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SPECIAL TOPIC — Heat conduction and its related interdisciplinary areas
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The extensive applications of cubic silicon in flexible transistors and infrared detectors are greatly hindered by its in-
trinsic properties. Metastable silicon phases, such as Si-III, IV, and XII, prepared using extreme pressure methods, provide
a unique “genetic bank” with diverse structures and exotic characteristics. However, exploration of their inherent physical
properties remains underdeveloped. Herein, we demonstrate the phase engineering strategy to modulate the thermal con-
ductivity and mechanical properties of metastable silicon. The thermal conductivity, obtained via the Raman optothermal
approach, exhibits broad tunability across various Si-I, III, XII, and IV phases. The hardness and Young’s modulus of Si-IV
are significantly greater than those of the Si-III/XII mixture, as confirmed by the nanoindentation technique. Moreover,
it was found that pressure-induced structural defects can substantially degrade the thermal and mechanical properties of
silicon. This systematic investigation offers a feasible route for designing novel semiconductors and further advancing their
desirable applications in advanced nanodevices and mechanical transducers.
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1. Introduction

As the key component of integrated circuits and photo-
voltaics, cubic silicon (Si-I) has attracted extensive attention
in the semiconductor industry over the past few decades, ow-
ing to its superior electronic and optical properties.[1–4] Fur-
ther applications of Si-I are significantly impeded by its in-
trinsic properties, such as in infrared photodetectors and flex-
ible nanodevices.[5] Metastable silicon, synthesized by high-
pressure treatment, has emerged as a promising alternative
to offer enhanced properties compared to Si-I.[6] It has been
found that Si can undergo several phase transitions under
hydrostatic or uniaxial pressure, including the metallic Si-II
(β -Sn), Si-XI (Imma), Si-V (hexagonal), Si-VI (Cmca), Si-
VII (hcp), and Si-X (fcc) phases.[7–9] Intriguingly, upon de-
compression, tetragonal Si-II can irreversibly transform into
the mixed Si-XII (R8) and Si-III (BC8) phases, rather than
returning to the initial Si-I phase, and the latter can then
become hexagonal Si-IV through thermal annealing.[10] De-
spite considerable efforts, the intrinsic thermal and mechan-

ical properties of these metastable phases remain largely
unexplored.[11–16]

Metastable silicon phases provide a versatile platform
to modulate their thermal properties and phonon trans-
port behaviors.[17] First-principles calculations combined with
Boltzmann transport theory indicate that the thermal conduc-
tivity of rhombohedral Si-XII (16.8 W·m−1·K−1) is about
one order of magnitude lower than that of cubic Si-I
(144 W·m−1·K−1), attributed to its stronger three-phonon
scattering.[18] The thermal conductivity of body-centered Si-
III, prepared through direct transformation using the multi-
anvil method, was determined to be 20 W·m−1·K−1 at
room temperature,[15] although the intrinsic physical proper-
ties of Si-III remain contentious. In practice, a Si-III/XII
mixture normally coexists when metallic Si-II is fully de-
compressed, due to their equivalent potential energy, yield-
ing variable thermal conductivity from 7.6 W·m−1·K−1 to
22.2 W·m−1·K−1 as measured by the time-domain thermore-
flectance technique.[19] Additionally, the thermal properties of
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the hexagonal Si-IV phase are still unclear, and first-principles
calculations show its thermal conductivity to be about 40%
lower than that of cubic Si-I.[20]

Investigations into the mechanical properties of
metastable Si phases remain in their infancy, to the best of
our knowledge. It has been found that the elastic modulus
(152 GPa) and hardness (12.0 GPa) of the polycrystalline Si-
IV phase are similar to those of cubic Si-I, as confirmed by
nanoindentation and x-ray diffraction.[21] Notably, the Si-IV
phase can display various polytypes depending on their stack-
ing orders, such as 2H (AB stacking) and 4H (ABCB stacking)
structures.[13] Moreover, the elastic modulus of high-quality
Si crystals can be significantly weakened when numerous
structural defects appear, such as grain boundary, triple line
junction and quadratic node, which has been theoretically
demonstrated using Budiansky’s self-consistent method to-
gether with a phase mixture model.[22] Clearly, experimental
determination of the mechanical properties of metastable Si
phases is highly desirable for their potential applications in
flexible devices and advanced mechanical sensors.

In this study, both thermal and mechanical properties of
metastable Si-III/XII and Si-IV phases, as well as decom-
pressed polycrystalline Si-I, have been comprehensively in-
vestigated. The measured thermal conductivity using the Ra-
man optothermal approach exhibits broad tunability across
different metastable phases. The phase dependence of hard-
ness and elastic modulus of silicon phases has been developed
based on continuous stiffness measurements via the nanoin-
dentation technique. Moreover, pressure-induced structural
defects play a crucial role in the phonon scattering process, re-
sulting in significantly degraded thermal and mechanical prop-
erties. It is anticipated that the discoveries in this work will lay
a solid foundation for the potential applications of metastable
silicon phases.

2. Experimental methods
Different phase structures of Si were prepared through

high-pressure and thermal annealing treatments. First, the Si-
I phase was compressed to around 12 GPa to induce a phase
transition to the Si-II phase. Upon decompression back to am-
bient pressure, the Si-III/XII phase was obtained. Annealing
the Si-III/XII phase at approximately 470 K led to the forma-
tion of the Si-IV phase. The nanoindentation tip size and laser
spot size were much smaller than the synthesized sample. Dur-
ing the nanoindentation and Raman measurements, we delib-
erately avoided the crack regions to prevent any potential in-
fluence on the experimental results.

The thermal conductivity of the metastable Si samples
was measured using the optothermal Raman technique, where
the laser excitation plays an essential role as the heat source.

In brief, both temperature-dependent Raman shift dω/dT and
laser power-dependent Raman shift dω/dP for one specific
phonon mode of silicon are fundamental parameters to de-
rive its thermal conductivity. In our case, all Raman spec-
tra of silicon specimens were collected using a homemade
Raman spectroscopy system equipped with an iHR550 spec-
trometer (Horiba, 1800 gr/mm grating) and a 50× objective
lens (NA ∼ 0.75). The wavelength of the laser source was
532 nm, and its power density was accurately measured us-
ing a power meter (Thorlabs, S121C). Each Raman spectrum
was acquired after the silicon sample reached thermal equilib-
rium with its surroundings. The laser power-dependent Ra-
man measurements were performed at room temperature, and
the laser power was tuned from 0.05 mW to 3.10 mW. The
temperature-dependent Raman experiments were carried out
in a homemade cryogenic setup, providing a wide base tem-
perature range from 140 K to 300 K in a liquid nitrogen cham-
ber. Meanwhile, the laser power was optimized to be below
0.4 mW, in order to minimize laser-induced heating effects.
The typical integration time for each Raman curve was 50 s
for Si-III/XII and 80 s for Si-IV.

Nanoindentation measurements of the metastable Si
phases were performed using a nanoindenter apparatus (KLA
G200) equipped with a Berkovich probe (correction factor
β ∼ 1.034), based on the continuous stiffness measurement
technique. The maximum indentation depth was maintained
to be far below 1/20 of the sample thickness, and a load-
ing/unloading strain rate of 0.05 s−1 was applied through-
out the experiments. The allowable thermal drift rate was
0.05 nm/s, and the actual thermal drift was measured and cor-
rected at 90% unloading accordingly.

Crystal structures of the synthesized Si samples were
characterized using advanced synchrotron x-ray diffraction
(XRD) at the 15U1 beamline of the Shanghai Synchrotron
Radiation Facility (SSRF). The wavelength of the x-ray beam
was 0.6199 Å, and its spot size was focused within ∼ 3 µm.
Two-dimensional diffraction images were captured with a
MAR165 charge-coupled device (CCD) detector and subse-
quently integrated into one-dimensional XRD profiles using
the Dioptas software.[23] The XRD data were further analyzed
and refined using the Rietveld method implemented in GSAS-
II.[24]

3. Results and discussion
The controlled preparation of metastable Si-III/XII and

Si-IV phases can be achieved under high pressure via a di-
amond anvil cell, as reported in our previous study.[25] The
Raman optothermal technique has been well developed to
measure the thermal conductivity of functional materials, ow-
ing to its non-invasive and reliable features.[26] According to
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Fourier’s law, the heat flux ∆P, transmitted through an area
A of a material, is proportional to its thermal conductivity κ

and the negative temperature gradient dT/dx, i.e., ∆P/A =

κ dT/dx, where A = π (a/2)2 corresponds to the heating area
(laser source as the heater in our case), and thus a temperature
gradient is generated. Therefore, thermal conductivity κ can
be derived as κ = 2

πa ·
∆P
∆T . In practice, temperature-dependent

Raman shift ∆ω/∆T as well as laser power-dependent Ra-
man shift ∆ω/∆P can be obtained, leading to the experimental
determination of thermal conductivity via κ = 2·(∆ω/∆T )

πa·(∆ω/∆P) .[27]

The spot size a of the laser beam can be accurately calibrated
based on the knife-edge method, as depicted in Fig. S1.

We first investigated the thermal conductivity of the
metastable Si-III/XII mixture using the Raman optothermal
approach, as shown in Fig. 1. For this given metastable
sample, the ISi-III/ISi-XII ratio was determined to be around
0.68. Following lattice dynamics and group theory, it was
found that the Si-III/XII mixture exhibits two sharp Raman
peaks belonging to the Ag mode of Si-XII and Eu mode of
Si-III, which appeared at ∼ 353 cm−1 and ∼ 435 cm−1 un-
der low power excitation in our case (Fig. S2), respectively.
In Fig. 1(a), the intensity of each Raman peak becomes re-

markably stronger as the laser power increases. More impor-
tantly, all Raman peaks show a significant redshift with laser
power due to the laser-induced heating effect. The linear slope
dω/dP of Raman shifts as a function of laser power was fit-
ted as −0.80 cm−1/mW and −0.71 cm−1/mW for Si-XII Ag

and Si-III Eu modes in Fig. 1(b), respectively. Within the laser
power range explored in this experiment, the maximum Ra-
man shifts approached ∼ 2.2 cm−1 and ∼ 2.1 cm−1 for Si-XII
and Si-III phases, respectively, indicating a local temperature
rise of about 80 K.[28] In principle, the phonon energy of the
silicon lattice becomes weakened at high temperatures, owing
to the prominent thermal expansion and anharmonic character-
istics of the interatomic potential. This phenomenon occurred
in Fig. 1(c), where the sample temperature varied from 310 K
to 250 K in a liquid nitrogen chamber. Moreover, Raman shifts
of both Si-XII Ag and Si-III Eu modes vary linearly within this
temperature range. Therefore, the linear fitting process is rea-
sonable, leading to a similar slope dω/dT of −0.03 cm−1/K
for Si-XII Ag and Si-III Eu modes, as displayed in Fig. 1(d).
As discussed above, the phenomenological thermal conductiv-
ities κSi-XII and κSi-III were calculated to be 33.2 W·m−1·K−1

and 37.4 W·m−1·K−1, respectively.
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Fig. 1. Thermal conductivity measurement of Si-III/XII mixture based on Raman optothermal technique. (a) The obtained Raman spectra of
Si-III/XII with varying laser powers. The inset shows the representative optical image of the Si-III/XII sample. The dashed lines indicate the
Ag mode of Si-XII (black) and Eu mode of Si-III (blue), observed at 353.0 cm−1 and 435.5 cm−1 under 0.2 mW, respectively. (b) Laser power-
dependent Raman Ag mode of Si-XII (black) and Eu mode of Si-III phase (blue). The dashed lines represent the linear fitting results. (c) Raman
spectra of Si-III/XII measured at different temperatures from 300 K down to 250 K. (d) Temperature-dependent Raman Ag mode of Si-XII
(black) and Eu mode of Si-III phase (blue). The ISi-III/ISi-XII ratio of this measured Si-III/XII sample was around 0.68.
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Furthermore, the nominal thermal conductivities of mul-
tiple Si-III/XII mixtures with various ISi-III/ISi-XII ratios were
systematically measured to elucidate their dependence on
phase concentration. It is worth noting that the total ther-
mal conductivity of a mixture or alloy is generally lower
than that of each pure constituent due to the broken phonon
coherence and its reduced mean free path.[29,30] As estab-
lished in our earlier study,[25] the dynamic decompression pro-
cess plays a significant role in modulating the Si-III to Si-
XII ratio. As shown in Fig. S3, the phenomenological ther-
mal conductivities of both Si-III and Si-XII phases mono-
tonically decrease as the proportion of Si-III phase increases,
potentially suggesting that pure Si-XII has a higher thermal
conductivity than Si-III. First-principles calculations predict
that the anisotropic thermal conductivity of pure Si-XII is
16.8 W·m−1·K−1 and 8.9 W·m−1·K−1 along the x and z axes,
respectively,[18] while the measured thermal conductivity of
the Si-III phase is 20 W·m−1·K−1 at 300 K,[15] which are close
to those of Si-III/XII mixtures with an ISi-III/ISi-XII ratio over
∼ 0.8 in our case.

Next, we investigated the thermal conductivity of the Si-
IV phase using the Raman optothermal approach, as shown
in Fig. 2. The pure Si-IV phase was efficiently obtained by
thermal annealing of Si-III/XII and further confirmed by syn-

chrotron x-ray diffraction measurements (Fig. S4).[25] Fig-
ure 2(a) exhibits the acquired Raman spectra of Si-IV un-
der variable laser powers up to 3.10 mW. For each curve,
there is only one asymmetric and broad Raman band, which
can be well fitted with two Lorentzian peaks at ∼ 482 cm−1

and 517 cm−1 (0.25 mW), corresponding to the E2g and E1g

phonon modes of the Si-IV phase (Fig. S5).[31] The latter E1g

mode was selected to analyze the thermal conductivity of the
Si-IV phase due to its relatively stronger intensity. The corre-
lation between E1g energy and laser power was found to ap-
proximate a linear function with dω/dP ∼−1.11 cm−1/mW,
as displayed in Fig. 2(b). Similarly, Figs. 2(c) and 2(d) present
the linear dependence of Raman shift on temperature, and the
linear slope dω/dT was extracted as −0.04 cm−1/K. There-
fore, the thermal conductivity of the Si-IV phase was calcu-
lated to be 31.9 W·m−1·K−1, superior to those of Si-III and
Si-XII phases, especially for ISi-III/ISi-XII >∼ 0.75 in Fig. S3.
Notably, our experimental result is significantly lower than the
theoretical value of 74 W·m−1·K−1 at 300 K.[20] This dis-
crepancy arises due to the polycrystalline nature of our Si-
IV sample, where structural defects, such as grain boundaries
and dislocations induced under high pressure, can dramati-
cally scatter phonon transport and hence degrade its thermal
conductance.[32]
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Thermal conductivity tests were systematically carried
out on Si-III, Si-XII, and Si-IV phases, along with the pris-
tine and high-pressure treated Si-I samples, in an attempt
to uncover the underlying mechanisms. The obtained ther-
mal conductivities of the metastable phases are summa-
rized in Fig. 3, combined with literature data.[15,18,20,33–37]

We measured the thermal conductivity of pristine Si-I
to be 139 W·m−1·K−1 at 300 K (the raw data shown
in Figs. S6–S8), which is consistent with the litera-
ture values of 156 W·m−1·K−1,[35] 142 W·m−1·K−1,[36]

125 W·m−1·K−1,[34] and 120 W·m−1·K−1.[37] Due to inherent
differences in measurement techniques and variations in sam-
ple quality, some deviations between our results and the litera-
ture are expected, but all fall within an acceptable error range.
In particular, the excellent agreement between our result
(139 W·m−1·K−1) and the reported value of 142 W·m−1·K−1

further supports the reliability of our experimental data. It is
evident that high-pressure treatment can dramatically reduce
the thermal conductivity of pristine Si-I, from the initial 139 to
9.6 W·m−1·K−1 after 8 GPa, as an example. Moreover, these
comparative analyses also confirm that the relatively low ther-
mal conductivity of Si-III/XII and Si-IV phases transformed
from Si-I under high pressure. In principle, the thermal con-
ductivity of metastable Si phases is governed by phonon trans-
port behavior, and their electronic contribution can be con-
sidered negligible, due to their semiconducting characteris-
tics. Numerous structural defects emerge in the silicon lat-
tice under extreme pressure and can even be retained under
ambient conditions, which create numerous scattering cen-
ters with lattice phonons. Based on the modified Callaway
model, we know that phonon lifetime τ is rapidly shortened
by their inelastic interactions with point (τ−1 ∼ ω4), dislo-

cation (τ−1 ∼ ω3), and boundary (τ−1 ∼ ω) defects, where
ω is the phonon angular frequency.[38] Importantly, thermal
annealing can efficiently reconstruct the atomic arrangement,
thereby eliminating lattice defects and resulting in gradually
enhanced thermal conductivity. This phenomenon was clearly
demonstrated in our annealed Si-I at 1273 K for 10 hours, with
its thermal conductivity raised to 13.4 W·m−1·K−1. It is worth
noting that, to simplify the calculation, the absorption of the
materials is not considered in the thermal conductivity calcu-
lation, which may affect ∆P and consequently lead to some
deviation in the results.[26] In addition, at room temperature,
the thermal conductivity of amorphous silicon approximates
1.8 W·m−1·K−1,[39] while that of amorphous silicon thin films
is less than 0.03 W·m−1·K−1.[40] Obviously, the thermal con-
ductivity of silicon films is much lower than that of bulk Si-I
and decreases further with decreasing thickness.[41]
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microscope image of Si-III/XII after the nanoindentation test, with the indented areas marked by two arrows. (b) Relationship between hardness
H and displacement for single-crystalline Si-I, polycrystalline Si-I, Si-III/XII, and Si-IV phases. (c) Relationship between Young’s modulus EY
and displacement for single-crystalline Si-I, polycrystalline Si-I, Si-III/XII, and Si-IV phases.

Next, we turn to examine the mechanical hardness H and

Young’s modulus EY of metastable Si phases using the nanoin-

dentation method,[42] including the Si-III/XII mixture and Si-

IV, compared with pristine Si-I and decompressed Si-I from

8 GPa. The representative load-displacement curves of each

phase in Fig. S9 show good repeatability, indicating reliable
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mechanical results. The extracted hardness and Young’s mod-
ulus results are shown in Fig. 4. The mean H and EY of the
pristine Si-I phase are 12.1±0.5 GPa and 183.5±5.2 GPa, re-
spectively, which are consistent with literature data.[43] Once
subjected to high pressure, the mechanical properties of the Si-
I phase were remarkably degraded, with EY ∼ 138.3±7.1 GPa
after 8 GPa. This phenomenon can be well explained by the
pressure-induced lattice defects.[22] In comparison, the hard-
ness and Young’s modulus of Si-III/XII and Si-IV are approx-
imately 35% and 15% lower than those of the Si-I phase, re-
spectively.

In detail, all Si allotropes are covalently connected with
sp3 hybridized bonds. According to Rietveld refinements of
XRD results, both hexagonal Si-IV (2.33 Å and 2.37 Å) and
body-centered Si-III (2.34 Å and 2.39 Å) lattices have two
distinct Si–Si bond lengths, whereas the rhombohedral Si-XII
phase shares four longer bond lengths: 2.38 Å, 2.40 Å, 2.34 Å,
and 2.38 Å. Therefore, the comparable modulus of Si-IV and
Si-I originates from their similar atomic bond characteristics,
both of which are stronger than that of the Si-III/XII mixture.

We further summarized the hardness and Young’s mod-
ulus of various Si phases in Fig. 5. Clearly, the mechanical
properties of Si show notable tunability, depending on the spe-
cific phase structure. For instance, the hardness can vary from
7.4± 0.7 GPa (Si-III/XII) to 12.1± 0.5 GPa (Si-I), enabling
the fabrication of all Si-based mechanical sensors. Our ob-
tained hardness and elastic modulus results for the Si-IV phase
are quantitatively comparable with those of cubic Si-I, con-
sistent with the literature data,[21] where the bulk modulus is
∼ 91.8 GPa and Poisson’s ratio is ∼ 0.22. All metastable Si
phases exhibit brittle characteristics due to their robust cova-
lent bonds. The nanoindentation process induces irreversible
plastic deformation on the silicon surface, as illustrated in
Fig. 4(a). The structural defects caused by extreme pressure
can significantly weaken the mechanical strength of silicon
due to pronounced surface and size effects, as evidenced by
our Si-I phase, which cannot be intuitively predicted by stan-
dard continuum mechanics.[44,45]
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Fig. 5. Phase structure-dependent mechanical properties of silicon.
(a) Hardness H of silicon, with the lattice structure of each silicon phase
shown in the inset. (b) Young’s modulus EY of silicon.

4. Conclusion
In summary, the phase structure-regulated thermal and

mechanical properties of metastable silicon have been sys-
tematically investigated. It was found that the thermal con-
ductivities of Si-III and Si-XII are highly sensitive to their
phase concentration, and the thermal conductivity of polycrys-
talline Si-IV (31.9 W·m−1·K−1) is much lower than that of Si-
I, partially due to the prominent phonon-defect scattering ef-
fect. Nanoindentation characterization revealed that the hard-
ness and Young’s modulus of Si-III/XII (H ∼ 7.4± 0.7 GPa
and EY ∼ 125.7± 8.1 GPa) and Si-IV (H ∼ 10.3± 0.5 GPa
and EY ∼ 154.8±5.9 GPa) phases are significantly lower than
those of the cubic Si-I phase. These findings are expected to
open new avenues for exploring the distinguished properties
of novel Si allotropes and further expand their practical appli-
cations beyond the typical cubic Si-I counterpart.
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