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Extremely suppressed thermal conductivity of large-scale 
nanocrystalline silicon through inhomogeneous internal strain 
engineering  

Bin Xua,b, Yuxuan Liaoa, Zhenglong Fanga, Yifei Lia, Rulei Guoa, Ryohei Nagahiroa, Yoshifumi Ikomac, 

Masamichi Kohnod,e, Junichiro Shiomia,b* 

Reducing the lattice thermal conductivity (𝜅𝐿) of dense solid materials is critical for thermal insulation and thermoelectrics. 

Although nanocrystalline materials formed on a large-scale by hot pressing or sintering nanoparticles can achieve low 𝜅𝐿, 

there is still considerable room for further reduction. In this study, a moderate high-pressure torsion (HPT) process is applied 

on nanocrystalline silicon to further reduce the 𝜅𝐿 by directly introducing finer nanostructures and internal strain without 

causing phase transition. Unlike conventional approaches that manipulate the phonon mean free path through the classical 

“size effect”, the inhomogeneous internal strain induced by HPT leads to overall lattice softening and a significant boundary 

softening effect, which can reduce the phonon group velocity, and enhance the phonon scattering at grain boundaries, 

respectively. This can thereby bring extra suppression on 𝜅𝐿, achieving an record low 𝜅𝐿 of 1.49 W/m-K for being a fully 

dense bulk silicon without any amorphous or metastable phases, which is comparable to its amorphous counterpart. This 

study demonstrates a practical and feasible strain engineering strategy for realizing low 𝜅𝐿  that is applicable to various 

nanocrystalline materials. 

Introduction 

Phonon engineering has made significant advances in recent 

years, thereby enabling the manipulation of phonon 

propagation and tuning of the lattice thermal conductivity (𝜅𝐿) 

of solid materials. These advancements have facilitated the 

development of materials with both high and low 𝜅𝐿  to meet 

the rapidly increasing demands for thermal dissipation, thermal 

insulation, and thermoelectrics. When developing crystalline 

materials with lower 𝜅𝐿, a key issue is modulating the state or 

kinetics of phonons to reduce the characteristic group velocities 

and lengths of transport. 

A popular, effective approach in reducing 𝜅𝐿  is nanostructuring. 

Fabricating nanostructures with a characteristic distance 

between the interface smaller than the intrinsic phonon mean 

free path (MFP) can effectively scatter phonons and reduce the 

MFP. This has been demonstrated for various types of 

nanostructures, such as nanoinclusions1,2, grain boundaries3, 

and hierarchical nanostructures4. Modulating phonon states 

with nanostructures smaller than the phonon coherence length 

has also been demonstrated. The interference of phonon waves 

reflected at different interfaces modulates the phonon 

dispersion relations, thereby decreasing the group velocity and 

enabling the formation of band gaps. Such heat conduction 

manipulation by phonon coherence has been reported for 

various nanostructures, including superlattices5–7, phononic 

crystals8,9, and 2D van der Waals heterostructures10. Further, 𝜅𝐿  

can also be reduced by enhancement of lattice anharmonicity 

and crystal complexity11,12. Theoretical calculations have shown 

that disorder scattering and force-field inhomogeneity can 

concurrently reduce phonon group velocity and MFP in alloying 

materials, such as In1–xGaxAs13 and PbTe1–xSex
14.  

As large-scale materials are important for practical applications, 

numerous studies on bulk nanocrystalline materials with low 

𝜅𝐿 , typically fabricated by hot pressing or sintering 

nanoparticles, have been conducted1,4,15–17. Among them, 

nanocrystalline silicon has been widely studied because of its 

high abundance and potential for use in thermoelectrics18. 

Additionally, it has served as a representative case that can 

benefit from nanostructuring because of the high intrinsic 𝜅𝐿. 

Bulk nanocrystalline silicon fabricated by nanoparticles with 

sizes of 10–15 nm have achieved low 𝜅𝐿  at room temperature, 

varying from 4.7 to 24.3 W/m-K with average grain sizes ranging 

from 25 to 100 nm19–23. Among them, the lowest reported 𝜅𝐿  at 

room temperature thus far is approximately 4.7 W/m-K, which 

was obtained for an average grain size of 32 nm21. Theoretically, 

a lower 𝜅𝐿  can be obtained by decreasing the grain size; 
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however, this would require starting from very small 

nanoparticles and preventing grain growth during high 

temperature processes, such as hot pressing or sintering. 

Therefore, a non-heating post-treatment process that can 

introduce a finer nanostructure directly into bulk 

nanocrystalline materials is highly valuable. Consequently, the 

high-pressure torsion (HPT) method is a viable option. The HPT 

method can apply considerable pressure and torsion24,25 

throughout materials in a scalable manner, thus leading to the 

formation of and variation in nanostructures without heating 

the materials26.  

Previous studies have reported the effect of HPT in inhibiting 

the 𝜅𝐿  of silicon. Harish et al. used HPT to reduce the 𝜅𝐿  of 

single-crystal silicon from 150 to 7.6 W/m-K because of the 

decrease in grain size caused by plastic deformation27. Shao et 

al. analyzed the decreasing 𝜅𝐿  in a similar HPT process by 

combining density functional theory (DFT) calculation, Monte 

Carlo ray-tracing method, and effective medium theory 

analysis28. They reported that the enhancement in phonon 

boundary scattering due to the decrease in grain size and 

generation of low thermal conductive metastable phases of 

silicon, such as body-centered cubic BC8 (Si-III) and 

rhombohedral R8 (Si-XII) phases, are responsible for the 

reduced 𝜅𝐿. By adjusting the HPT parameters, the generation of 

metastable phases and the grain refinement can be further 

controlled, which achieved a more significantly suppressed 

thermal conductivity of 3 W/m-K29. Although previous studies 

have applied the HPT process to single-crystal silicon to produce 

nanocrystals with a metastable phase, HPT has not yet been 

applied to nanocrystalline silicon to modulate existing 

nanograins and interfaces. 

Considering another perspective, during HPT, the enormous 

strain/stress introduced to the lattice during the process should 

directly influence 𝜅𝐿. Suppression of 𝜅𝐿  due to lattice strain has 

been widely studied for various materials and approaches. 

Kodama et al. realized a stress-induced 𝜅𝐿  suppression of 35–55 

% by encapsulating fullerene inside carbon nanotubes30. Biswas 

et al. realized a strain-induced 𝜅𝐿  suppression of approximately 

35 % by arranging small volume fractions of SrTe into PbTe31. 

For silicon, theoretical calculations on single crystal 

silicon/silicon nanowires have proven the ability of strain to 

reduce 𝜅𝐿
32. Experimental studies on silicon thin-films with 

periodic punching holes have also shown stain-induced lattice 

softening and the resulting reduced 𝜅𝐿
33. Therefore, by 

combining the effects of grain size reduction and strain 

introduction, HPT processing is promising for the ultimate 

suppression of 𝜅𝐿. In the previous studies that applied HPT on 

single crystal silicon with larger pressure and degree of rotation 

to generate metastable phase34, the observed strain was minor, 

presumably due to structural relaxation upon the phase 

transition. In this regard, a crucial aspect lies in preventing the 

transition to a meta-stable phase by moderating the applied 

pressure and torsion.  

 This study aimed to achieve suppression of 𝜅𝐿  of large-scale 

nanocrystalline silicon using an HPT process. To realize strain 

engineering, HPT was performed without generating 

metastable and amorphous phases by adopting moderate 

pressure and torsion. Further, systematic structure 

characterization and theoretical calculations were performed to 

understand the underlying mechanism and determine the vital 

role of inhomogeneous internal strain and grain size reduction 

in reducing thermal conduction. 

 
Figure 1. Thermal conductivity and structural evolution of silicon crystals by HPT 

processing. (a) Schematic of HPT instrument and method; insert is the picture of 

the as-processed sample and a schematic of how the stress is introduced. (b) XRD 

spectrum of the HPT samples with different rotations. The inset is the magnified 

region near 2𝜃 = 28.5; the grey spectrum is the XRD spectrum before the HPT 

process, and its intensity is reduced by 0.4 times. (c) Thermal diffusivity of samples 

before ( 𝜕𝑃𝑟𝑒𝑠𝑡𝑖𝑛𝑒 ) and after the HPT process ( 𝜕𝐻𝑃𝑇 ) with different degree of 

rotations and the corresponding variation rate (𝜕𝐻𝑃𝑇 𝜕𝑃𝑟𝑒𝑠𝑡𝑖𝑛𝑒⁄ ) measured by the 

laser flash method. (d) Thermal conductivity distribution of 0 and 1/2 rotation 

samples measured by the TDTR method; inset is the schematic of the sample 

structure for TDTR measurement.  

Table 1. Properties of HPT samples 

Sample ID Thermal conductivity  

(W/m-K) 

Density 

(g/m3) 

relative density Grain size from 

XRD (nm) 

Grain size from 

 EBSD (nm) 

Mean internal  

strain Cε 

Sound velocity vs (m/s) 

As-sintering 2.1~2.7 1.59~1.63 0.679 53.8 84.3 (±19.3) 0.00661 3910 

0 rotation 3.80 2.2902 0.990 36.5 31.4 (±22.9) 0.0195 3692 

¼ rotation 1.64 2.3391 1.011 33.9 28.8 (±9.3) 0.0249 3040 

½ rotation 1.49 2.3097 0.998 32.4 28.2 (±8.6) 0.0252 2856 

 

Page 2 of 8Journal of Materials Chemistry A



Journal Name  ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3  

Please do not adjust margins 

Please do not adjust margins 

Experimental methods 

Sample fabrication 

HPT processing was employed for a silicon nanocomposite that 

was initially fabricated by plasma sintering under identical 

conditions. In the sintering process, silicon nanoparticles with 

the addition of 0.5 wt% of silver nanoparticles were used 

following our previous work35 (Details in SI: Methods). Note 

here that the small amount of silver nanoparticles has a 

negligible effect on the thermal conductivity, as shown by the 

scattering rate analysis (Details in SI). 

Three nanocrystal bulk silicon samples with similar thermal 

diffusivities (within 1.77–2.19 m2/s) were used, and the average 

grain size was approximately 55 nm according to the Xray 

diffraction (XRD) analysis. The HPT process involved applying a 

pressure of 6 GPa and gradually increasing the rotation angle, 

as shown in the schematic in Fig. 1(a). To avoid the formation of 

metastable phases, such as the body-centered cubic BC8 (Si-III) 

and rhombohedral R8 (Si-XII) phases28, the pressure was set 

lower than that used in a typical HPT process (~20 GPa), and the 

rotation was limited to 0, 1/4, and 1/2 (samples #1–#3), which 

is less than the typically used 5–20 rotations. Herein, the values 

0, 1/4, and 1/2 represent the degree of rotation of the lower 

anvil, where 1/4 and 1/2 mean that the lower anvil was rotated 

by 90 and 180 degrees, respectively. 

XRD measurements were performed to characterize the 

configuration variation (Fig. 1(b)); the XRD analysis revealed the 

absence of metastable phases in HPT samples (Fig. 3(a)), with 

the 2𝜃 peaks at 28.5°, 47.5°, 56.2°, 69.3°, 76.6°, and 83.3°, all 

originating from diamond cubic phase silicon. Additionally, the 

absence of the amorphous silicon baseline in the XRD spectrum 

indicated a negligible component of the amorphous phase. 

Furthermore, an evident broadening of the silicon XRD peaks 

was observed (inset of Fig. 1(b)). Note here, the two secondary 

peaks at 26.4° and 38.1° with small intensity do not originate 

from the metastable phase of silicon. They are from the 

graphite on the sample surface due to contact with graphite die 

and electrode during the sintering and the small amount of 

silver nanoparticles (approximately 0.5 wt%), which have 

negligible effects on the thermal conductivity (details discussed 

in SI). 

 This variation indicates either a reduction in nanocrystal size or 

generation of internal strain, which is discussed later. 

Thermal conductivity measurement 

The thermal diffusivity of the HPT samples was measured by the 

laser flash method (details in SI: Method). The thermal 

diffusivity remained almost unchanged when only compression 

was applied; however, when rotation was introduced, the 

thermal diffusivity dropped to 55 % and 46 % for 1/4 and 1/2 

rotation, respectively (Fig. 1(c)). As measured by the 

Archimedes method, the HPT process also led to a relative 

density of approximately 100 % due to destruction of the 

porous structure in the as-sintered sample (Table 1.). This 

allowed us to calculate 𝜅𝐿  using the theoretical value of heat 

capacity. Impressively, the 𝜅𝐿  of the 1/2 rotation sample 

 
Figure 2. EBSD analysis of the nanostructure of HPT sample. KAM mapping of HPT samples processed under (a) 0 rotation and (b) 1/2 rotation. (c) Grain size distribution of 0–

1/2 rotation HPT samples. (d) Distribution of misorientation angle of as-sintered silicon and silicon processed by HPT with rotations from 0 to 1/2. GROD mapping of (e) 0- and 

(f) 1/2-rotation HPT sample. Note, the scalebar in (a), (b), (e), (f) is 75 nm. 
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dropped to 1.49 W/m-K, which is comparable to that of 

amorphous silicon (𝜅𝐿 = 1.5 W/m-K). This is rare for a 100 % 

dense bulk-scale silicon crystal and suggests that HPT is a 

valuable tool for achieving low 𝜅𝐿 . Herein, given our primary 

objective to modify the lattice thermal conductivity, we 

intentionally avoided carrier doping and sought to mitigate its 

corresponding influence on thermal conductivity. This can 

dramatically simplify our analysis of lattice thermal 

conductivity. To ensure the thermal conductivity contribution 

from the charge carrier is negligible, we verified the electronic 

thermal conductivity via the Wiedemann-Franz law, utilizing our 

experimentally measured electrical conductivity. We found this 

to be roughly three orders of magnitude smaller than the lattice 

thermal conductivity (Details in SI). 

Additionally, local thermal conductivity was measured using the 

time-domain thermoreflectance (TDTR) method to further 

investigate the variation in 𝜅𝐿  distribution. Figure 1(d) shows 

the histogram of the local thermal conductivity distribution for  

the 0 and 1/2 rotation samples, which were taken from 

randomly chosen positions (details in SI: Methods). The 𝜅𝐿  

distribution became narrower when rotation was applied, and 

the average values decreased. This reduction in the average 𝜅𝐿  

is consistent with the results of laser flash. In addition, the 

narrowing of the 𝜅𝐿  distribution suggests that a more uniform 

structure was generated.  

Results and discussion 

Structural characterization 

To explain the variation in 𝜅𝐿  and its distribution, a nanoscale 

perspective on the morphology variation is necessary. To this 

end, electron backscatter diffraction pattern (EBSD) 

measurements were performed to trace the nanocrystal 

structure variation under the HPT process. Figures 2 (a) and (b) 

show the kernel average misorientation (KAM) mapping of the 

0 and 1/2 rotation samples, respectively, thereby revealing the 

local grain misorientation and the grain size. The misorientation 

angle in the KAM mapping can quantify the local misorientation 

between neighbouring grains, which reflects the grain 

orientation randomness and the amount of misalignment or 

lattice distortion at the grain boundary. After applying rotation, 

the component of relatively large grains exceeding 100 nm was 

eliminated (black dots enclosed in grey dash line; Fig. 2(c)). 

Simultaneously, an evident decrease in grain size occurred for 

small crystals, thus resulting in a slight decrease in the average 

grain size and dominant grain size distribution range. 

Furthermore, the components with relatively small 

misorientation angles (0–15°) in both as-sintered and 0 rotation 

samples disappeared after the rotation process (more EBSD 

results are provided in Figs. S1 and S2). The simultaneous 

disappearance of the low misorientation angle and the large 

grains indicates a possible structure variation; essentially, new 

grain boundaries were created from large grains and 

subsequently underwent fragmentation and continuous 

deformation, which turned them into new grains that are much 

more disordered and tortuous. Consequently, nanocrystal 

structures with relatively uniform grain size and 

inhomogeneous crystal orientation were generated, owing to 

 
Fig. 3 Internal inhomogeneous strain characterization of as-sintered and HPT processed silicon under 0–1/2 rotation. (a) Williamson–Hall plot, and (b) grain size and mean 

strain (Cε) obtained from the analysis. (c) Representative Raman spectrum and the two predominate components obtained from Voigt function fitting. (d) Raman shift, peaks 

concentration, and (e) peak width variation in the two subcomponents shown in (c). Data are collected from more than 30 measurements at different locations. 
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which the 𝜅𝐿  distribution became narrower in the microscale 

spatial resolved TDTR measurement.  

Moreover, the grain reference orientation deviation (GROD) 

mapping (Figs. 2 (e) and (f)), which reflects the lattice misfit 

inside individual nanograins, indicates an increase in internal 

inhomogeneous strain inside individual grains. A similar 

conclusion can be drawn from the result of the Williamson–Hall 

analysis36 (details of the Williamson–Hall analysis are provided 

in SI: Methods). By fitting the peak broadening (𝛽𝑡𝑜𝑡𝑎𝑙) of XRD 

data with the equation 𝛽𝑡𝑜𝑡𝑎𝑙 cos 𝜃 = 𝐶𝜀 sin 𝜃 + 𝐾𝜆/𝐷 , the 

corresponding internal strain from the slope (𝐶𝜀)) and the grain 

size information can be obtained from the intercept (𝐾𝜆/𝐿) (Fig. 

3 (a)). The internal strain term 𝐶𝜀 increased significantly after 

applying pressure and gradually increasing the rotation angle in 

sequence. Simultaneously, the average grain size reduced from 

54 to 36.5 nm and then further decreased to 32.5 nm. The trend 

and absolute magnitude of average grain size agree with the 

EBSD analysis results. Note that 𝐶𝜀  reflects only the relative 

change in the inhomogeneous internal strain, whereas the 

absolute magnitude depends on the 𝐶  value, which varies 

between different materials. By contrast, the peak position in 

the XRD spectrum (Fig. 1(b)) shifted slightly downward (∆2𝜃 =

0.03°), thus indicating that the homogeneous tensile strain of 

the entire sample was negligibly small (approximates 0.1 % of 

tensile strain).  

Raman spectroscopy was employed to quantitatively identify 

the internal strain. Fig. 3 (c) displays the representative Raman 

spectrum of 0, 1/4, and 1/2 rotation samples. As the rotation 

increased from 0 to 1/2, a significant downshift and peak 

broadening occurred for the 520.5 cm–1 peak. Along with the 

peak broadening, the peak became asymmetric with an 

increase in the minor component at low wavenumbers. In 

comparison, the 520 cm–1 peak of the as-sintered sample was 

highly symmetric (inset of Fig. 3(c)). A Voigt profile function was 

used in fitting the Raman spectrum to obtain the Raman shift 

and the concentration of individual peak components at high 

(peak 1) and low (peak 2) wavenumbers (Fig. 3(a)). To ensure 

the accuracy of the results, more than 30 data points were 

evenly taken on the sample, as depicted in Fig 1(a). When the 

rotation was increased from 0 to 1/2, peak 1 exhibited a 

downshift from 518.5 to 517.8 cm–1, and peak 2 exhibited a 

more remarkable downshift from 511.8 to 508.9 cm–1 (Fig. 3 

(d)). The downshift in the Raman peaks suggests the presence 

of tensile stress inside the sample. The average internal stress 

for the major component of peak 1 can be calculated using the 

shift in Raman peaks, following the relation: 1 cm–1 in Raman 

shift represents 0.5 GPa stress37,38. The results indicate that the 

tensile stress increased from 0.51 to 1.09 GPa after 1/4 rotation 

and reached 1.34 GPa after 1/2 rotation. For peak 2, the above 

relationship is not applicable for obtaining the magnitude of the 

stress owing to the overly large downshift (details in SI: 

Methods). Nevertheless, the significant downshift indicates 

that the stress in the peak 2 component is much more 

substantial than that observed in peak 1. Moreover, the 

normalized proportion of peak 2 to the overall intensity of peak 

1 and 2 increased from 0 to 23.6 % under 0 rotation, and then 

increased to 39 % under 1/2 rotation. (Fig. 3(d)). As the EBSD 

measurement elucidated that the decrease in grain size by HPT 

rotation occurs from the interface and residual internal stress 

concentrates in the defective or interfacial parts of a 

polycrystal, the interfacial layer contributes to the peak 2 

components39,40 because it experiences a higher degree of 

deformation during HPT processing compared with the bulk 

grains. This result indicates an increase in the interfacial layer 

thickness occurs during the HPT processing, reflecting the 

enhancement of the strain concentrated at the interface. 

Furthermore, under such a process, the peak width of individual 

Raman peaks also increases, thus indicating an increase in 

structural inhomogeneity both inside the grains and in the 

interfacial layer. 

 
Fig. 4 Theoretical analysis of the mechanism responsible for the low thermal conductivity. (a) Theoretical thermal conductivity under different sound velocities and interfacial 

thermal resistance as evaluated by index γ. (b) interfacial thermal resistance, γ, and (c) the interfacial phonon transmission spectrum obtained from the AGF calculation 

performed under different interfacial softening conditions (interfacial layer thickness, 5 nm); the experimental data of the 0 and 1/2 rotation sample correspond to the left 

axis. (d) Structure evolution and the corresponding effect on phonon transport responsible for the low thermal conductivity. 
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Internal strain inhomogeneity can strongly impact phonon 

transport, as reflected by the decrease in acoustic velocity 

(details of acoustic velocity measurement are in SI: Methods). 

Herein, we measured both the longitude (𝑣𝐿 ) and transverse 

(𝑣𝑇) acoustic velocity, and calculated the sound velocity (𝑣𝑆) by:  

𝑣𝑆 = (
1

3
[

1

𝑣𝐿
3 +

2

𝑣𝑇
3])

−
1

3
   (1) 

When pressure was applied, the sound velocity decreased from 

3911 to 3693 m/s and continued to decrease with more 

significant torsion. In the 1/2 rotation sample, the sound 

velocity reached 2857 m/s, corresponding to a 27 % reduction 

compared with the as-sintered silicon nanocrystal. This is even 

less than 45 % of that of single-crystal silicon (6428 m/s; Table 

1).  

Thermal conductivity model and discussion 

A theoretical calculation was performed to include the impact 

of all the abovementioned configuration variations on 𝜅𝐿. 𝜅𝐿  is 

understood in terms of various lattice vibrational modes and is 

expressed as: 

𝜅𝐿 =
1

3
∑ ∫ 𝐶(𝜔, 𝑠) 𝜏(𝜔, 𝑠)𝜈𝑔

2(𝜔, 𝑠)𝑑𝜔
𝜔𝑚𝑎𝑥

0𝑠

                                   (2)  

where 𝐶 , 𝑣𝑔 , 𝜏 , 𝑠 , and 𝜔  are heat capacity, phonon group 

velocity, relaxation time, phonon branch, and phonon 

frequency, respectively. The phonon boundary scattering term 

was included in the total relaxation time ( 𝜏𝑡𝑜𝑡𝑎𝑙 ) based on 

Matthiessen's rule (equation 3) to account for the effect of 

strain and nanograin size variation on 𝜅𝐿, as follows. 

1/𝜏𝑡𝑜𝑡𝑎𝑙 = 1/𝜏𝑝𝑝 + 1/𝜏𝑏𝑑   (3) 

where the subscript pp and bd are intrinsic phonon–phonon and 

phonon–boundary scatterings, respectively. The boundary 

scattering term 𝜏𝑏𝑑  is expressed as41:  

𝜏𝑏𝑑
−1 = 𝑣𝑔 [(

3

4

𝑡

1−𝑡
𝐷)

−1
+ (1.12𝐷)−1]

−1

  (4) 

𝑡 = 1/(1 + 𝛾𝜔/𝜔𝑀𝑎𝑥)   (5) 

where 𝑡 is the phonon transmittance at grain boundaries; 𝜔𝑀𝑎𝑥  

is the cutoff phonon frequency; 𝐷 is the grain size; and 𝛾 is a 

term related to interfacial thermal resistance, which can be 

obtained from the interfacial phonon transmission spectrum42 

(Fig. 4 (b)). Next, to consider the influence of strain, 𝜏𝑝𝑝  was 

calibrated by the measured sound velocity 𝑣𝑠 , following the 

equation proposed in a previous study43.  

1

𝜏𝑝𝑝
=

𝑐1𝜔2𝑇

𝑣𝑠
3 𝑒−𝑐2𝑣𝑠/𝑇    (6) 

where 𝑇  is the temperature; and 𝑐1  and 𝑐2  are expressed as 

𝑐1 = 𝑣𝑠
3𝐶1  and 𝑐2 = 𝐶2/𝑣𝑠 , respectively, where 𝐶1  and 𝐶2  are 

constants obtained from ref.44. Moreover, the group velocity 

term under a particular strain was calibrated using 𝑣𝑔/𝑣𝑔0 =

𝑣𝑠/𝑣𝑠0, where the subscripts 𝑔0 and 𝑠0 represent the phonon 

group velocity and sound velocity under zero strain, 

respectively. Using the phonon properties of zero-strain silicon 

obtained from the first-principles-based anharmonic lattice 

dynamics45, 𝜅𝐿  was calculated under different grain sizes and 

interfacial transmission conditions as a function of the sound 

velocity (Fig. 4 (a)). This result can assess the relative 

contributions of lattice softening and phonon–boundary 

scattering on 𝜅𝐿  under different grain sizes and interfacial 

transmission conditions. With the decrease in sound velocity 

(lattice stiffness), the 𝜅𝐿  was remarkably suppressed. For single-

crystal silicon, the decrease in 𝜅𝐿  as a function of sound velocity 

exhibits an approximate cubic trend. This is because 𝑘𝐿  is 

proportional to 𝑣𝑔
3 as its expression can be transformed into:  

𝜅𝐿 =
(6𝜋2)2/3�̅�〈𝑣𝑔

3〉

𝑉2/34𝜋𝛾2𝑇
= 𝐴

𝑣𝑠
3

𝑇
   (7) 

when the phonon–phonon scattering becomes predominate in 

single crystal (𝜏𝑝𝑝 = 𝜏𝑡𝑜𝑡𝑎𝑙 )43. When considering the boundary 

scattering, 𝜅𝐿  is further suppressed under either smaller grain 

size ( 𝐷 ) or larger interfacial resistance. Simultaneously, the 

correlation of 𝜅𝐿  to sound velocity varies from a cubic trend to 

a lower order as the phonon–boundary scattering of low-

frequency phonons under room temperature no longer satisfies 

𝜏𝑝𝑝= 𝜏𝑡𝑜𝑡𝑎𝑙.  

To separately account for the contribution from the stain-

inhomogeneous-induced lattice softening effect and the 

boundary scattering in the HPT samples, herein, the 

experimental result of 0 and 1/2 rotations are plotted in Fig. 4 

(a). Evidently, both the reduction in the phonon group velocity 

and the increase in the thermal resistance term 𝛾 contribute to 

low 𝜅𝐿. The phonon MFP of corresponding cases is summarized 

in Fig. S9. Moreover, owing to the difference in the fundamental 

mechanism of the phonon boundary scattering and the lattice 

softening, the relative contribution can be identified from the 

temperature-dependent κ𝐿. As the decrease in phonon group 

velocity is identical under all temperatures, whereas phonon 

scattering is temperature-dependent, a smaller slope ratio of 

the normalized κ𝐿  to temperature indicates lattice softening 

the dominant effect, whereas a larger slope ratio indicates the 

phonon scattering a more significant role43. The results shown 

in Figure S3 suggest that boundary scattering played a critical 

role in the temperature range of 300–600 K for all HPT samples. 

Moreover, the decrease in slope ratio in cases of higher rotation 

suggests the enhancement of relative contribution from the 

lattice softening effect. 

To explore the mechanism behind the enhanced interfacial 

thermal resistance due to HPT processing, a theoretical analysis 

was conducted using atomistic Green's function calculation 

(AGF) calculation (details in SI: Methods). The interatomic 

interaction was varied to adjust the lattice stiffness from 

approximately 12 to 167 GPa (no strain) and the interfacial 

thickness was varied to simulate the experimentally observed 

interfacial structure variation. Evidently, the interfacial thermal 

resistance increased with the softening of the interfacial layer 

(Fig. 4 (b)). Conversely, the thickness of the interfacial layer had 

a negligible impact on the interfacial thermal transport (Fig. S4). 

As the 𝛾 of the 1/2 and 0 rotation samples were given by the 

thermal conductivity calculation above (Fig. 4(a)), by plotting 

these values on the 𝛾 to Young's modulus curve in Fig. 4(b), we 
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obtained the corresponding Young's modulus and interfacial 

thermal resistance. The Young's modulus for 0 and 1/2 rotation 

samples are 35 GPa and 18 GPa, respectively, while their 

corresponding interfacial thermal resistance are 5.7 m2-K/GW 

and 14 m2-K/GW, respectively. With the gradual softening of 

the interfacial layer, the phonon transmission results suggest a 

decline in the overall frequency regime and a preferential 

suppression of phonon transmission at high frequencies. 

Herein, as the size effect of the nanostructure preferentially 

suppresses the 𝜅𝐿  of low-frequency phonons and interfacial 

softening predominately inhibits phonon transmission of high-

frequency phonons, extreme suppression of thermal transport 

over the entire frequency range can be achieved, thus resulting 

in ultra-low 𝜅𝐿  in the HPT processed silicon.  

Conclusions 

In this study, the HPT process with relatively low pressure and 

torsion was employed to reduce the 𝜅𝐿  of nanocrystal bulk 

silicon. An ultra-low 𝜅𝐿  of 1.49 W/m-K, which is a remarkable 

value for near-100 % dense bulk-scale silicon, was achieved. 

Systematic structural characterization enabled understanding 

structural evolution during the HPT process clearly. A decrease 

in grain size, reorientation of the crystal, and generation of 

inhomogeneous strain inside the grain and at the interface were 

observed. The theoretical analysis revealed that the 

pronounced softening of the interfacial layer can effectively 

reduce interfacial phonon transmission. Additionally, the lattice 

softening of the overall structure can suppress the phonon 

group velocity and is essential for the eventual significant 

suppression of the 𝜅𝐿  (Fig. 4 (d)). From a physics perspective, 

this study provides valuable insights into the physics behind 

stress-induced phonon engineering, essentially shedding light 

on the underlying mechanisms for obtaining ultra-low 𝜅𝐿 . 

Furthermore, our findings suggest that the HPT process, with its 

cost-effectiveness and versatility, holds significant promise for 

reducing the 𝜅𝐿  of various bulk-scale materials. 
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