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Abstract 
Isotopically purified semiconductors potentially dissipate heat better than their natural, isotopically 
mixed counterparts as they have higher thermal conductivity (κ). But the benefit is low for Si at 
room temperature, amounting to only ~ 10% higher κ for bulk 28Si than for bulk natural Si (natSi). 
We show that in stark contrast to this bulk behavior, 28Si (99.92% enriched) nanowires have up to 
150% higher κ than natSi nanowires with similar diameters and surface morphology. Using first-
principles phonon dispersion model, this giant isotope effect is attributed to a mutual enhancement of 
isotope scattering and surface scattering of phonons in natSi nanowires, correlated via transmission of 
phonons to the native amorphous SiO2 shell. The work discovers the strongest isotope effect of κ 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 (κ ~ 144 W/m∙K at room temperature), 
when its size is reduced to the submicron range, κ is strongly suppressed owing to significant 
boundary scattering of phonons[3,4]. The reduction in κ 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 nanostructures 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, κ is reduced to the level of ~5 W/m∙K when the diameter is below 100 nm[5,6]. This κ 
suppression becomes a critical problem for heat dissipation in field effect transistors (FETs) 
lithographically fabricated from Si wafers, such as FinFETs[8] and gate-all-around FETs[9]. 
Alternative materials with high κ near room temperature have been recently investigated as heat 
dissipation materials for microelectronics, such as boron phosphide (BP, ~490 W/m∙K)[10], cubic 
boron nitride (cBN, ~880 W/m∙K)[11], and boron arsenide (BAs, ~1000 W/m∙K)[11-13]. Yet it 
would be much more impactful if κ of nanoscale Si itself, the channel material of most 
microelectronic devices, can be drastically improved.  

It had been hoped that isotope enrichment of semiconductors would raise κ, 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 κ is described by the ratio P = (κiso / κnat -1), where 
κiso and κnat 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 wide bandgap 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 κ becomes large in some low-dimensional materials. 
For example, κ 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 crystals (P 
~108%)[20]. Strong isotope effect in κ was also revealed in two dimensional materials, including 
graphene (~50%)[21], monolayer MoS2 (~50%)[22], and monolayer BN (~40%)[23,24]. For 
nanoscale Si, previous studies have reported that isotopically enriched 29Si (99.9%) NWs grown by 
gold-catalyzed vapor phase epitaxy show ~30% greater κ than 28Si0.5

30Si0.5 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 be further overshadowed by the newly added boundary scattering, leading to P 
values even lower than in the bulk.     
In this work, we prepared isotopically enriched 28Si NWs as well as natural Si (natSi) NWs with sub-
100 nm diameters, and directly measured their thermal conductivity. We found that the isotope effect 
of κ 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 
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amplified in natSi NWs, resulting in the unusually strong isotope effect in κ when the effect is 
eliminated in 28Si NWs.  
 

 
Figure 1. Thermal conductivity of isotopically enriched (28Si 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 µm (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 μm. 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 𝜅𝜅 of Si NWs compared with that of other 
isotopically enriched materials reported in the literature. Mass fluctuation parameter of elemental 
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material (A) and compound (AB) is defined as  𝑔𝑔𝐴𝐴 = ∑ 𝑐𝑐𝑖𝑖(1 −𝑀𝑀𝑖𝑖/𝑀𝑀𝑎𝑎𝑎𝑎)2𝑖𝑖  and 𝑔𝑔 = 𝑔𝑔𝐴𝐴𝑀𝑀𝐴𝐴
2+𝑔𝑔𝐵𝐵𝑀𝑀𝐵𝐵

2

(𝑀𝑀𝐴𝐴+𝑀𝑀𝐵𝐵)2 , 
respectively, where ci is the atomic fraction of the i-th isotope.  
Si enriched in the isotope 28Si in the form of SiF4 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% 29Si, and 0.005% 30Si; this contrasts with the composition of natSi: 92.23% 28Si, 4.67% 29Si, 
and 3.10% 30Si. These 28Si-enriched crystals (thereafter referred to as 28Si) show a resistivity of 
approximately 10 Ω∙cm at room temperature with n-type conduction and free carrier concentration of 
3×1014 cm-3, as reported in previous publications[35]. The concentration of impurities was 
determined by SIMS to be below 1016 cm-3 with carbon being the most prominent impurity. The 28Si 
bulk crystal was then made into NWs using an electroless etching (EE) method in an aqueous 
solution of AgNO3 and HF acid[5]. As a reference, natSi NWs were also prepared using the same 
recipe from a n-type natSi crystal with very similar resistivity (~10 Ω∙cm). The obtained Si NWs were 
individually dry transferred to a suspended pad micro-device using a sharp probe for measurement of 
thermal conductivity[55]. As shown in Fig. 1a, such micro-device consists of two suspended pads 
bridged by the NW to be measured[5,55,56]. Each pad has a Pt micro-heater/thermometer to 
control/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. 1c). The Raman spectrum of 
28Si NW shows a blueshift with respect to that of natSi NW with similar diameter (Fig. 1b), which is 
expected from the lighter mean atomic mass of 28Si 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 natSi 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 κ of the natSi NW. From the rates of the redshift, it 
can be estimated that κ of the 28Si NW is approximately two times higher than that of the natSi NW 
(see Fig. 1c and Supplemental Material [27]).  
Using the heating and sensing micro-pads, κ of 28Si and natSi NWs with various diameters were 
directly measured over a range of temperatures, as shown in Fig. 1d. The κ values of natSi 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 (𝜅𝜅iso/𝜅𝜅nat - 1) of ~ 120% and ~150% for NWs with diameter of ~90 nm and ~74 nm, 
respectively (Fig. 1e). We also measured κ of bulk crystals of 28Si and natSi using time domain 
thermoreflectance (TDTR) and found 𝜅𝜅iso/𝜅𝜅nat - 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 natSi would be overshadowed by the 
much stronger Umklapp phonon scattering. The observed isotope effect of Si NWs is shown in Fig. 
1f together with the values of isotope effect of other bulk and low-dimensional materials, including 
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 MoS2[22], 50% for BN nanotube[19], and 108% for cubic BN[20]. 
The isotope enhancement of κ 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 a NW is typically characterized by two 
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parameters: the root-mean-square value of the NW’s surface height fluctuation (Δ), and the 
correlation length (L) defined as the mean distance between roughness peaks, as illustrated in Fig. 2a. 
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 κ 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 subsequent models based on non-equilibrium Green’s 
functions[64], phonon Monte Carlo transport simulations[54], and experiments[7,65,66]. In our 
work, using high-resolution transmission electron microscopy (TEM), both natSi and 28Si NWs were 
determined to be single crystalline, as shown in Fig. 2b and 2c. Indeed, unlike the smooth surface of 
Si NWs grown by the gold-catalyzed VPE method[25,26,67], these Si NWs have rough surface with 
physical roughness on the order of several nanometers, surrounded by native, amorphous SiO2 (a-
SiO2) 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 natSi NWs do 
not have noticeable difference in the physical roughness and native SiO2 thickness. This is not 
surprising because the 28Si and natSi 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 28Si and natSi materials, is 
not expected to cause any difference in the EE process where the NWs and native SiO2 form.  
 

 
Figure 2. Schematic of phonon scattering on the Si/SiO2 interface and structural 
characterization of the Si NWs. a, Schematic of phonon scattering on the c-Si core / a-SiO2 shell 
interface of 28Si and natSi NWs, where Δ and L indicate the roughness amplitude and physical 
correlation length, respectively. Phonon scattering back to the Si core occurs dominantly on the 
interface in 28Si NWs; in natSi NWs, in contrast, a higher portion of phonon wavepackets transmits 
into the a-SiO2 shell, effectively shortening 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 28Si NW and a natSi 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 SiO2 shell 
(a-SiO2). Scale bar is 4 nm in both b and c.  
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To elucidate the much stronger isotope effect than in the bulk, we employ a numerical model by 
solving the phonon Boltzmann transport equation (pBTE) with phonon dispersions determined from 
first principles. The total relaxation time (𝜏𝜏𝑡𝑡𝑡𝑡𝑡𝑡 ) is composed of that attributed to normal phonon-
phonon (N), Umklapp three-phonon (U), boundary (B), and isotope (Iso) scatterings; that is, 𝜏𝜏𝑡𝑡𝑡𝑡𝑡𝑡−1 =
𝜏𝜏𝑁𝑁−1 + 𝜏𝜏𝑈𝑈−1 + 𝜏𝜏𝐵𝐵−1 + 𝜏𝜏𝐼𝐼𝐼𝐼𝑡𝑡−1  [14,68]. In conventional “decoupled” models, we consider all these four 
scattering processes to be independent, hence simply add the bulk isotope scattering rates to the NW 
boundary scattering rate. This “decoupled” treatment results in virtually no discernible difference in 
κ between 28Si and natSi 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 κ at room 
temperature, there is a more than ten-fold 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. 
 

 
Figure 3. Calculation of two-way coupled phonon dynamics involving surface roughness and 
isotope mass disorder in Si NWs. a, Isotope scattering rates in a natSi 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 SiO2. b, Transmission 
coefficient spectrum of different phonon branches from c-Si to a-SiO2 for 28Si vs. natSi. natSi shows a 
higher transmission coefficient at low phonon energies, implying stronger roughness scattering at the 
Si/SiO2 interface enhanced by isotopes. 
 
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 work. 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 according to the Uncertainty Principle. We capture this by replacing the energy-
conserving 𝛿𝛿 function in the vibrational density of states (vDOS) by a homogenously broadened 
Lorentzian distribution. The width of the distribution is related to the total scattering rate, 𝛾𝛾𝑏𝑏(�⃗�𝑞) =
ℏ/2𝜏𝜏𝑏𝑏,𝑡𝑡𝑡𝑡𝑡𝑡(�⃗�𝑞) [69,70], to obtain the vibrational spectrum 𝐷𝐷𝑏𝑏(𝜔𝜔) = ∫ 𝑑𝑑𝑞𝑞�⃗

(2𝜋𝜋)3
1
𝜋𝜋

𝛾𝛾𝑏𝑏(𝑞𝑞�⃗ )
[𝜔𝜔−𝜔𝜔𝑏𝑏(𝑞𝑞�⃗ )]2+𝛾𝛾𝑏𝑏(𝑞𝑞�⃗ )2. Using 

this broadened spectrum in place of the vDOS results in the NW isotope scattering rates shown by 
red dots in Fig. 3a. This “coupled” isotope scattering rate is 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 

ℏω (meV)
5             10            20                50

ℏω (meV)
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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 scattering enhances the 
isotope rate, in natSi NWs only results in a 5% decrease in κ 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 SiO2 shell is amorphous, where atoms completely lose long-range order and spatial 
correlation. Therefore, phonons transmitted into the a-SiO2 shell encounter much stronger disorder 
scattering than if they are scattered back to the crystalline Si core at the Si/SiO2 interface, as 
illustrated in Fig. 2a. 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-SiO2 shell, resulting 
in higher transmission rate of phonon wavepackets into the latter. As shown in Fig.3b, this is 
demonstrated by the higher phonon transmission coefficient across the natSi/SiO2 interface than the 
28Si/SiO2 interface, as calculated by the full-band scattering-mediated diffuse mismatch model (SM-
DMM), obtained by combining the scattering-mediated acoustic mismatch model[31,43] with the 
full-band diffuse mismatch model (Supplemental Information Note 2).  
The higher phonon transmission coefficient in the natSi NW to its SiO2 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/SiO2 boundary. This feedback 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 natSi NWs. Surface scattering is proportional to the roughness power spectrum[6] S(𝑘𝑘) =
2𝜋𝜋Δ2𝐿𝐿2/(1 + 𝐿𝐿2𝑘𝑘2)3/2, which quantitatively relates the scattering rate to the roughness Δ and the 
correlation length L [7], as described in the Supplemental Material[27]. In addition, it constrains 
scattering to those in which the change in phonon wavevector, 𝑘𝑘  = |�⃗�𝑞 − �⃗�𝑞′|, is smaller than the 
inverse of the correlation length, as the power spectrum decays as 1/𝑘𝑘3 when 𝑘𝑘𝐿𝐿 ≫ 1 [45]. 
Consequently, roughness scattering is highly sensitive to the roughness power spectrum S(𝑘𝑘)[7], 
which is characterized by a combination of Δ and L. A shorter L broadens the phase space for 
scattering[64], which increases the scattering rate and leads to lower thermal conductivity in natSi 
NW. Using this shortened L, an ~150% isotope enhancement in κ was reproduced for 28Si NWs of 
diameter of 74 nm, in agreement with the experimental results, as shown in Fig. 1d and 1e.  
The correlation length for phonon scattering is equal to the physical correlation length at the Si/SiO2 
interface only if all phonons are scattered back to the c-Si core without transmission into the a-SiO2. 
In the other extreme, when phonons reaching the Si/SiO2 interface all transmit into the a-SiO2 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 𝐿𝐿 =
𝐿𝐿physical × (1 − 𝑡𝑡), where t represents the transmission coefficient of phonons at the Si/SiO2 
interface. Because the most significant portion of heat carriers are those phonons with energies 
below 𝑘𝑘𝐵𝐵𝑇𝑇, we estimate from Fig. 3b the averaged transmission coefficient from 28Si and natSi to a-
SiO2 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 28Si and natSi NWs, consistent with the values of L = 6.5 nm for 28Si and 5.1 nm 
for natSi that were used in the simulations to reach good agreement with the experimental data in 
Fig.1e. We note that a similar considerable effect of the presence of amorphous shell around ultrathin 
Si nanowires was found in non-equilibrium Greens’ function[73] and molecular dynamics 
simulations[74].  
In conclusion, we discovered that the thermal conductivity of isotopically enriched 28Si NWs shows 
an unusual contrast, up to 2.5 times higher at room temperature, than that of natSi NWs with similar 
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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 SiO2 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 
management in Si-based modern microelectronics. From a broad perspective, 28Si 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 28Si from the perspective 
of enhancing coherence in quantum systems.  
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