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Giant Isotope Effect of Thermal Conductivity in Silicon Nanowires
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Isotopically purified semiconductors potentially dissipate heat better than their natural, isotopically mixed
counterparts as they have higher thermal conductivity (k). But the benefit is low for Si at room temperature,
amounting to only ~10% higher « for bulk 28Si than for bulk natural Si ("*Si). We show that in stark contrast
to this bulk behavior, 28Si (99.92% enriched) nanowires have up to 150% higher  than "Si nanowires with
similar diameters and surface morphology. Using a first-principles phonon dispersion model, this giant
isotope effect is attributed to a mutual enhancement of isotope scattering and surface scattering of phonons in
"4Si nanowires, correlated via transmission of phonons to the native amorphous SiO, shell. The Letter
discovers the strongest isotope effect of x at room temperature among all materials reported to date and
inspires potential applications of isotopically enriched semiconductors in microelectronics.
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Thermal management is one of the major bottlenecks to
continued scaling of modern microelectronics beyond the
current generation, as devices in integrated circuits become
increasingly smaller, denser, and more power hungry [1,2].
It is desired to have the active channel of these micro-
devices made of semiconductors that not only perform the
electronic functions needed, but also quickly dissipate heat
away. For silicon, this requirement presents a critical
challenge. Although bulk, crystalline Si has a relatively
high thermal conductivity (x ~ 144 W/mK at room tem-
perature), when its size is reduced to the submicron range, x
is strongly suppressed owing to significant boundary
scattering of phonons [3,4]. The reduction in x becomes
even more severe when the surface of the size-reduced Si is
rough [5-7], noting that surface or interface roughness
exists ubiquitously to a certain degree, especially in nano-
structures fabricated via top-down approaches involving
chemical etching. It has been reported that, for example, for
Si nanowires (NWs) with surface roughness of ~3 nm, « is
reduced to the level of ~5 W/mK when the diameter is
below 100 nm [5,6]. This x suppression becomes a critical
problem for heat dissipation in field effect transistors
(FETs) lithographically fabricated from Si wafers, such
as fin field effect transistors (FinFETs), [8] and gate-all-
around FETs [9]. Alternative materials with high x near
room temperature have been recently investigated as heat
dissipation materials for microelectronics, such as boron
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phosphide (BP, ~490 W/mK) [10], cubic boron nitride
(cBN, ~880 W/mK) [11], and boron arsenide (BAs,
~1000 W/mK) [11-13]. Yet it would be much more
impactful if ¥ of nanoscale Si itself, the channel material
of most microelectronic devices, can be drastically improved.

It had been hoped that isotope enrichment of semi-
conductors would raise x, as mass disorder arising from
isotopes (typically at a few percent or higher atomic
fractions) are efficient scatterers to heat-carrying phonons
[1,14-16]. The isotope effect of « is described by the ratio
P = (Kiso/Knat — 1), Where ki, and k,, are the thermal
conductivity of isotopically enriched material and the same
material with natural isotope abundances, respectively.
A high isotope factor P can arise from strong phonon
scattering with isotopes, or conversely a weak umklapp
scattering of phonons [1,15,16]. The former is favored by
high isotope mass fluctuations [15]. The latter can be weak
in the presence of acoustic phonon bunching combined
with a wide band gap between acoustic and optical phonons
[1,16]. Bulk silicon, unfortunately, meets none of these
conditions, resulting in a weak isotope effect of P ~ 10% at
room temperature [17,18].

It has been reported that the isotope effect of ¥ becomes
large in some low-dimensional materials. For example,
k was reported to be enhanced by ~50% in isotopically
enriched BN nanotubes at room temperature [19]. An even
stronger isotope effect was recently discovered in cubic BN
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crystals (P ~ 108%) [20]. A strong isotope effect in k was
also revealed in two dimensional materials, including
graphene (~50%) [21], monolayer MoS, (~50%) [22],
and monolayer BN (~40%) [23,24]. For nanoscale Si,
previous studies have reported that isotopically enriched
2Si (99.9%) NWs grown by gold-catalyzed vapor phase
epitaxy show ~30% greater x than 28Sij5°°Siys NWs,
measured using Raman nanothermometry [25,26]. It is
both intriguing and important to ask whether nanoscale Si
prepared with top-down methods with naturally rough
surfaces [9] would display a stronger isotope effect than
bulk Si when isotope scattering, boundary scattering, and
umklapp scattering of phonons all interplay and compete.
The answer is not straightforward, as a first-order theory
would expect the isotope scattering to be further overshad-
owed by the newly added boundary scattering, leading to P
values even lower than in the bulk.

In this Letter, we prepared isotopically enriched 2%Si
NWs as well as natural Si ("¥Si) NWs with sub-100 nm
diameters, and directly measured their thermal conduc-
tivity. We found that the isotope effect of x is much
enhanced from ~10% in the bulk to 150% in the NWs.
Using a model based on a combination of first-principles
phonon dispersion and the phonon Boltzmann transport
equation, we explain the effect with a two-way coupling
between the two distinct phonon scattering mechanisms by
mass disorder and by surface roughness. The rates of the
two scattering mechanisms are mutually amplified in "Si
NWs, resulting in the unusually strong isotope effect in x
when the effect is eliminated in 28Si NWs.

Si enriched in the isotope 2%Si in the form of SiF, was
converted to bulk polycrystalline Si by a laboratory-scale
reactor, and dislocation-free single crystals (Supplemental
Material [27]) were produced from the polycrystalline Si by
the float-zone technique [35]. The isotopic composition of
the single crystals was measured using secondary ion mass
spectroscopy (SIMS) to be 99.920% 28Si, 0.075% *Si, and
0.005% 3°Si; this contrasts with the composition of "Si:
92.23% ?8Si, 4.67% 2°Si, and 3.10% 3Si. These 2Si-
enriched crystals (thereafter referred to as 28Si) show a
resistivity of approximately 10 cm at room temperature
with n-type conduction and free carrier concentration of
3 x 10" ¢cm™3, as reported in previous publications [35].
The concentration of impurities was determined by SIMS
to be below 10'® cm™ with carbon being the most
prominent impurity. The ?8Si bulk crystal was then made
into NWs using an electroless etching (EE) method in an
aqueous solution of AgNO; and HF acid [S]. As a
reference, "Si NWs were also prepared using the same
recipe from an n-type "™Si crystal with very similar
resistivity (~10 Qcm). The obtained Si NWs were indi-
vidually dry transferred to a suspended pad microdevice
using a sharp probe for measurement of thermal conduc-
tivity [55]. As shown in Fig. 1(a), such a microdevice
consists of two suspended pads bridged by the NW to be
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FIG. 1. Thermal conductivity of isotopically enriched (**Si at

99.92%) and natural Si NWs. (a) Optical image of a microdevice
consisting of two suspended pads bridged by a Si NW. Inset:
SEM image showing the Si NW FIB-bonded by Pt onto the
underlying electrodes on the suspended pads. Scale bars: 10 ym
(main panel); 100 nm (Inset). (b) Normalized Raman spectra of
suspended Si NWs at a low and a high laser power. (c) Raman
peak position as a function of the laser power. Inset: optical image
of a suspended NW, where the blue spot shows the focus of the
laser beam. Scale bar: 5 um. (d) Temperature-dependent thermal
conductivity of Si NWs. Symbols are experimental data; curves
with shaded thickness are theoretical predictions with 3 nm
roughness and 6.5 + 0.1 (5.1 £ 0.1) nm correlation length for the
isotopically enriched (natural) Si NWs. (e) Calculated (curves)
and measured (points) thermal conductivity of Si NWs as a
function of reciprocal diameter at 300K. (f) Comparison of room-
temperature isotope effect of x of Si NWs compared with that of
other isotopically enriched materials reported in the literature.
Mass fluctuation parameter of elemental material (A) and com-
pound (AB) is defined as g4 =, ¢;(1—M;/M,,)?* and
9= [(gaM?3 + gsM3)/(M, + Mpy)?], respectively, where c; is
the atomic fraction of the ith isotope.

measured [5,55,56]. Each pad has a Pt microheater and
thermometer to control and sense the temperature, so
thermal conductance of the NW can be measured by heat
transported from the heating pad to the sensing pad [5,55].

Before accurately measuring the thermal conductivity,
Raman spectra were taken from the Si NWs by focusing
the laser at the middle of the suspended NWs [inset of
Fig. 1(c)]. The Raman spectrum of 8Si NW shows a
blueshift with respect to that of "Si NW with similar
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diameter [Fig. 1(b)], which is expected from the lighter
mean atomic mass of >8Si and consistent with results in bulk
crystals (Supplemental Material [27]) [57,58]. When the
laser power increases, the Raman peak of both NWs
redshifts. This is expected as higher laser power heats
more the suspended NW at the laser spot, resulting in
a redshift of the NW’s Raman peak. Interestingly, the
naSi NW shows a much stronger redshift than the 28Si NW
at the same, increased laser power, which suggests more
heat accumulation at the laser spot [59], attributed to a
much lower « of the "*Si NW. From the rates of the redshift,
it can be estimated that x of the 8Si NW is approximately
two times higher than that of the "'Si NW [see Fig. 1(c) and
Supplemental Material [27] ].

Using the heating and sensing micropads, x of 28Si and
"1Si NWs with various diameters were directly measured
over a range of temperatures, as shown in Fig. 1(d). The «
values of "™'Si NWs are in good agreement with what has
been reported in literature for synthesis with the EE
method [5].

More strikingly, an unusually high isotope effect is
observed in these NWs. The Si NWs show an isotope
effect (kiso/Knat — 1) of ~120% and ~150% for NWs with
diameter of ~90 nm and ~74 nm, respectively [Fig. 1(e)].
We also measured « of bulk crystals of ?8Si and "¥Si using
time domain thermoreflectance (TDTR) and found
Kiso/Knat — 1 to be only ~10% (Supplemental Material
[27]). This low isotope effect in bulk Si is consistent with
previous studies [17,18], and is understandable because at
room temperature isotope scattering of phonons in ™S
would be overshadowed by the much stronger umklapp
phonon scattering. The observed isotope effect of Si NWs
is shown in Fig. 1(f) together with the values of isotope
effect of other bulk and low-dimensional materials, includ-
ing 5% for GaAs [60], 31% for BP [10], 12% for BAs [20],
20% for Ge [61], 15% for GaN [62], 50% for diamond [63],
50% for monolayer MoS, [22], 50% for BN nanotube [19],
and 108% for cubic BN [20]. The isotope enhancement of k
observed in 28Si NWs is exceedingly high compared to all
other materials reported.

It is known that thermal conductivity of NWs is very
sensitive to not only the diameter, but also the surface
roughness profile of the NWs [5,6]. The roughness of an
NW is typically characterized by two parameters: the root-
mean-square value of the NW’s surface height fluctuation
(A), and the correlation length (L) defined as the mean
distance between roughness peaks, as illustrated in
Fig. 2(a). According to the model by Martin et al. [6],
which introduced roughness scattering rates derived from
perturbation theory in Fermi’s golden rule, a shorter
correlation length drives the surface scattering of phonons
toward a more diffusive process, leading to a suppression of
k below the so-called Casimir limit. The importance of
correlation length in explaining thermal conductivity values
below the Casimir limit in Si NWs was confirmed by

(a) 28si NW
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FIG. 2. Schematic of phonon scattering on the Si/SiO, inter-
face and structural characterization of the Si NWs. (a) Schematic
of phonon scattering on the c¢-Si core/a-SiO, shell interface of
288i and "Si NWs, where A and L indicate the roughness
amplitude and physical correlation length, respectively. Phonon
scattering back to the Si core occurs dominantly on the interface
in 285i NWs; in "Si NWs, in contrast, a higher portion of phonon
wave packets transmits into the a-SiO, shell, effectively short-
ening the correlation length and significantly reducing the
thermal conductivity of the NW. (b) and (c) high-resolution
TEM images and fast Fourier transform (FFT, inset) of a 285i NW
and a "Si NW. Surface roughness, highlighted by the red dashed
line, is evident on the interface between the crystalline Si core
(c-Si) and the native amorphous SiO, shell (a-SiO,). Scale bar is
4 nm in both (b) and (c).

subsequent models based on nonequilibrium Green’s func-
tions [64], phonon Monte Carlo transport simulations [54],
and experiments [7,65,66]. In our Letter, using high-
resolution transmission electron microscopy (TEM), both
"aSi and 28Si NWs were determined to be single crystalline,
as shown in Figs. 2(b) and 2(c). Indeed, unlike the smooth
surface of Si NWs grown by the gold-catalyzed VPE
method [25,26,67], these Si NWs have a rough surface
with physical roughness on the order of several nano-
meters, surrounded by native, amorphous SiO, (a-SiO,)
with a thickness of 2 ~3 nm. The rough morphology of
these EE method synthesized Si NWs is consistent with
what has been reported previously [5]. More importantly,
the 28Si and "Si NWs do not have noticeable difference in
the physical roughness and native SiO, thickness. This is
not surprising because the 28Si and "Si NWs were both
synthesized following the same EE recipe from two starting
bulk materials that have the same doping type and nearly
the same electrical conductivity. Their major difference, the
different isotopic purities in the 3Si and "¥Si materials, is
not expected to cause any difference in the EE process
where the NWs and native SiO, form.

To elucidate the much stronger isotope effect than in the
bulk, we employ a numerical model by solving the phonon
Boltzmann transport equation with phonon dispersions
determined from first principles. The total relaxation time
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(i) 1s composed of that attributed to normal phonon-
phonon (N), umklapp three-phonon (U), boundary (B), and
isotope (iso) scatterings; that is, 7,f = 73! + 75! + 73! +
rgé [14,68]. In conventional “decoupled” models, we
consider all these four scattering processes to be indepen-
dent, hence simply add the bulk isotope scattering rates to
the NW boundary scattering rate. This “decoupled” treat-
ment results in virtually no discernible difference in «
between 28Si and "Si NWs in our calculation, and therefore
is not able to explain the experimental results. This is
because, unlike bulk Si where isotope scattering contributes
about 10% to k at room temperature, there is a more than
tenfold increase in phonon scattering from boundaries in Si
NWs, significantly dwarfing the contribution from isotope
scattering. Therefore, a coupling between phonon-isotope
scattering and phonon-boundary scattering has to be taken
into account.

We propose a two-way interaction between the scattering
by isotope mass disorder and that by boundary roughness
disorder, termed as the “coupled” model in this Letter.
First, the surface roughness combined with small diameters
of the NWs results in strong boundary scattering, making
the lifetime of phonons so short that we need to consider
collisional broadening. Phonon lines are broadened accord-
ing to the uncertainty principle. We capture this by
replacing the energy-conserving & function in the vibra-
tional density of states (VDOS) by a homogenously
broadened Lorentzian distribution. The width of the dis-
tribution is related to the total scattering rate, y,(g) =
n/27,:(q4) [69,70], to obtain the vibrational spectrum
Dy (w)=[[dq/ (2x)’)(1/x){rs(d)/[lo—ay (@) +75(9)*]}-
Using this broadened spectrum in place of the VDOS
results in the NW isotope scattering rates shown by red
dots in Fig. 3(a). This “coupled” isotope scattering rate is
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FIG. 3. Calculation of two-way coupled phonon dynamics
involving surface roughness and isotope mass disorder in Si
NWs. (a) Isotope scattering rates in a "Si NW (90 nm diameter)
by the “decoupled” model compared to the “coupled” model. In
the energy range below 20 meV, the isotope scattering is
remarkably enhanced by the presence of the surface SiO,.
(b) Transmission coefficient spectrum of different phonon
branches from ¢-Si to a-SiO, for 28Si vs ™Si. "Si shows a
higher transmission coefficient at low phonon energies, implying
stronger roughness scattering at the Si/SiO, interface enhanced
by isotopes.

significantly higher than the “decoupled” one at the same
isotope composition, especially for phonon energies below
~15 meV. The coupling is also analogous to the drastic
influence from vacancies on flexural phonons scattering in
graphene [71]. However, even after this roughness-
enhanced isotope scattering rate, it is still not sufficiently
high to compete with the boundary scattering rate in NWs.
Our calculations show that this “one-way coupling”
between the two rates, where boundary roughness scatter-
ing enhances the isotope rate, in "'Si NWs only results in a
5% decrease in « relative to 28Si NWs with comparable
diameter and roughness. Therefore, the opposite direction,
the amplification of roughness scattering by the presence of
isotopes, needs to be covered to constitute a “two-way
coupled” model.

Indeed, it has been shown that across the SiC/GaN
interface, interfacial phonon transfer is enhanced by the
presence of 5% Ga isotopes, raising thermal boundary
conductance by ~20% [72]. In our NWs, the SiO, shell is
amorphous, where atoms completely lose long-range order
and spatial correlation. Therefore, phonons transmitted into
the a-SiO, shell encounter much stronger disorder scatter-
ing than if they are scattered back to the crystalline Si core
at the Si/SiO, interface, as illustrated in Fig. 2(a).
Physically, increasing the mass disorder with isotopes
and the resultant stronger phonon scattering in the c-Si
core leads to a better vibrational match with the a-SiO,
shell, resulting in a higher transmission rate of phonon
wave packets into the latter. As shown in Fig. 3(b), this is
demonstrated by the higher phonon transmission coeffi-
cient across the "Si/SiO, interface than the ?8Si/SiO,
interface, as calculated by the full-band scattering-mediated
diffuse mismatch model, obtained by combining the
scattering-mediated acoustic mismatch model [31,43] with
the full-band diffuse mismatch model (Supplemental
Material, Note 2 [27]).

The higher phonon transmission coefficient in the "*Si
NW to its SiO, shell gives rise to a shorter effective
correlation length than in the 28Si NW, despite that they
have comparable roughness and hence similar physical
correlation length along the Si/SiO, boundary. This feed-
back from the isotope scattering back to the boundary
scattering is captured in our calculation by reducing the
effective correlation length in the surface scattering rate
from 6.5 £ 0.1 nm for the 28Si NWs to 5.1 & 0.1 nm for the
naSi NWs. Surface scattering is proportional to the rough-
ness power spectrum [6] S(k) = 2zA%L?/(1 + L?k*)3/?,
which quantitatively relates the scattering rate to the
roughness A and the correlation length L [7], as described
in Supplemental Material [27]. In addition, it constrains
scattering to those in which the change in phonon wave
vector, k = |g — ¢'|, is smaller than the inverse of the
correlation length, as the power spectrum decays as 1/k>
when kL > 1 [45]. Consequently, roughness scattering is
highly sensitive to the roughness power spectrum S(k) [7],
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which is characterized by a combination of A and L. A
shorter L broadens the phase space for scattering [64],
which increases the scattering rate and leads to lower
thermal conductivity in ™'Si NW. Using this shortened L,
an ~150% isotope enhancement in x was reproduced for
28Si NWs of diameter of 74 nm, in agreement with the
experimental results, as shown in Figs. 1(d) and 1(e).

The correlation length for phonon scattering is equal to
the physical correlation length at the Si/SiO, interface only
if all phonons are scattered back to the c-Si core without
transmission into the a-SiO,. In the other extreme, when
phonons reaching the Si/SiO, interface all transmit into the
a-Si0, shell, they would experience a total loss of long-
range correlation. In between these two extrema, we
loosely assume a linear interpolation and write the effective
correlation length approximately as L = Lypysica(l — 1),
where ¢ represents the transmission coefficient of phonons
at the Si/SiO, interface. Because the most significant
portion of heat carriers are those phonons with energies
below kT, we estimate from Fig. 3(b) the averaged
transmission coefficient from 28Si and "Si to a-SiO, to
be 0.2 and 0.4, respectively. This treatment leads to a ratio
of L equal to approximately 1.3 between the cases of 2%Si
and "®Si NWs, consistent with the values of L = 6.5 nm for
28Si and 5.1 nm for "Si that were used in the simulations
to reach good agreement with the experimental data in
Fig. 1(e). We note that a similar considerable effect of the
presence of amorphous shell around ultrathin Si nanowires
was found in nonequilibrium Greens’ function [73] and
molecular dynamics simulations [74].

In conclusion, we discovered that the thermal conduc-
tivity of isotopically enriched 2Si NWs shows an unusual
contrast, up to 2.5 times higher at room temperature, than
that of "™'Si NWs with similar diameters and surface
morphology. This is in stark contrast to the behavior of
bulk Si, where the isotopically enriched one is only 10%
higher. Our Boltzmann transport model with first-principles
phonon dispersion explains this giant isotope effect as a
two-way coupling of boundary scattering and isotope
scattering, correlated via transmission of phonons to the
native amorphous SiO, shell in NWs. Our results reveal a
mutual enhancement of two distinct scattering mechanisms
and offer deep insights to heat transfer crossing or in
presence of crystalline-amorphous interfaces. It also
inspires potential applications of isotopically engineered
semiconductors in the pursuit of efficient thermal manage-
ment in Si-based modern microelectronics. From a broad
perspective, 2Si is appealing for high-fidelity quantum
computation due to the absence of nuclear spin [75-77]. It
is also important to show and understand the distinctly
different phonon behavior in nanoscale 8Si from the
perspective of enhancing coherence in quantum systems.
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Methods
Materials preparation.

Dislocation-free, isotopically enriched 2*Si (99.92%) single crystals were produced from
polycrystalline Si by the float-zone technique [1]. Afterwards, using an electroless etching (EE)
method, both the ?%Si crystals and commercial "'Si (MTI Corp.) crystals with similar n-type
conductivity (~10 Q-cm) were etched into NWs in an aqueous solution of 0.02M AgNOs and 5SM HF
acid for one hour [2]. Due to the galvanic displacement during reduction of Ag*, the bulk silicon
surface is oxidized and subsequently etched by HF; in the meantime, the formed Ag nanoparticles on
the surface delimits the spatial extent of the oxidation and become the active cathode by electron
transfer from the underlying wafer. After the reaction, the Ag dendrites were finally washed off by
nitric acid for at least one hour to yield clean Si NWs.

Si NW characterization.

TEM characterization for the natural and isotope Si nanowires was conducted with a field-emission
transmission electron microscope (JEOL, model JEM-2100F) at an acceleration voltage of 200k V.
HRTEM images were acquired at a dose rate of ~1000 e/A?-s with an exposure time of 1 sec per
image. Raman spectra were measured by a Raman spectrometer (Renishaw Inc.) with a 488 nm laser
as the excitation source, and the laser power was determined by a laser power meter (FieldMate,
Coherent Inc.)

Thermal conductivity measurements.

Thermal conductivity of the Si NWs was measured by suspended pad microdevices in a vacuum
chamber (<10° torr). The two SiNx pads were patterned with Pt lines on top and suspended with
flexible arms away from a Si substrate, as shown in the optical image in Fig. 1a. After transferring an
individual NW to bridge the two suspended pads with a sharp probe tip, Pt was deposited by FIB
(FEI Company) to bond the Si NW onto the underlying Pt electrodes to maximally eliminate contact
thermal resistance. Electrical current was sent to the Pt micro-heater to heat the hot pad, and the
electric resistance of the thermometers on both pads as measured via the four-probe method. By
doing so, the Joule heating power (Q) in the micro-heater and temperature rise of the hot (A7h) and
cool pad (AT:) were obtained, yielding the thermal conductance, G = (Q X AT,)/(AT# — AT?). The
length and diameter of the NWs in this study were measured by scanning electron microscopy to
ultimately allow determination of the thermal conductivity.

Calculations.

We simulate phonon transport in Si nanowires and obtain the dependence of thermal conductivity on
temperature, isotope scattering, and boundary roughness scattering employing the phonon Boltzmann
transport equation (pBTE) approach. We solve the time-independent pBTE in the relaxation time
approximation (RTA) to obtain the steady-state distribution function, which is used to determine the

- ~ 0 Do
lattice thermal conductivity as [3] k(T) = Q/VT = ¥, X5 hw,(§) 1, (§) (U, (q) - ©)? aalT , where t is
a unit vector in the direction of the temperature gradient and 7, (§) is the total relaxation time. The
phonon energy hw, (§) is obtained from first principles using density functional perturbation theory

as implemented in the code Quantum ESPRESSO [4,5], using parameters described in our earlier
work [6].



In our solution to the pBTE, we include a boundary roughness scattering (B) relaxation rate 7, :
obtained from perturbation theory derived in our previous work [7]. This momentum-dependent rate
depends on the change in the phonon wavevector k = |§ — ¢'| between the initial state § before and
the final state ' after scattering, boundary correlation length L, and surface rms roughness A through
the roughness power spectrum [8] as described below in the Supplemental Information Note 1. Since
our perturbation-theory approach starts form a bulk phonon dispersion, discretized for numerical
calculations into a 40x40x40 mesh, it is accurate for nanowires with diameters larger than about 40
unit cells across, corresponding to an equivalent diameter of roughly 20 nm (Si lattice spacing is
0.543 nm). Below this limit, phonon modes may experience confinement [9], which affects phonon
velocities, vDOS, heat capacity, and scattering rates. The perturbation-theory approach can over-
predict boundary scattering rates when diameter is small and roughness is very large [10], resulting
in a large roughness/diameter ratio A/D. In this work, all the nanowires have diameters exceeding 50
nm, well above the limit where confinement effects emerge, and a roughness below 5 nm, so that the
ratio A/D < 0.1 remains small, and perturbation theory applies.
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Supplemental Figure S1. Characterization of bulk 23Si crystal. a, Optical image of isotopically
enriched 2%Si (99.92%) crystal for electroless etching to produce NWs. b, Raman spectra as
signatures of silicon isotope purities in bulk crystals at room temperature. The Raman spectrum of
n2tSi bulk shows a redshift with respect to that of 2#Si bulk, consistent with the Raman results in
NWs.
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Supplemental Figure S2. Interfacial thermal conductance characterization. a, SEM images of
the first and second Pt bonding by FIB. b, Thermal conductance of a Si NW before and after
doubling the bonding area with the suspended pads, showing differences within the error bar, and
implying a negligible interfacial thermal resistance. Scale bars are 400 nm.
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Supplemental Figure S3. Raman thermography method applied to suspended Si NWs to
estimate the thermal resistance of the system. a, Schematic and optical image (inset) of the
experimental setup. The laser beam position is illustrated by the blue spot in the inset. Scale bar: 5
um. b, Raman shift as a function of Raman laser power, where the thermal resistance (R) of the
system can be extracted from the slope of the data.

The total thermal resistance (R) of the system can be written in terms of Raman shift (®) vs. laser
power (P)as R = dT /0P = 1/xr - Z—w where yr is the gradient of first-order Raman shift vs.

P b
temperature, a constant of -0.022cm! for Si [11,12]. Thus, considering the negligible air convection
and contact thermal resistance between Si NWs and Pt metal (see Supplemental Fig. S2), the thermal

conductance ratio (Gzsg; / Gnatg;) can be estimated from the inverse ratio of slope in the Raman shift

|6w
natsi oP

NWs obtained via SEM, we extracted the isotope effect of x in NWs with the diameter of ~90 nm to
be ~180%, consistent with the isotope enhancement (~130%) by suspended pad micro-devices. Note
that the deviation may arise from large errors of the Raman thermometry measurements.

dw

vs. laser power curve (| P

,5...)» as shown in Fig. S3b. Combined with the dimensions of
Si
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Supplemental Figure S4. Thermal conductivity measurements of bulk 28Si and "*Si crystals
using TDTR method at room temperature. x of bulk *Si and "Si crystals were determined to be
157 and 144 W/m'K, respectively, leading to a small isotope effect of ~10%, consistent with reports

in literature [13,14].
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Supplemental Figure S5. Relative contribution to total xin 28Si NWs and "*'Si NWs (both are
90 nm diameter) calculated by the “one-way coupling” model. The largest difference occurs in
the sub-20 meV energy range where isotope scattering is enhanced by the interaction with roughness,
consistent with the calculated isotope scattering rates in Fig. 3a.



Note 1. Additional details of scattering rates and numerical calculations

We simulate phonon transport in Si nanowires and obtain the dependence of thermal conductivity on
temperature, isotope scattering, and boundary roughness scattering employing the phonon Boltzmann
transport equation (pBTE) approach. We solve the time-independent pBTE in the relaxation time
approximation (RTA) to obtain the steady-state distribution function, which is used to determine the
lattice heat conductivity. In the steady state, the time-independent pBTE is given in the RTA as [15]

Lo oo s Npg® )

Vp (Q) VrNb,q (T) - Tb,tot(a) (Sl)
where, ¥, 5 is the phonon velocity vector and N, g q (T) is the equilibrium Bose-Einstein phonon
distribution, which is a function of the phonon branch b and wave vector ¢ via its energy
dependence, and position in 3D space through its dependence on temperature. For small
perturbations near equilibrium, we expand the steady-state distribution function N b_,;(?) =

ng §(T) + ny,5(7) and obtain the spatial gradient as V:N bg(7) = VT (¥)ON°/0T. This allows us to
solve the pBTE in the RTA for the non-equilibrium component of the distribution as n;, () =

t°4(§) U, (q) - VzT (#)ON°/0T. The thermal conductivity is then calculated as [3]
5 - - - - ~ aNO
krra(T) = e 2b 25 hwp (@) Th ot () [V6(q) - t]? a7 (S2)
where { is a unit vector in the direction of the temperature gradient and 7, ;o () is the total
relaxation time. The phonon energy hw;, (g) is obtained from first principles using density functional
perturbation as described in Methods.

We calculate the total relaxation time 7, ., (§) for a phonon in mode b and with wave vector ¢, by
considering all the intrinsic scattering mechanisms occurring in the interior of the material, including
both non-resistive normal anharmonic phonon—phonon (N), resistive Umklapp (U) three-phonon and
isotope (Iso) scattering, in addition to branch- and momentum-dependent boundary scattering time

such that
1 1 1 1 1

— = ~ = — . S3
Tpeot@  Te@  ToN@  Thu(@  Tuso(w) (83)

The contribution due to isotopic variation is temperature independent and the energy dependence is
given as [16]

— 4%
Tiso(@) = —*X5;0*D(w), (54)
where V, is the volume per atom and the scattering parameter due to mass-fluctuation Xg; =

Y. fi(1 = m; /m)?with m = Y, f; m;, m; is the atomic mass and f; is the fractional atomic natural
abundance of the ith isotope. D (w) is the total vibrational density of states (vDOS) of Si, obtained by

summing the contributions from all the branches D(w) = Y, [ % § [w — wp(q)]. In bulk Si, the

volume integral of the energy-conserving & function over the whole first Brillouin zone is calculated
from the full phonon dispersion using the method of Gilat and Raubenheimer [17], where the closed
constant-energy surface traced out by the § function is discretized into a cubic mesh. Then the area
of the intersection between the constant-energy contour and each cube is computed based on the
angle of the surface normal, given by the gradient of the dispersion ¥;,(q) = Vzw}(q), obtained
from the dispersion by finite differences. In the NWs, we use the approach detailed in the main paper
to introduce collisional broadening by replacing the energy-conserving delta function with a
Lorentzian peak.

The resistive anharmonic phonon—phonon scattering rate is calculated in the standard approximation
for dielectric crystals [18,19]



2
Tl;}] (C-I)) = Mf(_l_));bl—;g
where the speed of sound v, 0f each branch b is determined from the average slope of its dispersion
curve near the I point, and M is the average atomic mass. The Griineissen parameter y,, was obtained
for each branch from the phonon dispersion and has the value of 1.1 for the longitudinal acoustic
branch and 0.6 for the two transverse acoustic branches. The exponential term e ~®5/37 in the

temperature dependence controls the onset of resistive Umklapp scattering for each phonon branch
2 2
through the branch-specific Debye temperature 03 = M where D, (w) is the vDOS
3kg [ Dp(w)dw
calculated for each phonon branch b from the full dispersion [20]. This way, the temperature
dependence of the contribution from each phonon branch to the total thermal conductivity is

correctly represented.

wp (§)Te~/3T (835)

The normal scattering rate is given by the general expression

Ton (@) = Byw, " (T, (S6)
kB)bN y@an+by—2)/3

where the prefactor gathers all the constants into By = Ay} (—

. and the integer

1\711_71()aN+bN)
frequency and temperature exponents a, and by are taken to obey ay + by = 5 in 3D materials
[19]. First-principles calculations of anharmonic scattering rates have suggested a value of ay = 2
[21,22]. Since normal scattering conserves phonon momentum, thermal conductivity computed by
Eq. S2 in the presence of both normal and umklapp scattering needs to be corrected to account for
the hydrodynamic contribution; we accomplish this using P. B. Allen’s “Improved Callaway Model”
(ACM) [23]. In the ACM, an additional contribution is added to kg4 (T) from Eq. S2, so that the
total thermal conductivity is given by k(T) = kgra(T) + 1, (T)A,(T)/A3(T). The correction terms
in this equation are

(T) = 5 D4 Tt @@ - 11 - £) B,
12(T) = 2 Zg[Tb,00t () /Ton @155 (@) - £1G - £) S and

0
15(T) = 3 g 4%/ [hop @] [1 = Tp.000 (@) /Ton (@] 5
However, we find that the presence of strong boundary roughness scattering, which is momentum-
randomizing and therefore resistive like Umklapp scattering, severely reduces the additional
correction A, (T)A,(T)/A3(T). Unlike in bulk Si, this contribution was found to be negligible in all
of our calculations.

Previous works on phonon transport in nanowires relied on variations of the Fuchs-Sondheimer (FS)
approach, which utilizes a specularity parameter to capture the fraction of phonons (or electrons) that
undergo mirror-like reflection at the boundary. The rest are typically taken to be diffusely scattered
in the FS model, although Soffer [24] and Ziman [25] extended the model to include the dependence
of specularity on phonon momentum, rms roughness amplitude, and even the effects of correlation
along the surface, albeit only qualitatively at the time. While the original FS model relied on a linear
isotropic dispersion to perform angular averaging, the FS model has been extended to include the full
phonon dispersion and momentum-dependent specularity. The resulting full-dispersion (FD) FS
model has been employed to understand phonon transport in Si thin films [16], Si/Ge superlattices
[26], and SiGe alloy NWs [27] where the surfaces/boundaries/interfaces could be described as
locally flat planes with small atomic-scale perturbations due to roughness.

However, for objects with large roughness exceeding 1 nm, such as intentionally roughened or
etched NWs, the specularity parameter becomes zero for nearly all phonons and the effect of
roughness on reducing thermal conductivity saturates, resulting in values of thermal conductivity far
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exceeding those observed in our work and in several previous measurements [2,28]. This saturation
is sometimes called the Casimir limit [29], in which phonons essentially travel nearly ballistically
from boundary to boundary and scatter diffusely at each boundary, resulting in a phonon mean free
path (mfp) approximately equal to the smallest dimension; in NWs, the smallest dimension is the
diameter. Then, comparing the NW diameter, here 70-90 nm, to the phonon mfp in bulk Si, around
300 nm, the Casimir limit leads to a thermal conductivity around 3-4 times smaller than bulk Si—a
reduction from ~150 W/m-K to 40-50 W/m-K whereas our measurements are below 10, consistent
with the literature values on rough Si NWs [2,28].

In order to go beyond the Casimir limit and capture the role of large boundary roughness exceeding 1
nm, while also including the crucial role of correlation length, we turn to the boundary roughness
scattering rate derived in Ref. [7]. In our solution to the pPBTE we include a boundary roughness

294 66

scattering (B) relaxation rate 7, 5 obtained from perturbation theory using Fermi’s “golden rule”

- - d_), - 1A0=44 = >/
b (@) =5 B [ s KAIH' 16 126[w @) — @y, (@)]- (S7)

The perturbation Hamiltonian H' was derived in our previous work [7] where we related it to the
power spectrum of the roughness S(¢ — g"), which is the two-dimensional Fourier transform of the
surface height autocorrelation function C(#) = (h(#")h(#' + 7)). Here h(#') is the height function
representing the deviation of the boundary from a perfectly flat surface. A self-affine surface is
typically described by an exponential autocorrelation, resulting in a power spectrum S(k) =

2mA%1? /(1 + L*k?)3/? where k = |G — G| is the change in the phonon wavevector between the
initial state ¢ before and the final state ' after scattering. Numerical evaluation of the integral in Eq.
(S6) above proceeds in the same way as described for the vDOS but multiplied by the transition
matrix element [(G|H'|G’)|?.

The current model is very much in line with our work in [7]: both use the same boundary roughness
scattering model, very similar roughness and correlation length values for naturally occurring Si, and
the thermal conductivity measured herein is comparable with the experimental data that calculations
in earlier work [7] were compared to, apart from some slight differences in NW diameter. However,
earlier work did not consider any isotope effect; the diameter and correlation length were chosen
empirically based on agreement with experimental data. Therefore, our current model, incorporating
the impact of isotope scattering and phonon transmission into amorphous shell, is an extended
version of our previous model in [7] and in good agreement with our experimental results on 23Si
NWs and "™Si NWs.

Note 2. Scattering-mediated diffuse mismatch model

To capture the impact of scattering near the interface on the interfacial transmission coefficient, we
start from the scattering mediated acoustic mismatch model (SM-AMM) derived by Prasher and
Phelan [30]. Since the interface between the Si NW and the SiO: layer is very rough, momentum is
not conserved in the transmission. Since the conservation of lateral momentum is a central feature of
the AMM model, we create a novel scattering-mediated diffuse mismatch model (SM-DMM) by
combining the SM-AMM of the full-dispersion diffuse mismatch model (DMM)), first described by
Reddy et al. [31]. In the SM-AMM, scattering in the vicinity of the interface is incorporated through
the complex-valued phonon wave-vector, where the imaginary component represents damping of the
phonon wave by scattering events in the material in the vicinity of the interface. They arrive at the
complex speed of motion of phonon waves

11



7(4) = Vp(§)/(a + ib), (S8)

1
ZTb_tot(Eﬂ wWp (a)

1

——————, while th
ZTb,tot(Q) wb(Q) whtle ¢

2
where the coefficients in Si are ag; = \/ 1+ ( ) and bg; =

relaxation time 7}, .o, (§) was given in Eq. S3 and the angular phonon frequency w,(§) was obtained
from first principles as described in Methods. On the other hand, for the amorphous SiO2 we use the
relaxation time from the Cahill-Pohl (CP) minimal thermal conductivity model [32]. In the CP
model, the relaxation time of vibrational modes in the amorphous material is set equal to the smallest
possible value, which is one half of their vibrational period T = 1/(2w), resulting in coefficients

asio, = V2 and bsip, = 1. The speed of sound in SiOz is taken to be isotropic and have a value of
v5i02:5800 m/s.

In our SM-DMM model, we take the complex-valued phonon velocity from the SM-AMM,
previously derived by Prasher and repeated here in Eq. S8, to capture the impact of scattering in the
Si near the interface. Once the complex phonon velocity is computed for each phonon mode from its
relaxation time according to Eq. S8, then we compute the transmission coefficient according to
standard full-dispersion DMM expression

Us5i0,Dsi0, (W) (S9)
QsiXp [ 4 0p(@) 7 S[w-wp(@)]+Tsi0,Dsio, ()|

Asi-sio, (w) =

In Eq. S9, 7 is the unit vector normal to the surface and perpendicular to the transport direction £
along the wire and ()g; is the volume of the Brillouin zone of Si. This expression can be readily
derived from the principle of detailed balance combined with the assumption that a phonon striking
the interface is scattered diffusely, so that the total number of phonons of angular frequency w
arriving from Si that are transmitted through the interface equals the number of phonons arriving
from SiOz that are reflected back

{Qsi Xb f dq vp(q) - 1 8w — wy (ﬁ)]}|asi—>si02 (w)]| = ﬁsiozDsioz ((U)|1 — Asi-si0, (w)| (S10)

The transmission of phonons from SiOz back to Si is equally important and can be derived by
swapping the two materials in the derivation. Analogously, it is given by

Qsi Yy J 44 Up(@)-A Slw-wp(@)] |
QsiXp [ 4 0p(@) 7 S[w-wp(@)]+Tsi0,Dsio, ()|

“Siozesi(w) = (S11)

Ultimately, the symmetry condition on the two transmission coefficients
Asissio, (w){-QSi 2b f dq vp(q) -1 8[w — wy (57)]} = Usi0,Dsio0, (‘U)asiozesi(w) (S12)

is obeyed, where the quantity M;(w) = Qg; ¥, [ dG 7, (q) - A §[w — wp,(G)] is sometimes referred
to as the “channel number.” Using it, the transmission coefficients can be more compactly written as
a . (w) = |1\772 (w)/ [1\771 (w) + M, (w)” with the numbers in the subscript representing either Si or
Si02, depending on the direction.

The integrals over the Brillouin zone are computed using the same numerical approach as described
for our vDOS (Eq. S4) and scattering rates, but instead weighted by the normal component of the
complex velocity 7, (q) - i. The vibrational density of states of amorphous SiO2 was obtained from
molecular dynamics calculations given in Ref. [33] and normalized to obtain 3 states, representing

12



the 3 degrees of freedom, per atom. To obtain the transmission coefficients from 28Si and "Si, we
use their respective scattering rates in computing the complex phonon velocity.
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