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ABSTRACT: Pressure-induced phase transitions in various nanostructured
Si have been studied extensively but still remain not well-understood. In this
study, we systematically investigated the phase transitions in nanostructured
Si with different sizes and morphology including large and small Si
nanoparticles (SiNPs), Si nanowires (SiNWs), and porous Si using in situ
high-pressure synchrotron X-ray diffraction and Raman microscopy. The
large SiNPs show high-pressure behavior similar to bulk Si, while in the other
three samples, the pressure of the first phase transition during compression is
elevated. For small SiNPs and porous Si, the initial diamond cubic Si directly
transforms to the simple hexagonal phase at ∼16.4 and ∼18.4 GPa during
compression (instead of the β-Sn phase in bulk Si), respectively, and
amorphous Si was obtained for both samples upon decompression. For
SiNWs, the initial diamond cubic Si directly transforms to the Imma phase when compressed to ∼15.2 GPa, and a mixture of
amorphous Si and a body-centered cubic phase was obtained upon decompression. Although seemingly diverse behavior was
observed, our analysis reveals a unified picture for the various samples, i.e., phase transitions in nanostructured Si are mainly
controlled by their domain size, while their morphology has a minor effect. The higher phase-transition pressure and the different
phase-transition sequences in the small SiNPs, SiNWs, and porous Si during compression can mainly be attributed to the higher
kinetic barrier of phase transformation in nanostructured Si.

1. INTRODUCTION

Silicon is the principal material extensively used for micro-
electronics, photovoltaics, and microelectromechanical system
(MEMS) technologies.1 Nanostructured Si materials have
attracted a lot of attention due to the increasing demand for
smaller feature sizes of Si in industry and as a prototype
nanomaterial for fundamental research. Si has abundant
polymorphs under pressure.2−4 For nanostructured Si, the
scaling down of its sizes results in unique electronic,
mechanical, and optical properties for wide applications.5−9

Meanwhile, it makes the pressure-induced polymorphic
transitions much more complex than the bulk Si.
Bulk Si undergoes a series of phase transitions during

compression at room temperature, e.g., it transforms from the
diamond cubic phase (Si-I) to a metallic β-Sn phase (Si-II) at
∼11.3 or 11.7 GPa, followed by a transition to an Imma phase
(Si-XI) at ∼13.2 GPa.10−13 Upon further compression, it
transforms to a primitive hexagonal phase (Si-V) at ∼15.4
GPa, then to a Cmca phase at ∼38 GPa, to a closely packed
hexagonal phase at ∼42 GPa, and to a face-centered cubic
phase at ∼79 GPa.10 All of these phase transitions are
reversible upon decompression, except for the Si-I → Si-II
transition. Upon decompression, Si-II transforms to a
rhombohedral phase (R3̅, Si-XII) at ∼9.4 GPa, then to a
body-centered cubic phase (BC8, Si-III) at ∼2 GPa.14

In contrast, the phase transitions in nanostructured Si were
reported to highly depend on both the sizes and morphology
with quite diverse or even inconsistent behavior. For instance,
the Si nanowires (SiNWs) with 60−80 nm diameter or 70−
350 nm diameter were reported to transform to Si-II at 8.5−
9.9 or ∼7.5 GPa respectively, which is lower than that in bulk
Si.15,16 However, a recent study on SiNWs with diameters of
80−150 and 200−250 nm observed an obviously elevated
phase transition pressure (∼15 GPa) to either a Si-II or Si-XI
phase.17 Si nanoparticles (SiNPs) with sizes around 10 and 18
nm were reported to go through a first-order phase transition
at 22 and 16.9 GPa, respectively;18,19 for SiNPs with an
average size of ∼50 nm, the diamond cubic structure remains
metastable up to 17 GPa and it can be converted to Si-V at
higher pressure, but it is not clear if this transition proceeds
through Si-II and Si-XI.19,20 For ultrasmall SiNPs with
diameters below 5 nm, a Si-I → Si-V transition was observed
at 17−22 GPa (3.2−4.5 nm),6 while another study claimed a
phase transition from Si-I to Si-II and Si-XI at 15.6 GPa (∼3
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nm).21 More interestingly, porous Si with a similar domain size
(average crystallite size of ∼5 nm) was reported to transform
to a high-density amorphous phase at ∼10 GPa.22 In contrast,
another study observed a Si-I → Si-V transition at ∼28 GPa in
porous Si with an average particle size of ∼4 nm.23

Furthermore, a recent study of Si nanosheets with thicknesses
of 9−15 nm reported Si-I → II → V transitions during
compression.24 Given these inconsistent results, the effect of
size and morphology on phase transitions in nanostructured Si
is still not well understood.
In this study, we use in situ high-pressure X-ray diffraction

(XRD) to systematically investigate the pressure-induced
phase transitions in various nanostructured Si with different
sizes and morphology, including SiNPs, SiNWs, and porous Si.
In addition to revealing the phase transformation in these
nanostructured Si, we further discuss the effect of size and
morphology on the starting pressure and sequence of the phase
transitions and the possible underlying mechanisms.

2. EXPERIMENTAL SECTION

2.1. Synthesis of Nanostructured Si. SiNPs with an
average particle size of ∼9 nm (small SiNPs) were synthesized
by thermal decomposition of silicon monoxide at 1000 °C in
an argon-protected atmosphere. The SiO2 layer coated on the
outer surface of the SiNPs was removed by hydrofluoric acid.
SiNPs with an average particle size of ∼100 nm (large SiNPs,
size ranges from 50 to 200 nm) are from MTI corporation.
SiNWs and porous SiNWs were synthesized by chemical
etching of single-crystalline Si wafers using an etchant solution
containing 5 M hydrofluoric acid and 0.02 M silver nitrate.5

The nanowires were washed sequentially using concentrated
nitric acid, deionized water, hydrofluoric acid, and deionized
water to remove silver byproducts and oxide layers on the
nanowire surface. The nanowires were then removed from the
wafer mechanically. SiNWs have an average width of ∼100 nm
(20−200 nm), a thickness of ∼40 nm, and a length of several
microns. The porous SiNWs have an average particle size of

∼10 nm. The size and morphology of the samples were
characterized by transmission electron microscopy (FEI,
Tecnai F20 S-Twin TEM).

2.2. In Situ High-Pressure XRD Experiments. Each
sample was loaded into a symmetrical DAC together with tiny
ruby balls or gold foils as pressure calibrants. The pressure was
estimated according to the R1 fluorescence line of ruby or the
equation of state of gold.25,26 The sample chamber was a 120−
150 μm diameter hole drilled in preindented rhenium or
tungsten gasket. Methanol−ethanol (volume ratio = 4:1) or
helium was used as the pressure transmitting medium. No
pressure medium was used for some experiments to maximize
the diffraction signal of the sample.
In situ high-pressure angle-dispersive XRD experiments were

performed using a focused X-ray beam with a wavelength of
0.3344, 0.4959, or 0.6199 Å at beamline 16 ID-B of the High
Pressure Collaborative Access Team (HPCAT), APS, ANL,
beamline 12.2.2 of Advanced Light Source (ALS), and
beamline 15U1 of Shanghai Synchrotron Radiation Facility
(SSRF). A MAR165 charge-coupled device (CCD) detector or
a MAR345 image plate was used for data collection. Dioptas
software was used to integrate the two-dimensional diffraction
images into XRD patterns.27

2.3. In Situ High-Pressure Raman and Laser Heating
Experiments. In situ high-pressure Raman experiments were
performed using a micro-Raman spectroscopy system (Re-
nishaw, in Via Reflex) with a 532 nm excitation laser. A laser
power of 1.2−2.4 mW and an objective lens with a
magnification of 20 were used for data collection to minimize
the thermal effect of the laser. Small SiNPs were loaded into a
symmetrical DAC with neon as the pressure transmitting
medium. After the sample was compressed to 12.2 GPa, it was
directly heated for about 5 s using double-sided ytterbium fiber
lasers (wavelength 1070 nm) with the minimum power (below
3 W) and a laser spot size of 20−30 μm.28 The heating
temperature is below the detection limit of the system and the
melting point of Si. The sample was then compressed to 15.0

Figure 1. TEM images of the nanostructured Si studied. (a) Large SiNPs with an average size of ∼100 nm (50−200 nm), (b) small SiNPs (average
size of ∼9 nm), (c) porous SiNWs with an average particle size of ∼10 nm, and (d) SiNWs with an average width of ∼100 nm (20−200 nm) and
thickness of ∼40 nm. The insets in (c) include a zoom-in image of a single porous SiNW and a selected area electron diffraction (SAED) image
along the [100] zone axis, showing it is single crystalline. The inset in (d) is a high-resolution TEM image of a single NW.
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GPa, followed by decompression to 2.2 GPa. A total collection
time of 300 s was used for each Raman spectrum.
For the TEM experiment on the recovered sample, small

SiNPs were compressed to 25 GPa with neon as the pressure
transmitting medium. After full release of pressure, the sample
was removed from the DAC for TEM observation.

3. RESULTS

3.1. Phase Transformation in SiNPs. Figure 1 shows the
TEM images of the nanostructured Si samples investigated in
this study, including large SiNPs (Figure 1a), small SiNPs
(Figure 1b), porous SiNWs (Figure 1c and the inset), and
SiNWs (Figure 1d and the inset). The size distribution of the
nanostructures is shown in Supporting Information Figure S1.
To clarify the effect of size on the pressure-induced phase
transitions in nanostructured Si, the XRD data of large SiNPs
(∼100 nm) and small SiNPs (∼9 nm) during both
compression and decompression are compared side-by-side
in Figure 2. As shown in Figure 2a, the initial Si-I starts to
transform to Si-II at 10.5 GPa in large SiNPs. This pressure is
slightly lower than that in bulk Si, which could be attributed to
the deviatoric stress due to the absence of a pressure
medium.9,10,13 The peaks of Si-II are quite weak at 12.6
GPa, suggesting that the majority of large SiNPs show higher
phase transformation pressure than bulk Si. During further
compression, Si-II transforms to Si-XI at 14.1 GPa and to Si-V
at 16.4 GPa. The Si-V remains stable up to 26.2 GPa (the
highest pressure in this experiment). Meanwhile, part of the Si-
I phase persists up to 14.9 GPa but totally disappears at 16.4
GPa. During decompression, the Si-V phase transforms to Si-
XI and Si-II at 14.1 GPa. At 6.9 GPa, it is mainly Si-II, along
with a few weak peaks that can be attributed to Si-XII. Upon
full decompression, Si-II and Si-XII phases transform to Si-III
and amorphous Si (a-Si) (see Figure 2b).

In contrast, the phase transition does not take place until
16.4 GPa in small SiNPs (see Figure 2c). Moreover, instead of
the Si-I→ II transition observed in bulk Si and large SiNPs, Si-
I transforms to Si-V. This phase transition is sluggish. It
finishes at 23.7 GPa, with Si-I and Si-V coexisting up to 20.5
GPa. During decompression to 14.3 GPa, Si-V has transformed
into a mixture of Si-XI and Si-II, and only Si-II is present when
decompressed to 10.4 GPa. At 6.0 GPa, the intensity of the
diffraction peaks of Si-II drops over 60% without the
emergence of new peaks. Hence, we propose that Si-II has
partially transformed into an amorphous phase at this pressure.
Upon full decompression, only broad diffraction peaks from
the a-Si phase are present (the strongest peak is centered at
∼2.0 Å−1, consistent with that of the a-Si),29 indicating that Si-
II has completely transformed to a-Si. The recovered sample
was also checked by TEM (see Supporting Information Figure
S2). The diffused diffraction rings in electron diffraction
confirm it is fully amorphous, which is different from the “X-
ray amorphous” Si obtained in Si nanosheets decompressed
from ∼20 GPa.24 The fact that Si-I can persist up to 20.5 GPa
is consistent with the previous results of 3.2−4.5 and 10 nm
SiNPs.6,19 The Si-I → V transition is consistent with previous
high-pressure radial XRD experimental results on 9 nm SiNPs
and the phase transition observed in 3.2−4.5 nm SiNPs.6,9 In
addition, for 50 nm SiNPs and 3.2−4.5 nm SiNPs, a-Si was
also obtained upon decompression.19

Figure 3 summarizes the phase transitions in large and small
SiNPs in comparison to those in bulk Si. As shown in Figure 3,
the phase transition sequence in large SiNPs is quite similar to
that in bulk Si, i.e., Si-I→ II→ XI→ V in compression and Si-
V → XI → II → XII → III in decompression. Compared with
bulk Si, the Si-I persists to higher pressure under compression
in large SiNPs, and the Si-II persists to lower pressure in
decompression. In contrast, the small SiNPs show quite
different behavior, including their substantially higher phase-

Figure 2. In situ high-pressure XRD of large SiNPs (average size ∼100 nm) at representative pressures during compression (a) and decompression
(b). The X-ray wavelength is 0.4959 Å. No pressure medium was used in the experiment. In situ high-pressure XRD of small SiNPs (average size
∼9 nm) at representative pressures during compression (c) and decompression (d). The X-ray wavelength is 0.3344 Å. Helium was used as the
pressure transmitting medium. At some pressure, two phases coexist. The dominant phase of each XRD pattern has been labeled to highlight the
phase transitions. The strong peaks of each phase have been labeled with their Miller indices.
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transition pressure (16.4 GPa) and different transition
sequences, i.e., Si-I → V during compression and Si-II → a-
Si during decompression. These results indicate that the
particle size can efficiently change both the pressure and
sequences of the pressure-induced phase transitions in SiNPs.
3.2. Phase Transformation in Porous SiNWs. To

explore the effect of morphology on the phase transitions in
nanostructured Si, the pressure-induced phase transitions in
porous SiNWs (particle size ∼10 nm) were investigated and
compared with small SiNPs (∼9 nm). As shown in Figure 4a,
the Si-I phase transforms directly to Si-V at 18.4 GPa, similar
to the phase transition in small SiNPs. During decompression,
Si-V remains metastable at 16.0 GPa and only Si-II was
observed at 9.3 GPa (see Figure 4b). The Si-II has been fully
converted to a-Si when decompressed to 4.8 GPa. The phase
transitions in the porous SiNWs are in line with those observed
in porous Si with a particle size of ∼4 nm;23 we did not
observe pressure-induced amorphization.22 Despite having
quite different morphology, the porous SiNWs, and small
SiNPs show similar phase transitions during compression and
decompression. These results imply that, compared with the
domain size, the porous morphology has a minor effect on the
phase transition of Si.
3.3. Phase Transformation in SiNWs. We further

investigated the phase transitions in SiNWs whose morphology
is quite different from SiNPs. These SiNWs have an average
width of ∼100 nm (ranges from ∼20 to ∼200 nm), a thickness
of ∼40 nm, and a length of several microns. As shown in
Figure 5a, no phase transition occurs up to 13.6 GPa. At 15.2
GPa, Si-I starts to transform to Si-XI. The Si-XI has completely
transformed to Si-V at 18.1 GPa, with a small amount of
remnant Si-I. The remnant Si-I disappears at 22.8 GPa, at
which only Si-V is present. During decompression from 19.4 to
11.6 GPa, Si-V transforms to Si-II probably through Si-XI,
which was not observed herein due to the large pressure step.
Upon the full release of pressure, Si-II transforms into a-Si and
Si-III (see Figure 5b). The elevated phase-transition pressure
during compression is consistent with the previous results for

80−150 nm SiNWs but different from the lower phase-
transition pressure observed in 60−80 nm SiNWs.15,17 The
lower phase-transition pressure in 60−80 nm SiNWs might be
attributed to the defects introduced during sample synthesis,
which might promote nucleation of the high-pressure phase.

Figure 3. Summary of the phase transitions in large and small SiNPs
compared with that in their bulk counterpart. The data for the bulk Si
are from refs 10, 11, 14. The solid columns represent the pressure
ranges in which each phase was observed in the experiments. Due to
the limited pressure points, especially in decompression, these
pressure ranges may not cover the full pressure range where each
phase remains metastable. Patterned columns have been added for
better readability of the figure. The same color is used for Si-III and
Si-XII since they have similar structures and are difficult to
differentiate in some of our experiments with weak XRD peaks.

Figure 4. In situ high-pressure XRD of porous Si (average particle size
∼10 nm) at representative pressures during compression (a) and
decompression (b). The X-ray wavelength is 0.4959 Å. Helium was
used as the pressure transmitting medium. The peak of the Ag
particles introduced during sample preparation is marked by the
symbol #, and the peaks of the gasket are marked by the symbol *.

Figure 5. In situ high-pressure XRD of SiNWs during compression
(a) and decompression (b). The X-ray wavelength is 0.6199 Å.
Methanol−ethanol (v/v = 4:1) was used as the pressure transmitting
medium. The peaks of the gasket are marked by the symbol *.
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The SiNWs in our study were obtained through chemical
etching of single-crystalline Si wafer, which rarely contains such
defects.

4. DISCUSSION
4.1. Effect of Size and Morphology on Phase

Transformation. Figure 6 summarizes the phase transitions

in all of the nanostructured Si samples investigated in this
study, in comparison with bulk Si. The phase-transition
pressure seems to increase with the decreasing domain size
of nanostructured Si. For instance, the small SiNPs (∼9 nm)
and porous SiNWs (∼10 nm) show an obvious higher phase-
transition pressure than large SiNPs (∼100 nm) and bulk Si; in
addition, SiNWs (with an average width ∼100 nm and
thickness ∼40 nm) shows phase-transition pressure higher
than large SiNPs, but lower than the small SiNPs and porous
SiNWs. More interestingly, the phase transition sequence also
changes with increasing phase-transition pressure, i.e., during
compression, from Si-I → II → XI → V in large SiNPs, to Si-I
→ XI → V in SiNWs, to Si-I → V in small SiNPs and porous
SiNWs; during decompression, from mostly Si-II → XII → III
in large SiNPs, to mainly Si-II → a-Si in SiNWs, to complete
Si-II → a-Si transition in small SiNPs and porous SiNWs.
These results indicate that the pressure and sequence of phase
transitions in nanostructured Si are mainly dependent on the
domain size of the nanostructure. Meanwhile, the effect of
morphology (i.e., nanoparticle, nanowire, and porous) on the
phase transitions seems minor.
It should be noted that various pressure transmitting media

were used in our experiments. Noble gases such as helium and
neon provide hydrostatic stress, while experiments without the
pressure medium would result in high deviatoric stress. For
bulk Si, the presence of deviatoric stress would lower the
phase-transition pressure but would not affect the phase-
transition sequence.13 In our experiments on the large SiNPs
without the pressure medium, we observed a phase-transition
pressure (10.5 GPa) lower than that in bulk Si (11.3 or 11.7
GPa), which could be attributed to the effect of the deviatoric

stress. To verify whether the nonhydrostatic stress would affect
the phase-transition sequence in nanostructured Si, we
compared the phase transitions in small SiNPs in compression
with helium (see Figure 2c) and without the pressure medium
(see Supporting Information Figure S3). In both cases, the
small SiNPs go through a Si-I→ Si-V transition, indicating that
the different hydrostatic conditions would not change the
phase-transition sequence. In addition, the sintering of
nanocrystals under high pressure was observed in some
nanomaterials such as gold and CdSe nanoparticles.30,31 It
might not take place in nanostructured Si since Si naturally
forms a thin native oxide layer in air.32

The large SiNPs have a wide size distribution ranging from
∼50 to ∼200 nm. These nanoparticles with different sizes all
contribute to the high-pressure behavior of the large SiNPs.
Since the phase-transition pressure increases with decreasing
size, the phase transformation is expected to take place first in
the largest SiNPs (∼200 nm SiNPs) during compression.
Therefore, the Si-I → II transition at 10.5 GPa observed in
large SiNPs actually reflects the phase transition of ∼200 nm
SiNPs, implying that the SiNPs around or above 200 nm
behave like bulk Si in terms of phase transition. Similarly, the
remnant Si-I at 16.4 GPa should be attributed to the SiNPs
with a size of ∼50 nm. At this pressure, Si-V coexists with a
small fraction of Si-XI and Si-II is absent. Therefore, the
remnant Si-I (∼50 nm SiNPs) is expected to transform to
either Si-XI or Si-V upon further compression. After releasing
the pressure, the sample is composed of Si-III and a-Si. a-Si
could also be attributed to the smallest NPs of the sample
(∼50 nm SiNPs). These results suggest that the phase-
transition pressure of ∼50 nm SiNPs is obviously higher than
that in bulk Si, which is in line with previous findings.19

Moreover, in terms of phase-transition sequence, ∼50 nm
SiNPs go through Si-I → XI or V transition in compression
and transform to a-Si after releasing the pressure. The critical
size at which the phase transition sequence changes could be
identified if a series of SiNPs with different sizes and narrow
size distribution could be synthesized and studied. The
underlying mechanism of the size dependency of phase
transitions in nanostructured Si is discussed below.

4.2. Effect of Size on the Thermodynamics and
Kinetics of Phase Transformation. The phase trans-
formation thermodynamics can be dramatically changed in
nanomaterials due to the substantial surface energy contribu-
tion to the Gibbs free energy of the materials. The size
dependence of phase-transition pressure has been observed in
various nanomaterials. For instance, the pressure of the
transformation in CdSe nanoparticles from wurtzite to rock
salt structure elevates from 3.6 to 4.9 GPa with decreasing size
from 2.1 to 1.0 nm (in contrast to 2.0 GPa in bulk CdSe).33

This elevation in pressure was attributed to the change in the
thermodynamic transition point as a function of particle size
because the wurtzite and rock salt phases have quite different
energy at the interface between the nanocrystal and the
pressure medium.33 Similar effects were also observed in CdS,
TiO2, and ZnO nanocrystals.20,34,35

We also observed an elevation of the phase-transition
pressure in our sample (small SiNPs, SiNWs, and porous
SiNWs); however, the underlying mechanism seems different.
For instance, for small SiNPs and porous SiNWs, the sequence
of the phase transformation also changes in addition to the
elevation of the phase-transformation pressure. Si-I transforms
directly to Si-V under compression, while Si-II and Si-XI are

Figure 6. Summary of phase transitions in all of the nanostructure Si
samples investigated in this study. The data for the bulk Si are from
refs 10, 11, 14. The solid columns represent the pressure ranges in
which each phase was observed in the experiments. Due to the limited
pressure points, especially during decompression, these pressure
ranges may not cover the full pressure range where each phase
remains metastable. Patterned columns have been added for better
readability of the figure.
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absent. This could not be explained by the shift of the
equilibrium transition point. On the other hand, these two
absent phases (Si-II and Si-XI) both emerge during
decompression from Si-V, like in bulk Si. More importantly,
the pressure ranges in which Si-II and Si-XI are present are also
similar to that in bulk Si (see Figure 6), which suggests that the
relative phase stability of Si-II and Si-XI (relative to Si-V) has
not been obviously altered in nanostructured Si with a size
down to ∼9 nm. In this case, although the high surface/
interfacial energy would obviously increase the free energy of
nanostructured Si and shift the equilibrium transition point to
some extent, it does not seem to be the dominant factor that
controls the phase transformation of nanostructured Si.
Therefore, we believe that the elevation of the phase-transition
pressure and the different phase-transition sequence in
nanostructured Si in compression (from Si-I → II to Si-I →
XI, and to Si-I → V) should be mainly attributed to the
changed kinetics of the phase transformation.
Figure 7a shows the calculated Gibbs free energy for bulk Si-

I, II, XI, and V phases (solid lines) at T = 300 K from ref 36

(Si-II as the reference), in which Si-II has the lowest free
energy between 12 and 14 GPa, and Si-XI and Si-V are the
most stable phases between 14−16 and 16−33 GPa,
respectively. As a consequence, Si goes through a phase
transition sequence of Si-I → II → XI → V (shown by the
black dotted line) under compression, consistent with
experimental results. As mentioned before, the relative phase
stability of Si-II and Si-XI to Si-V has not been significantly
altered in nanostructured Si. Therefore, although the Gibbs

free energy of nanostructured Si should be higher than that of
the bulk Si, it is still reasonable to use the calculation results in
Figure 7a to estimate the relative stability of the high-pressure
phases. A possible explanation for the elevated phase transition
pressure (from Si-I to high-pressure phases) is the higher
energy barrier for the Si-I → II transition in SiNWs, small
SiNPs, and porous Si. For instance, for small SiNPs (purple
dashed line in Figure 7a), the free energy of Si-I increases
continuously with increasing pressure, and Si-I remains
metastable up to 16.4 GPa due to the high energy barrier of
the Si-I → II transition. At 16.4 GPa, the free energy is
eventually high enough to overcome the energy barrier so that
a phase transition is able to take place. However, at this
pressure, Si-V (instead of Si-II or Si-XI) is the stable phase
with the lowest free energy. Hence, Si-I directly transforms to
Si-V in small SiNPs. The Si-I → XI transition in SiNWs and
the Si-I → V transition in porous Si can also be explained by
this scenario.
To verify if the absence of Si-I to II transition in small

SiNPs, SiNWs, and porous SiNWs is indeed caused by the high
energy barrier, we further performed a high-pressure high-
temperature experiment. We first compressed small SiNPs to
12.2 GPa, which is slightly higher than the Si-I → II transition
pressure in bulk Si, but much lower than the pressure (16.4
GPa) at which the Si-I → V transition was observed in small
SiNPs in the high-pressure XRD experiments. At this pressure,
the sample was heated for ∼5 s using a double-sided laser
heating system. The Raman spectra of the sample before and
after laser heating are compared in Figure 7b. As shown in
Figure 7b, the strong Raman peak of Si-I at ∼573 cm−1 (TO
band) becomes very weak after heating. Meanwhile, two
Raman peaks emerge at ∼120 and ∼393 cm−1, which are
consistent with the LO and TO bands of Si-II.37 These results
indicate that Si-I was converted into Si-II during laser heating.
After decompressed to 2.2 GPa, the laser-heated spot shows
broad bands of a-Si at 100−200 and ∼500 cm−1, along with a
weak Si-I peak at ∼525 cm−1, suggesting Si-II has transformed
to a-Si upon decompression. In contrast, the unheated region
shows only a strong Si-I peak (intensity ∼6 times higher than
that of the heated spot). These results further support that the
Si-I → II transition in small SiNPs is prohibited during room-
temperature compression but high temperature facilitates this
transition. Although the heating temperature is below the
detection limit of the system, the upper bound of the
temperature is approximately 700 °C (the melting point of
Si at 12.2 GPa).22 According to the phase diagram of Si, the
high temperature only slightly changes the pressure of phase
transitions in bulk Si and would not affect the transition
sequence (Si-I → II → XI → V).36 Therefore, the Si-I → II
transition in small SiNPs induced by laser heating suggests that
the high-temperature annealing provides extra thermal energy
to overcome the kinetic barrier of the phase transformation.
A previous study on SiNPs suggests the elevation in

transition pressure can be partially attributed to the low
density of the defect nucleation sites for transformation
resulting from the crystalline nature of the Si lattice and the
high-quality Si/SiO2 interface.19 In this case, homogeneous
nucleation may play an important role in the phase transition.
According to classic thermodynamics, the energy barrier for
homogeneous nucleation in an α-to-β phase transition at a
given pressure and temperature can be described as

Figure 7. (a) Calculated Gibbs free energy for bulk Si-I (solid blue
line), II (solid green line), XI (solid orange line), and V (solid red
line) phases at T = 300 K from ref 36 (Si-II as the reference).
Schematic diagram of the phase transition paths in bulk Si (black
dotted line), SiNWs (pink dash-dotted line), and small SiNPs (purple
dashed line) are also combined with the simulation results. The solid
purple line shows the phase transition path of the small SiNPs upon
laser heating at 12.2 GPa. (b) Raman spectra of small SiNPs before
and after laser heating at 12.2 GPa, and during decompression to 2.2
GPa. The Raman spectrum collected in the unheated region at 2.2
GPa (dashed line) is included for comparison.
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in which γ is the α/β interfacial energy, ΔGv denotes the free
energy difference between the two phases, and ΔGs is the
misfit strain energy.38 A higher energy barrier could be a result
of either lower ΔGv or higher ΔGs, or both of them. For a
specific phase transition (e.g., Si-I → II) at a given pressure,
the change of ΔGv in nanomaterials (compared with their bulk
counterpart) is mainly determined by the surface/interfacial
energy.39,40 Therefore, for the large SiNPs (average size ∼100
nm) and SiNWs (average width ∼100 nm, thickness ∼40 nm)
with similar specific surface area in this study, their ΔGv of the
Si-I → II transition should be comparable. As a consequence, a
possible explanation for the different phase transitions in
SiNWs (compared with those in large SiNPs) is that the misfit
strain energy ΔGs in SiNWs is higher than that in the SiNPs,
resulting in a higher energy barrier for the Si-I → II transition.
This explanation is justified by the large density difference
(∼22%) between the Si-I and Si-II phases, and the fact that the
minimum size of SiNWs (thickness ∼40 nm) is much smaller
than that of the SiNPs (∼100 nm). Taking the strain energy
into account, a previous theoretical study on the fcc → bcc
transformation in nanocrystalline Fe shows that the nucleation
barrier increases over 20% when the grain size decreases from
50 to 10 nm.41 Similarly, the strain energy is expected to play
an important role in increasing the energy barrier of the phase
transitions (from Si-I to high-pressure phases) in nano-
structured Si.

5. CONCLUSIONS

In summary, we investigated the pressure-induced phase
transitions in large and small SiNPs, SiNWs, and porous
SiNWs. The phase-transition pressure increases with the
decreasing domain size of the samples. The large SiNPs
show similar high-pressure behavior with their bulk-counter-
part, while the SiNWs, small SiNPs, and porous SiNWs show a
higher phase-transition pressure than bulk Si. Moreover, the
phase transition sequence changes with increasing phase-
transition pressure, i.e., during compression, from Si-I → II →
XI → V in large SiNPs, to Si-I → XI → V in SiNWs, to Si-I →
V in small SiNPs and porous SiNWs; and during
decompression, from mostly Si-II → XII → III in large
SiNPs, to mainly Si-II → a-Si in SiNWs, to completely Si-II →
a-Si in small SiNPs and porous SiNWs. The elevated phase-
transition pressure and the different phase transition sequences
in these nanostructured Si samples during compression can be
mainly attributed to the increased energy barrier for the phase
transition from Si-I to high-pressure phases.
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