverse optical phonon frequencies (corresponding to the Raman shift) of heated,
strained silicon were calculated using molecular dynamics (MD)'® simulations along with lattice
dynamics (LD)'" methods. Unit cells used in the LD calculations were generated using the
LAMMPS MD package'®. First, we considered bulk silicon and used MD simulations with
Stillinger-Weber (SW) potential'® and a time step of 1 fs to relax the crystal structure at 300 K
with no external stress present. This was done using a number-, pressure-, and temperature-fixed
(NPT) ensemble’™*! in LAMMPS for 10,000 time steps. We then applied the appropriate
external stress and let the system find its equilibrium configuration for another 10,000 time steps.
Next, we heated the samples to the target temperature by gradually increasing temperature using
a Nose-Hoover thermostat.”>* The system was then relaxed for 100,000 time steps to obtain the
final strained structure at the desired temperature. The unit cell configuration was then obtained
by averaging atom positions over 1,000 time steps after equilibration.

The lattice dynamics technique for this unit cell was then used to derive the dynamical
matrix D:'’

R e (Y (T
D3(j-1)+a,3(j'-1)+a'(k)—WZGF (].)ar (j')loeXpl(k [”(1,) r(o)]) (S4)
a O a'

ll

D is a 3ncey X 3n.oy matrix where n..; is the number of atoms in one unit cell. In this case, we
have the silicon crystal with two atoms per unit cell. a and a' represent any of the three standard
Cartesian directions, @ is the total energy of the crystal obtained from the SW interaction

potential, k is the wavevector, m; is the mass of the jth atom in the unit cell, and r(p) is the
q
position vector of the pth atom in the gth unit cell. Phonon frequencies, including that of the LO
branch, were obtained from the eigenvalues of the dynamical matrix. We also performed
independent simulations with different initial conditions in order to get a good sampling of the
phase space. The average values and the corresponding error bars were then calculated from 10

simulations for each data point.

Figure S7a shows the calculated zone-center optical phonon frequencies at various
increments of stress and temperature containing the range of stresses and temperatures used in
our experiments. The slope of each fit shown in Figure S7a corresponds to yr. Thus, if the slope
depends on stress, then so does yr. Figure S7b shows the slopes plotted against applied stress,
with the error bars the 95% confidence intervals on the fit. It is worth noting that although the
exact numbers extracted from these calculations do not precisely match experimental values, we
are only concerned with any stress-dependent trends in yr since the unstrained experimental
value is well known. The results of these calculations exhibit no trend, so we treat yr as

13



unchanging with stress. It is furthermore worth noting that yr originates from thermal expansion
of the crystal lattice and is therefore intrinsically tied to lattice anharmonicity. Differences in
anharmonic behavior at the nanoscale relative to macroscopic behavior would manifest as
changes to the elastic behavior at large strains,”* yet our measurements show both linear elastic
response and Young’s moduli that agree with bulk values for <111> Si (see Figure Sla and Ref.
S1). Thus, our simulations and experiments suggest the value of yr for a strained Si nanowire
with d>165 nm to be the same as that of bulk Si, which is the same as that of unstrained
nanowires.”’
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Figure S7: a) Calculated zone center longitudinal optical phonon frequency at various
temperatures and stresses, corresponding to Raman shift for the first-order Si peak near 520 cm™.
The slope of the fit shown is the relationship between Raman shift and temperature for a given
stress (yr(a)). b) y1(o) for =0 to 2.5 GPa. The error bars are the 95% confidence intervals on the
slope of the fits to the data shown in (a).
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10. Approximate method based on thermal circuits and the total thermal resistance

Power transferred to the surrounding air may be accounted for by treating the air as a
thermal resistor in parallel with the nanowire-contact series (see Figure S8a). Since the loss from
any point along the nanowire depends on the temperature at that point, the total loss depends on
the full temperature profile in the nanowire for any given laser position s. We approximate this
profile by solving the heat equation with no losses to air (h=0), no contact resistance
(R.=R.,=0), and an infinitely narrow Gaussian heat source (w=0). The solution gives the profile
shown in Figure S8b, which is linear between the laser spot and each heat sink. By integrating
the triangular profile we arrive at a simple expression for the temperature rise as a function of
laser position:

hCL
AT(5) = RyyoP = | — L = Sl + P (S5)
—+R, +R_, 2
Ax ’ Ax ’

Fitting heating profiles to equation S5 yields curves and thermal conductivities in excellent
agreement with equation 2, as can be seen in Figure S8c.

An alternative means of determining thermal conductivity is using equation 1 from the
main text, which gives the total thermal resistance of the system, Ryem, as a function of the
slope of the fit to the plot of temperature against laser power. We may then solve equation S5 for
x, substituting the calculated value of Ryy.n as well as the previously-fitted values of 4, R.; and
R.,. We note that applying this procedure to equation 1 is mathematically unwieldy,
necessitating the good approximation explicated here. The thermal conductivities calculated
using this approximate, slope-based method are in excellent agreement with those calculated
using the exact method, as can be seen in main text Figure 3.
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Figure S8: a) Schematic of thermal resistor model. The nanowire-contact series on either side of
the laser are in parallel with each other as well as the nanowire-gas interface. b) Approximate
instantaneous temperature profile in the nanowire used to calculate the thermal resistance of the
nanowire-gas interface leg of the circuit. ¢) A heating profile for wire 1 fit to the exact model
(equation 2) and the approximate model (equation S5). The fits are nearly identical and yield
thermal conductivities within I W m™ K™' of each other.
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11. Errors due to thermal expansion

Assuming the linear coefficient of thermal expansion for silicon is 2x10° K™ and our
temperature excursions are no more than 80 K, the maximum thermal expansion we would
expect would be approximately 1 nm. Since our load cell has stiffness 44 N m™, this corresponds
to 44 nN or 2 MPa of stress in the nanowire, corresponding to an error in the Raman shift of
0.007 cm™, a negligible error.

12. Correction for actuator heating

For strained increments, there is slight heating of one side from the thermal actuator,
yielding a temperature difference between the grips of no more than 40 K. To correct for this, a
scan was made at power low enough to yield laser-induced heating below the noise floor of our
temperature measurement (about 4 K). The slope of this curve, an example of which is shown in
Figure S9a, was taken to be the gradient due to temperature and removed from the strained plots.
An example of an uncorrected strained plot and the same data corrected for the temperature
gradient and fitted to equation 2 is shown in Figure S9b.
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Figure S9: a) Peak position and temperature profile at 1.7 GPa obtained using applied laser
power 61 uW, low enough that the laser-induced heating was below the resolution of our
measurement. The slope of the linear fit corresponds to a temperature gradient across the wire of
3.1 K um™ and was taken to be entirely due to heating from the actuator. b) Peak position and
temperature profiles with the corresponding fits at 1.7 GPa obtained using applied laser power
0.22 mW, uncorrected and corrected for the slope shown in (a).
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13. Ion irradiation

All nanowires were irradiated with Ga' ions inside a dual-beam scanning electron and
focused ion beam (FIB) microscope at 30 kV accelerating voltage and 20,000 magnification.
Ion bombardment occurred at normal incidence to the surface of the nanowire without rotation
about the nanowire growth axis. Dwell times were set so that the fluence was 4 ions nm™.
Although the precise temperature in the immediate sample environment during irradiation was
unknown, the microscope chamber and stage were held at room temperature.

14. Estimates of measurement uncertainty

Deflection of the load cell (proportional to stress) is measured using digital image
correlation (DIC) both on loading and unloading, such that we have two measurements of stress
for each increment. We observe no trends in the difference between the loading and unloading
stresses with load, and we observe no systematic difference that would indicate that the wire or
contacts plastically deform during collection of Raman data, so the difference between the
loading and unloading stresses was taken to be the error on our measurements of stress. The
mean difference across all stress measurements was 6 MPa.

We estimate the error on our temperature measurement by examining the 95% confidence
intervals on the fits to each spectrum. The Lorentzian + Gaussian fits yield mean error on the
peak position values conservatively below 0.05 cm™. The 95% confidence error on the linear fit
which yields the room temperature peak position o is also <0.05 cm™, so the error on Ao is
therefore <0.1 cm™. The error on our determination of temperature is therefore <4 K.

Thermal conductivity and contact resistance were measured from the temperature profiles
with fitted curvature greater than 2.5 K um™, which typically yielded 95% confidence intervals
on the fitting parameters within 20% of the mean values. The residuals of these fits, shown in
Figure S10, are consistent with the error on the peak fits. Between 10 and 20 of the temperature
profiles at each stress increment met this requirement; the error bars on Figure 3 represent the
standard deviation of the resulting values of thermal conductivity using these profiles.
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Figure S10: The fits shown in Figure 2a with accompanying residuals. The RMS values of the
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