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Abstract:

Phonon surface scattering has been at the core of heat transport engineering in nanoscale structures
and devices. Herein, we demonstrate that this phonon pathway can be the sole mechanism only
below a characteristic, size-dependent temperature. Above this temperature, the lattice phonon
scattering co-exist along with surface effects. By artificially controlling mass disorder and lattice
dynamics at the atomic-level in nanowires without affecting morphology, crystallinity, chemical
composition, and electronic properties, the temperature-thermal conductivity-diameter triple
parameter space is mapped, and the main phonon scattering mechanisms are disentangled. This
led to the identification of the critical temperature at which the effect of lattice mass-disorder on
thermal conductivity is suppressed to an extent that phonon transport becomes governed entirely
by the surface. This behavior is discussed based on Landauer-Dutta-Lundstrom near-equilibrium
transport model. The established framework provides the necessary input to further advance the

design and modelling of phonon and heat transport in semiconductor nanoscale systems.
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Phonon transport in a crystal is controlled by surface as well as lattice effects?. The latter
dominate in bulk materials and include isotopic-disorder, charge carrier, defect, and anharmonic
scattering channels. Surface scattering is, however, prevalent in nanoscale materials and has been
at the center of the recently expended efforts to engineer thermal transport at the nanoscale®®. In
this regard, semiconductor nanowires (NWs) have been extensively studied as a unique playground
for phonon engineering that combines shape anisotropy and large surface-to-volume ratio'%2%, In
such quasi-one-dimensional nanostructures, the phonon-surface interaction renormalizes the
phonon lifetime and/or the non-equilibrium phonon population distribution®®7. The interaction
with the rough and amorphous surface showed evidence of Anderson localization of phonons in
NWs*®, It was also demonstrated that surface interaction shortens the dominant phonon
wavelength and mean-free path in the NW heat spectra relative to bulk values®. Additionally, the
surface roughness and its spatial correlation length were also found to tune the NW thermal

conductivity below the Casimir limit"®.

Despite the expected overwhelming dominance of surface scattering, lattice effects must
also persist because of the NW finite diameter. For example, calculations showed that a small
degree of lattice disorder in alloyed NWs can act like a low-pass filter, suppressing the high-
frequency phonon modes while leaving the low-frequency modes unaffected'®. A separate
calculation revealed a complementary effect, wherein a short-range spatial correlation in the mass-
disorder of one-dimensional structures acts like a high-pass filter, showing a dramatic increase in
the transmittance of high-frequency phonon modes and suppression of the low-frequency modes®®.
Thermal transport in NWs was also reported to be anisotropic, depending on the crystal

orientation?. For NWs of same diameter, such behavior could only be attributed to the anisotropy



of the acoustic phonon group velocity along different crystal orientations. The aforementioned
studies indicate that along with surface scattering, thermal transport in such quasi-one-dimensional
structures underlies a subtle but important contribution from the crystalline lattice as well.
However, the individual contributions of these mechanisms remain hitherto undiscovered and
experimentally inaccessible. This work addresses this fundamental question by establishing an
experimental framework to track and distinguish the inherently intertwined lattice and surface
scatterings. By tailoring the mass-disorder in silicon (Si) NWs, while keeping the chemical
composition, crystallinity, electronic properties, and morphology intact, the work demonstrates
that the temperature-dependent effects and the size-dependent effects on phonon transport can

indeed be disentangled.

Nanoscale engineering of lattice disorder

Mass-disorder engineering is achieved during the NW growth in ultrahigh vacuum chemical-
vapor-deposition (UHV-CVD) chamber using isotopically enriched silane precursors 26SiH4 and
30SiH4 with an isotopic purity higher than 99.9%% (see Methods for details on NW growth). The
NWs discussed in this work are either isotopically pure 3°Si NWs or isotopically mixed
28Gj,39Si, _, (x~0.4) NWs. The two sets of NWs are therefore chemically, electrically, and
morphologically identical. The NWs are ~ 10 pm-long with an average diameter of ~55 nm. Fig.
1(a) shows a representative high-angle annular dark field (HAADF) image of an isotopically mixed
285, 39Si;_, NW analyzed in an aberration-corrected scanning transmission electron microscope
(STEM) (see Methods). The panels 2 and 3 in the figure show the HAADF/STEM images at

progressively increasing magnification. The fast Fourier transform (FFT) indicates the NW growth



orientation. The STEM analysis of isotopically lattice-ordered 3°Si NWs (not shown here) exhibits

similar microstructure.

Fig. 1(b) displays the Si-Si longitudinal optical (LO) phonon mode of single 3°Si (left) and
28Gi,39Si, _, (right) NWs, recorded at three different base temperatures. The data indicates a
consistent redshift of the peak position in both sets of NWs, as the base temperature increases. Fig.
1(c) summarizes this evolution over a broader temperature range of 4-300 K. The reasons for the
observed redshift lie in the anharmonic effects (phonon-phonon coupling) and the quasi-harmonic
effects (changes in crystal volume), both being temperature-dependent. The frequency of a mode
at a temperature T is given by w(T) = wy + [Aw(T)yo1] + [Aw(T)annl, Where ‘w,’ is the
frequency as T approaches 0 K, Aw(T)y is the shift in frequency caused by changes in crystal
volume, and Aw(T) 4,1 IS the frequency shift caused by the anharmonic phonon-phonon coupling.

w(T) is expressed as??23
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where y = hwy/2kgT and z = Aw,/3kgT. B and C are cubic and quartic anharmonic constants
denoting the strength of the three- and four-phonon anharmonic coupling processes, respectively.
Details related to the parameter ‘A’ can be found in Section 2 of the Supplementary Information.
The data in Fig. 1(c) was fitted using equation (1) (solid lines) yielding w, of (512.3 + 0.3) cm™
and (521.7 + 0.3) cm™ for 39Si and 28Si, 3°Si, _, NWs, respectively. w, is a key parameter for the
subsequent analysis. The data in Fig. 1(c) also indicate that quartic anharmonicity can be excluded
from the observed temperature-induced redshift of the LO modes, since the coupling constant C
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was found to be negligible for both sets of NWSs. The total redshift in w from 4 to 300 K is
insensitive to the isotopic content. This is expected, since neither the anharmonic effect nor the

quasi-harmonic effect depend on the lattice-disorder®*.

Local heat in mass disorder-engineered NWs

Next, the evolution of LO mode peak positions (wpp) Were measured as a function of the incident
laser power density, at fixed base temperatures. Examples showing the evolution of wpp as a
function of incident power density at 140 K are displayed in Figs. 2(a) and (b) for 3°Si NWs and
28Gi, 39S, _, NWs, respectively. wpp typically undergoes a redshift with increasing power density,
indicative of laser-induced local heating of the NWs?>?6, At a first glance, it is clear that for the
same change in the laser power-density, the total redshift in wpp of 28Si,3°Si;_, NWs (Fig. 2(b))
is larger than that of 3°Si NWs (Fig. 2(a)). This means that 28Si, 3%Si; _, NWs are heating up much
faster than 3°Si NWs. The effect can be best summed up by extracting the NW local temperature
(TES€) as a function of the laser-power density. TRS¢ is estimated from equation (1), after
expanding the exponential terms in a Maclaurin series and terminating at the linear term. Note that
w(T) in equation (1) is replaced with wpp, and the base temperature (T) by TiSe. TRSe is the sum
of the base temperature (T) and the increase in the NW local temperature due to laser-induced

heating. Combining all these factors, the expression of TL$¢ is obtained:
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Note that w, as well as the parameters A and B in the right-hand-side of equation (2) are
known for both NW types. The evolution of TES¢ as a function of the laser power density for 3°Si
NWs and 28Si, 39Si, _, NWs is also displayed in Figs. 2(a) and (b), respectively. The rate of change
in T¢ with incident power density is inversely related to ky (thermal conductivity)?*?7. Higher
the xr, easier it is for the laser-induced heat to flow away and slower is the rate of increase in T3¢
with incident power density. Note that only the linear regime of TF¢ vs. power density graph has
been used in the subsequent analysis. Fig. 2(c) compares this linear regime of the TF3¢ vs. power
density graph for 3°Si NWs and 28Si,3°Si; _, NWs at 140 K. The ratio of the respective slopes
shows that THS¢ of 28Si, 39Si;_, NWs increases ~1.30x faster with power density than that of
30Si NWs. This indicates that at 140 K, kp of 28Si,39Si;_, NWs is ~30 % lower than that of
30Si NWs. This reduction in wp results from the isotope scattering in lattice-disordered
285, 39Si, _, NWs. Fig. 2(d) shows the evolution of Ti:S¢ at 60 K. Note that the ratio of the slopes
reaches unity which indicates similar xt for both isotopically mixed and isotopically pure NWs.
This means that the effect of isotope-induced mass-disorder has been suppressed at 60 K, leaving
surface scattering as the dominant mechanism determining the overall phonon lifetime. Also, note
the difference in the slope of TI¢ at 140 K and that at 60 K. For example, for 3°Si NWs at 60 K
the slope is ~1.45x% larger than that at 140 K, indicating that ky at 60 K is reduced by ~45 % w.r.t.

that at 140 K. The temperature evolution of k of both the NW sets is discussed next.

Fig. 3(a) exhibits the evolution of kt with temperature of both NW sets. In this work, k is
always given relative to that of 3°Si NWs at 300 K. The temperature evolution of ky is quite
different from bulk materials?®°. At low temperatures, when the phonon mean-free path is long

and comparable to the sample dimensions, surface scattering (independent of temperature) is



dominant and k- of a bulk semiconductor essentially follows the ~T3 dependence of the phononic
specific heat®!. At higher temperatures, anharmonic phonon-phonon scattering starts to dominate
the phonon lifetime and kr scales as ~T~1. A bulk sample reaches the maximum value of kr
(kF®) between these two temperature regimes. T,.y, the temperature at which a bulk sample
reaches k@ is material specific, varying from ~16.5 K for Ge?°, to ~26 K for Si%, to ~75 K for
diamond®. It is around T,,.x that the isotope effect on k of bulk semiconductors is the most
prominent. This difference in the evolution of kr with temperature in NWs is related to phonon
surface scattering that competes with all other scattering mechanisms, even at elevated
temperatures®*-®, In the following, this behavior is further discussed based on the Landauer-Dutta-
Lundstrom (LDL) transport model®®3”. According to this model, the lattice thermal conductance

(Kt) under near-equilibrium conditions is given by3"3®

Ky = Z kT f MPR ()WP (0, DT (0, Ddw,  (3)

where the summation is over the longitudinal acoustic (LA) and the doubly degenerate transverse
acoustic (TA) phonon modes. M].ph (w) is the total number of channels available to the mode ‘j’ for
heat conduction at an energy of Aw and is given by the cross-section (S) of the conductor times
the phononic density of states, D]Ph(w). WPE(w, T) is the energy- and temperature-dependent

window function that selects only those channels, out of all the available channels, that can take

part in thermal conduction and is given by WPP(w, T) = (Aw/kgT)?(— 07150se/0w), WhEre 7ng,ge

is the equilibrium Bose-Einstein factor given by znp,se = [e@/k8T — 1]_1. ﬂgph(oo, T) is the



transmittance function which defines the probability that the j™ mode is transmitted along the
length (L) of the heat conductor, without backscattering. ﬂgph(w, T) can be approximated as
Ai(w, T) /L, where A;(w, T) is the backscattering mean-free path. A;(w, T) can in turn be expressed
as fv;7;(w, T), where v is velocity of the mode j> along the direction of transmission, Tj(w, T)
is the mode lifetime at an energy Aw and temperature T, and # is a pre-factor which accounts for

the backscattering mean-free path.

Mapping the temperature-thermal conductivity-diameter space

Various scattering mechanisms were considered in order to calculate the total phonon lifetime (see
details in Section 3 of the Supplementary Information). This includes the normal anharmonic
scattering of phonons®, the Umklapp anharmonic scattering*, scattering of phonons from isotopic
mass-disorder®, and the surface phonon scattering®<. Additionally, the decay of high-energy
optical phonons into acoustic phonons was also considered. The scattering of optical phonons is
usually neglected due to the flatness of their dispersion curves in Si, making them rather ineffective
heat carriers. However, earlier works on theoretical formalism of thermal transport in Si NWs
argued that the decay of optical phonons into acoustic phonons at an energy hw can be considered
as a generation rate of acoustic phonons, which partially counteracts their scattering rate at the
same energy*>“%. Finally, the total acoustic phonon scattering rate was calculated according to the

Matthiessen rule. Phonon confinement is neglected due to the relatively large diameter of NWs.

To this end, a Debye-like phonon spectrum was considered, wherein D]Ph(oo) = w?/ anvf shows

a parabolic dependence on w*. The experimental data in Fig. 3(a) was fitted using equation (3),
M(P)

with the specularity factor (P) and the constants C’LA(TA) (see Section 3 of the Supplementary

Information for details) as free parameters. The upper limit of the integral in equation (3) was
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initially set at Debye frequencies [wp 1acray = KgBp Lacra)/f] in Si: 76.7 THz for the LA mode
and 31.4 THz for the TA mode. The validity of this approach was also confirmed by comparing
simulated kt vs. T of bulk NatSiand isotopically pure bulk 3°Si to experimental data?®*. The
results are shown and discussed in Section 4 of the Supplementary Information. The parameters
extracted from the simulated data of the bulk materials match the experimental values?®° with 5%
uncertainty, justifying the approximations and with it the accuracy of the LDL model in predicting

temperature evolution of k.

Next, the analysis was carried out on the data for 3°Si NWs in Fig. 3(a). Clearly, the model
(solid black line) disagrees with the experimental data, more so above 50 K. The reasons for this
discrepancy lie in the bulk-like Debye phonon spectrum, which might overestimate the
contribution of phonon Umklapp scattering rate*! and that of M].ph(m)46 in equation (3). The
optimization was done by choosing a lower cut-off frequency on a trial-and-error basis**. The solid
green line in Fig. 3(a) was obtained after the cut-off optimization, which yielded a cut-off
frequency ((Dc,LA) of 51.7 THz for the LA mode. The optimization also found that lowering the
cut-off frequency of the TA mode impacts the quality of the fit only nominally (see Section 5 of
the Supplementary Information). The upper limit of the integral for the TA mode in equation (3)
was therefore maintained at its Debye frequency of 31.4 THz all throughout, to avoid an additional
undetermined parameter in the model. The values of P and C’fA(TA) for 39Si NWs were found to be
0.26 and 14.86 x 10* s? (22.01 x 10° s%), respectively. For 28Si,3°Si, _, NWs, the value of P was
fixed to the same value as that of 3°Si NWs, while only Cﬁf{m ) Were kept as free parameters. The

two sets of NWs were grown under identical conditions and mass-disorder is the only difference
between them. Consequently, there is no reason that the specularity factor of surface phonon
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scattering will be any different between them. The fit to the experimental data of 28Si, 39Si; _, NWs
is shown by the solid red line in Fig. 3(a), which gives C&(TA): 17.34 x 10% s? (20.21 x 106s%).
With all parameters optimized, equation (3) was then used to evaluate kt by varying the diameter
(dyw) from 25 nm up to 250 nm. The results are shown in Fig. 3(b) at the two extreme ends of the
range (dyw of 25 nm and 250 nm). See examples of the simulated k vs. T data for NWs at a few
intermediate values of dyyw in Section 6 of the Supplementary Information. The temperature
behavior of kt in Fig. 3(b) is remarkably sensitive to dyw, which can be attributed to the diameter

dependence of the contribution of surface scattering to the phonon lifetime in the NWs.

From the simulated data, four parameters related to ky of the NWs are evaluated next, all

of which were found to depend strongly on dyyy. Of these four, one key parameters that is crucial
here is the temperature limit of mass disorder-induced phonon scattering (TSNW), or the
temperature at which any effect of the lattice on kt vanishes due to the overwhelming influence

of phonon surface scattering. Fig. 4(a) shows that the evolution of TSNW as a function of dyyy. The
dependence on dyy is very close to being hyperbolic, as extracted from the power-law fit. The
hyperbolic dependence is also confirmed by the log-log plot displayed in the inset of Fig. 4(a),
which shows a slope of —1.1. Given that TSNW is the temperature below which lattice mass-
disorder effect on k- is totally suppressed, it is also interesting to investigate how it varies as a
function of the mass-variance. To this end, k vs. T data of 28Si, 3°Si; _, NWs was also simulated

by varying the fractional composition of 2Si (see an example in Section 6 of the Supplementary
Information) and the dependence of TSNW on the 8Si concentration is shown in Fig. 4(b),

indicating a linear behavior wherein TSNW decreases by ~ 0.85 K for every 10.0 at.% increment
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in the 2Si concentration®’. Interestingly, the influence of the mass-variance on TSNW Is fairly
independent of dyyy, as reflected by the same slope of the NWs at the diameter extremities of 25
nm and 250 nm. Shown in Section 7 of the Supplementary Information are the other three

parameters which include: the reduction in room temperature kr of 28Si,3°Si;_, NWs relative to

30Si NWs (Rf{‘}w); the temperature at which kr reach the maximum value (T;‘,';XW); and the

reduction in Ky, Of 28Si,3°Si;_, NWSs relative to 3°Si NWs at ToNW (R‘%ljn":x). TINW \as found

to have a ~(dyw) * dependence on dyy, while RENW and Ril:n‘/:x were found to depend on

dyw as ~exp(—dyw)%°° and ~exp(—dyw) 7”2, respectively.

Conclusion

The analyses above outline a framework to evaluate the temperature-x-diameter triple-parameter
space by artificially controlling mass-disorder and lattice dynamics in NWs. The work also
demonstrates that phonon transport in NWs is indeed not all about the surface and there exists a
temperature regime where the lattice starts contributing to the heat transport in a nanoscale
structure. The framework identifies the boundary between this regime and the purely surface-
dominated one and elucidates how this boundary evolves as a function of the NW diameter and
the extent of mass-disorder in the crystalline lattice. By unravelling these heretofore unexplored
fundamental aspects, this work disentangles the primary phonon scattering channels that strongly
influences the thermal behavior at the nanoscale. This knowledge is crucial to guide the design
and modelling of future nanoscale phononic and thermoelectric devices and heat management

platforms.
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Note, this rate of decrease in TSNW is only true up to %Si fractional composition of 50.0
at.%. At this concentration the isotopically mixed NWs attain their maximum mass-
varience. The lattice would start to become more ordered with further increase in 28Si
concentration
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Methods

i)

i)

Growth of isotopically engineered NWs: N*SiF, gas was first enriched into isotopically
enriched JSiF4 (j= 28, 29, and 30) inside a Zippe-centrifuge. This was followed by
reduction of the isotopically enriched ISiF4 gases into the JSiH4 precursors, following the
chemical reaction: 'SiF4 + 2CaH, — SiH4 + CaF». The vapor-liquid-solid (VLS) method
was implemented to grow the NWSs, with gold (Au) acting as the catalyst. For this, Si
substrates underwent degreasing in acetone, followed by a dip in 2% hydrofluoric (HF)
acid for 2 mins to remove the native oxide, followed by rinsing in de-ionized water. Next,
2 nm thick Au films were then deposited on the substrates before loading them into the
UHV-CVD chamber. Au-Si eutectic droplets were formed by annealing the substrate at
450°C for 20 min. The NWs started to grow with the injection of the enriched JSiH4
precursors, at a flow rate of 2 sccm. The growth temperature and the chamber pressure
were maintained 480 °C and 1.5 mbar, respectively.

Scanning transmission electron microscopy: The HAADF-STEM images of the NWs
were recorded in a probe-corrected FEI Titan 60-300, equipped with a high brightness field
emission gun and a CETCOR corrector from CEOS.

Raman Spectroscopy: The Raman measurements were performed in a custom micro-
Raman setup at A., = 532 nm laser excitations. The laser was focused on the sample with
a 100X (NA 0.85) objective with a spatial resolution approaching the diffraction limit. The
laser power density incident on the sample was measured using a hand-held power meter.
The spectra were acquired using a liquid-nitrogen cooled charged-coupled device camera
(JY Symphony) mounted on a Jobin-Yvon Triax iHR550 spectrometer (grating 1,800
g-mm1) with a precision of 0.2 cm. During the laser exposure, the sample was mounted

inside a liquid-He cryostat that enabled adjusting the base temperature from 300 K down
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to 4 K, with a temperature stability of 80 mK. The samples were held under high vacuum
of below 10 Torr. The spectrometer calibration was done using the Raman peak position
of bulk silicon at 520.8 cm™. Prior to the Raman measurements, a suspension was first
prepared by putting a small piece of as-grown sample in acetone under ultrasonic vibration
for 10 min. The suspension was then dispersed on two different type of substrates: first, an
Au-coated Si substrate and second, a commercial Au-grid with 4 um sized holes. The first
substrate was used for investigating such intrinsic properties of the NWs (the w vs. T
analysis in Fig. 1(c)), wherein any laser-induced heating effect is undesirable. The Au-
coated Si substrate underneath the NWs provide a good thermal contact and act as a heat
sink that can quickly dissipate any laser-induced heat. The second substrate was used for
the transport measurements within the framework of the power dependent study (the wpp
vs. P.D. analysis in Fig. 2). This pronounced the laser-induced heating effect of the NWs

and suppressed any underlying effect of the substrate on the transport measurements.
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Fig. 1 | HAADF image and Raman spectra of the isotopically programmed NWs. (a) HAADF
image from HR-STEM analysis of a 28Si,3°Si,_, NW at different magnifications. (b) Back-
scattering micro-Raman spectra, collected at different ambient temperatures, showing the LO
phonon mode of a 39Si NWs (left) and a 28Si,3°Si;_, NWs (right). The Voigt fits are shown as
solid lines. The vertical red dotted line marks the peak positions of the LO modes at 4 K. See
section 1 of the supplementary information for details on laser power optimization. (c) The
evolution of Si-Si peak position (w) as a function of ambient temperature. The fit to the w vs. T
data is done using equation (1) (solid lines). From the fits, the parameters A in equation (1) was
found to be 2.63 x10° K* and 2.70x10 K, while the parameter B was found to be —3.96 cm™
and —3.91 cmt, for the 3°Si NWs and the 28Si, 39Si, _, NWs, respectively.
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Fig.2 | Evolution of Raman peak position and the local temperature of the NWs as a function
of laser power density (a) Evolution of wpp and TES¢ of 3°Si NWs as a function of laser power
density at 140 K; (b) Evolution of wpp, and TS of the 28Si, 3°Si, _, NWs, as a function of laser
power density, at an ambient temperature of 140 K. The data for wpp displayed in (a) & (b) were
averaged over 10-15 individual NWs. The corresponding error bars are the standard deviation of
the data. The error bars associated with the TE¢ comes from two sources: the standard deviation
(error bars) associated with the mean value of wpp and the uncertainty associated with the value
of w, estimated from the fit; (c) Evolution in the linear regime of TSS¢ as a function of laser power
density of 3°Si NWs and the 28Si, 3°Si; _, NWs at 140 K. The lines indicate the linear fit to the
corresponding data. The data for the 3°Si NW has also been used to demonstrate how the
uncertainty associated with the slope of linear fit to the TES¢ vs. power density data was calculated.
The errors bars were used to estimate the maximum possible slope (spax) and the minimum
possible slope (spin), associated with the TIS¢ vs. power density data. The uncertainty associated
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with the slope was calculated as As = (Syax — Smin)/2; (d) Evolution of TES¢ as a function of
laser power density of the 3°Si NW and the 28Si, 39Si,_, NWs at 60 K.
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Fig. 3 | Experimenal and simulated kp of the NWs (a) Evolution of wr of 3°Si NWs and
286i,39Si, _, NWs as a function of the ambient temperature. The data are normalized to ky of
30Si NWs at 300 K. The solid black line is the fit to the data of the 3°Si NWSs using equation (3)
with [0, wp,1.4] as the limits of the integration. The solid blue line is a fit to the data of the 3°Si NWs
using equation (3) with [O, (Dc,LA] as the integration boundaries. The solid red line is a fit to the
data of the 28Si, 3°Si; _, NWs using equation (3) with [0, w¢ 4] as the integration boundaries; (b)
Simulated p of 39Si NWs and 28Si, 3°Si, _, NWs as a function of ambient temperature. The figure
displays two sets of simulations corresponding to two different diameters of 250 nm and 25 nm.
In order to be consistent with the experimental data in (a), the simulated data in (b) was also
normalized to xp of 3°Si NWs at 300 K.
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Fig. 4 | Evolution of TSNW as a function of NW diameter and mass-variance (a) Evolution of
TSNW as a function of the NW diameter (dyw). The solid red line is a power-law fit to the simulated

data. Inset: Log-log plot of the Tf”"" vs. dyyw data. The data has been fitted with a straight line
which shows a slope of —1.1. The simulated data point corresponding to dyw = 55 nm (the
average diameter of the NWs investigated experimentally in this work) is highlighted using the
colored circle; (b) Evolution of Tf”"" as a function of the fractional composition of ?Si isotope
within a 28Si,39Si;_, NW. The fractional composition is indicative of the mass-variance, the
maximum mass variance being at 50.0 at.% composition of the two isotopes. The simulated data
is shown only for the thinnest and the thickest NWs with diameters of 25 nm and 250 nm,
respectively. The solid lines are linear fit to the respective data.
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1) Optimization of laser power density: Before Raman studies, a suspension was first prepared
by putting a small piece of as-grown sample in acetone under ultrasonic vibration for 10 min. The
suspension was then dispersed on two different type of substrates, as shown in Fig. S1(a):left.
During the (w, T') vs. T measurements of the 3°Si NWs and the 28Si, 3°Si, _, NWs (Fig. 1(c) of the
main manuscript), the incident laser power density was optimized in the following manner to
ensure the minimum laser induced heating of the NWs. The optimization was performed at 4 K.
The reason being that the 1 of NWs is expected to be the minimum?, and therefore the NWs have
a much higher sensitivity to laser-induced heating effect at 4 K. So, if the laser power density is
optimized at 4 K, it can be assumed to stay optimized for T > 4 K, all the way up to 300 K. Fig.
S1(b) shows the Raman peak position as a function of power density for 3 different
285, 39Si,_, NWs, at an ambient temperature of 4 K. As can be seen in Fig. S1(b), the measured

peak position of the NWs shifts at power densities above 0.32 mW/um?. This blueshift is due to
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the laser-induced heating. The peak position stays essentially the same for power densities below
0.32 mW/um?, meaning the laser power density is low enough to induce any additional heating.
The optimal power density for 3°Si NWs was identified using the same procedure and found to be
the same (0.32 mW/um?). The (w, ') vs. T measurements shown in Fig. 1(c) of the main
manuscript were carried out using this optimal power density of 0.32 mW/um?. The power
optimization for the peak position vs. power density plots (Fig. 2 of the main manuscript) was
performed in a similar manner, with NWs suspended atop holes on Au-grid (commercially

purchased) as shown in Fig. S1(a): right.
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‘NWdispersed T
(7 S, |
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»
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Fig. S1 | Sample preparation for Raman measurements and laser power optimization. (a)

Left: Scanning electron microscope (SEM) image of a single 28Si, 3°Si, _, NW, dispersed on a Au-
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coated Si substrate. While investigating such intrinsic properties of the NWs (like the w vs. T
analysis in Fig. 1(c) of the main manuscript), any laser-induced heating effect is undesirable. The
Au-coated Si substrate underneath the NWs provide a good thermal contact and act as a heat sink
that can quickly dissipate any laser-induced heat. Right: SEM image of a single 28Si, 3°Si; _, NW,
dispersed atop a hole on an Au-grid. This pronounced the laser-induced heating effect and
suppressed any underlying effect of the substrate. (b) Measured Raman peak position as a function
of laser power density of 3 individual 28Si, 3°Si;_, NWs, at an ambient temperature of 4 K.

2) Details related to the expression of Aw(T)ye1: Aw(T)y, IS the shift in frequency caused by

changes in crystal volume given by??

Awo(T)yor = wo [exp {J; —ny (MM T} ~1],  (ED),

where y; is the mode-specific Grlineisen parameter, the degeneracy factor (#) is 3 for the LO mode
in Si, and a is the linear thermal expansion coefficient. Both y; and « evolve non-linearly with
temperature*®, making the product of y; and o rather complicated to describe using any

phenomenological analytical expression. Hence, for practical purposes, mean isothermal values of
(y)t and (a)y are often considered in literature for fitting the temperature evolution of phonon
energies®’. Here, the product of (y)r and (a) has been considered as a single fitting parameter,
A, which can be taken outside the integral in equation (E1). Equation (E1) was therefore simplified

to
Aw(T)yor = wo[e™*AT —1]  (E2)
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3) Description of the phonon scattering mechanisms:

Table 1: Summary of the scattering processes considered for calculating t;(w, T)

Scattering | Phonon Scattering rates (s%) Description of parameters Reference
mechanism | mode
LA Tn1a (@, T) = By paw?T? Bya = K3yEaV/mh%vf,
Normal Ref 89
anharmonic TA Tnra(®, T) = ByraT? Byra = kgyiaV/mAcvd,
Umklapp Tl_J,lLA(TA) ((1), T) BU,LA(TA) Ref 9.10
anharmonic | LA(TA) _ BU,LA(TA)sze_eD'LA(TA)/ST = thA(TA)/fTWEA(TA)9D.LA(TA)
Isotopic
mass- LA(TA) TiLacray (@) = Apacray ©* Apacra) = V82/4T0 s (1) Ref !
disorder
Surface LA(TA) Tg},A(TA) = VLA(TA) /Leff Leogr = Ref 12-14
[(1-P)/(1 +P)W, + (1/L)]™*
Acoustic TEiMA(TA)(w' T) ClA(Ta) is]c thehproportiohaI::y
constant for the isotopica
phonon = Clacray w82 [coth(hw/2ksT)]V/2 mixed NWs Py
generation
rate due to =y P - - -
anharmonic | LATA) | T6facea) (@D Clacay fls Lhe_ prop_ortlllo nality
. NWs
optical
phonons

Yra(ra) is the Grineisen parameter for the LA(TA) mode which were taken to be 1.04 (0.56)8; va(Ta) IS the velocity
of the LA(TA) mode which were taken to be 8430 m/s (5840 m/s)8; m is the average isotopic mass which is 29.973
amu. for the 3°Si NWs and 29.015 amu. for the 28Si,3°Si,_, NWs; V is the volume per atom which was taken to be
2.0 x 10 cm® for Si*°; O 1,4(ra) is the Debye temperature of the LA(TA) mode which were taken to be 586 K (240
K)?; g, = {3i(cimy)? — (T ¢im;)?}/ (3 ¢im;)? is the second-order moment of mass-fluctuation. ¢; and m; are the
fractional composition and the atomic mass of the it isotope; P is the specularity factor for phonon surface scattering;
W; and L are the physical width and length of the conductor, respectively. W in the expression of TEiA(TA) was set

equal to the average NW diameter of 55 nm and the contribution of L was neglected due to high NW aspect-ratio. i
and kg have their usual meaning.

Scattering mechanisms: The first scattering mechanism highlighted in Table 1 is the anharmonic
phonon-phonon scattering mechanism, which shows a frequency and temperature dependence of
the form tyLa(w, T) = Byraw?T? for the LA mode and ty'a(w, T) = ByrawT* for the TA
mode®®. The constants Byps and Byra can be expressed as kjyZ,V/mh%vy, and

kgy3V/mh3w£,, respectively®. Note, that the normal anharmonic scattering of the acoustic

phonons is not a resistive process. Hence, combining this effect with the other scattering
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mechanisms while fitting the data for isotopically enriched and disordered bulk Ge®?, called for an
additional corrective term in the expression for k. However, the contribution of this corrective
term to the total k1 was found to be below 1% at all temperatures. Even in the Callaway’s original
calculations, the corrective term was initially included after having taken the normal anharmonic
scattering into account, only to be subsequently neglected once its contribution was found to be
insignificant'®!’. Consequently, the corrective term has been neglected here. Second, the Umklapp

scattering of phonons whose scattering rate can be shown to be®™ tgjacray(w, T) =

Bu,Lacra)w*Texp(— Op r.acray/3T), where By pacra) = Aviacra)/ M acra)Op,Lacray. Third, the
scattering rate of phonons from isotopic mass-disorder which is given by!! T, LlA(TA)(w) =
Vg2w4/4mrL3A(TA). Fourth, is the phonon-surface scattering which was first investigated by

Casimir®® and later extended by Berman et. al.2® to include the effect of non-zero specularity factor

(P). The phonon surface scattering rate can be expressed as'* ™ 51 acray = viacra)/Lefr- Lefr iS

the effective width of the heat conductor.

Generation mechanisms: As mentioned in the main text, the earlier works on theoretical
formalism of thermal transport in Si NWs argued that the decay of the optical phonons into acoustic
phonons at an energy Aw can be considered as a generation rate of acoustic phonons, which
partially counteracts their scattering rate at the same energy®. Now, in majority of materials
including Si, the anharmonic scattering and the isotope scattering of the optical phonons are linked
to one another. It was argued that mass-disorder can open up additional scattering channels for the
optical phonons, leading to an enhancement in their anharmonic scattering rate?®-22. Therefore,
while treating this mechanism in the isotopically mixed 28Si,3°Si;_, NWs, a convolution of the

two mechanisms (three-phonon anharmonic scattering and scattering from mass-disorder) needs
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to be considered. The analytical expression for the generation rate of acoustic phonons (negative

scattering rate of optical phonons) in presence of the convolution is given by® rgnl,;
L

(w0, T) =
A(TA)

Clacra)03g2[coth(hw/2kgT)]*/2 (M is the superscript denoting isotopically mixed NWs). In the

isotopically pure 3°Si NWs, devoid of any isotope scattering (so no convolution with isotope

scattering), the generation rate of the LA(TA) phonons can be expressed as® TE%A(TA) (0, T) =

Clacrayw® [coth(fiw/2kgT)].

Finally, the total acoustic phonon scattering rate was calculated according to the

Matthiessen rule as

1 _ 1 N 1 4 1 4 1 1
Tzraa) (@, T) (0, T)  tyi(0,T)  tgjlw)  t]  tome(w,T)
]

(E3)
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4) Simulated ky vs. T data for bulk NatSi, bulk 3°Si, and bulk 28Sig ,3%Sig ¢

To simulate the k7 vs. T data for the bulk semiconductors, the upper limit of the integral in equation
(3) of the main manuscript was set to wp 1,4 for the LA phonons. The result of the simulations is
shown in Fig. S2. It shows that the bulk 3°Si sample reach k. at a temperature TPl of 26.5 K.
Kmax OF N2tSi is reduced by a factor of ~7.9 relative to 3°Si at 26.5 K, and k of N2tSj is reduced
by ~9.5 % relative to 3°Si at 300 K. The isotope effect on 1 of N2'Si vanishes at ~5.5 K (see pink
dotted line). These values lie within £5% of the experimentally measured values in literature>23,
Note that no theoretical or experimental investigation regarding the evolution of k1 of isotopically
mixed bulk Si exists in the literature. The model has therefore been extended to display the
temperature evolution of kp of bulk 28Si, ,3°Si, , (same isotopic composition as the NWs used in
this work), as shown using the solid red curve in Fig. S2. k. Of bulk 28Si, ,3°Si, ¢ is reduced by
a factor of ~45.8 relative to 3°Si and by a factor of ~5.8 relative to N2tSj, at TPk of 26.5 K. At
300 K, xr of bulk 28Si, ,3°Si, , is reduced by ~32 % relative to 39Si. The isotope effect on xy of

bulk 28Si, ,3%Si, ¢ vanishes at ~2.6 K (see orange dotted line).
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Fig. S2 | Simulated kg of bulk isotopically engineered Si. Simulated kr of bulk 3°Si, and bulk
Natgi and bulk 28Si, ,3°Si, ¢ as a function of ambient temperature, using equation (3) of the main
manuscript. The temperature limit to the isotope induced phonon scattering is the temperature at
which xr of bulk Natsi, and bulk 28Si, ,3°Si, , merges with the 1 of bulk 3°Si, and are shown
using the pink and orange dotted lines, respectively. The relative changes in kt between the bulk
3054, bulk Natsi, and bulk 28Si, ,3%Si, ¢ at 26.5 K and at 300 K are highlighted in the Figure.
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5) Optimization of the cut-off frequency

As shown in Fig. S3 and discussed in the main manuscript, the quality of the fit to the
experimentally obtained ky vs. T data is rather poor when equation (3) of the main manuscript is
integrated all the way up to the Debye frequencies of the modes. Note, during the fits, the

parameters P and Cﬁf,\((PT)A) were used as fitting parameters and a bound of [0,1] was imposed on P.

It is worth mentioning here that no amount of parameter adjustments led to any significant

improvements in the quality of the fit when integrated up to wp 1.a(ta). The reasons for are two

fold: first, M].ph(u)) in equation (3) calculated using the Debye approximation can be shown to

agree excellently with that calculated from the full phonon band-structure in most semiconductors,
but only up to a certain energy, beyond which the approximation starts to divert?*. Second,
contribution that the Umklapp scattering makes to the total phonon lifetime in NWs. In bulk
samples, the Umklapp scattering makes a dominant contribution to the total lifetime. The presence
of phonon surface scattering in NWs at all temperatures means that the contribution of Umklapp
scattering is relatively suppressed than in bulk samples. Consequently, considering a bulk-like
phonon spectrum and integrating all the way up to the Debye frequency might overestimate the
contribution of Umklapp scattering to the total phonon life-time in NWs2. The solution is therefore

to chose a lower cut-off frequency of the modes which would get rid of the excess contribution of
both M]Ph(u)) as well as that of the Umklapp scattering to the total phonon life-time. The

optimization was done on a trial and error basis by lowering the cut-off frequency of the modes by
1.0 THz. Fig. S3 shows a selected few examples, demonstrating the gradual improvement to
quality of the fit as a result of the optimization. Also note that, that lowering the cut-off frequency
of the TA mode leads to only a nominal change in the quality of the fit (see the pink and light green
dot-dash-dot lines corresponding to wp .4 = 51.7 THZz, wpta =26.4 THz and wp 4 = 51.7 THz,
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wpta =21.4 THz, respectively) that too in the high-temperature range (> 180 K). For this reason,
during the cut-off optimization, the maximum frequency of the TA mode was maintained at
wpta =31.4 THz, while only wp .4 Was altered. This prevented having an additional unknown
parameter (that is, wc ) into the theoretical model. Note, every time the cut-of frequency was

altered, the cut-off temperature, in the expression of r{]}L acra)(, T) was also changed accordingly,

from Op,.acra) 10 B¢ Lacra) = hwcracra)/Ks-

@ 30si Nw data

S1.2 wpra = 76.7 THZ, wp s = 31.4 THz
1.0 v I wcpp = 66.7 THZ, 0pa
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Fig. S3 | Cut-off optimization for the LDL model. The cut-off optimization process with the
experimentally obtained kr vs. T data of the 3°Si NWs. Selected few demonstrations are displayed
using the colored lines (solid and dot-dashed), which are the best possible fits to the experimental
data, obtained by choosing various values of wpsand wp 1 (s mentioned in the Fig. legend).

The solid green line (wp .o = 51.7 THz, wp tao =31.4 THZ) is the one depicted in Fig. 3(a) of the
main manuscript.
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6) Simulated kg vs. T data for NWs at intermediate values of dyw
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Fig. S4 | Kt VS. T data for NWs at intermediate values of dyy. The simulated kt vs. T data for
isotopically pure and isotopically mixed NWs with diameters (a) 3°Si NWs and 28Si, ,3°Si, , NWs
with  dyw = 205nm. (b)  39SiNWs and  28Si;;3%Si; o NWs,  28Si,,30Si, g NWs,
28Si, 339Si, , NWSs, 28Si, ,39Si, o NWs, 28Si, < 30Si, < NWs, with dyw = 160 nm. (c) 3°Si NWs
and 28Si,, 3%Si, ¢ NWs with dyw = 100 nm. (d) 3°Si NWs and 28Si, , 3°Si, ¢ NWs with dyy =
40 nm.
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7) Variation of Rﬁ‘%w, T,f,';‘,"{, and R‘;xx as a function of dyw
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Fig. S5| Evoltuion of REWY, TIW, and TaY as a function of the NW diameter. (a) The
evolution R‘él}w as a function of dyy. The solid green line is an exponential fit to the simulated

data, showing a ~exp(—dyw)®®> dependence on dyy. (b) The evolution of ngxw as a function
of dyw. The solid blue line is the fit to the simulated data, showing a ~(dyw)~** dependence. (c)

The evolution of R‘%lr“n":x as a function of dyy. The solid brown line is the fit to the simulated data,

showing a ~exp(—dyw)®7? dependence. Note, that the NWs with dyy of 25 nm never reaches
Tmax Within the temperature range of 300 K considered in this work (see Fig. 3(b) of the main
manuscript). Consequently, the data in (b) and (c) starts at dyy = 40 nm and does not show the
data point corresponding to dyyw = 25 nm. In (a)-(c), the simulated data point corresponding to
dyw = 55 nm (the average diameter of the NWs investigated experimentally in this work) is

highlighted using the colored circles. Note that ngxw of the 28Si,3%Si;_, NWs and the 3°Si NWs
are not exactly at the same point. Tr?f;;’(" of the 28Si,39Si,_, NWs was always found to be at a
slightly lower temperature (4—6 K) than that of the 3°Si NWs. TSNW in (b) and R‘T“I"n‘;vx in (c) are
relative to that of the isotopically pure 3°Si NWs.
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