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Abstract
High-pressure phases of silicon such as Si-XII/Si-III exhibit attractive optical, electrical and
chemical properties, but until now, it has been technologically impossible to produce a
significant quantity of Si-XII or Si-III. In this study, to explore the possibility of generating high-
pressure silicon phases efficiently, comparative nanoindentation experiments were conducted.
Effects of the loading rate, unloading rate and maximum indentation load were investigated, and
key factors affecting the high-pressure phase formation were identified. A new nanoindentation
protocol is proposed that introduces an intermediate holding stage into the unloading process.
The resulting end phases under the indent were detected by a laser micro-Raman spectrometer
and compared with those formed in conventional nanoindentation. The results indicate that high-
pressure phases Si-XII and Si-III were successfully formed during the intermediate holding stage
even with a very high loading/unloading rate. This finding demonstrates the possibility of rapid
production of high-pressure phases of silicon through fast mechanical loading and unloading.

Keywords: single-crystal silicon, high-pressure phase, nanoindentation, phase transformation,
load control

(Some figures may appear in colour only in the online journal)

1. Introduction

Single-crystal silicon is an important substrate material in
current scientific research and industrial applications, and has
been widely used in semiconductor device fabrication, solar
cells, micro-electro-mechanical systems, and so on. To further
improve and extend its applications, the electrical, mechanical
and chemical properties of silicon are attracting multi-
disciplinary attention. Pressure-induced phase transformation
behaviors in single-crystal silicon are commonly observed in
diamond anvil cell experiments and nanoindentation tests [1–
7]. Based on these two experimental methods, metastable
polymorphs of silicon have been reported [6, 8–11]. Under
pressure ∼10 GPa during diamond anvil cell tests, diamond-
cubic Si (Si-I phase) transforms into a metallic Si-II phase (β-
tin structure) whose density is ∼22% higher than that of the
Si-I phase [11, 12]. With further increase of pressure to
∼80 GPa, phase transformations into Si-XI, Si-V, Si-VI, Si-

VII, and Si-X occur sequentially [12]. Upon release of pres-
sure, reversible transformations sequentially occur until the
Si-II phase is formed. With further pressure release to
∼9 GPa, the Si-II phase does not transform back to the Si-I
phase but transforms into a Si-XII phase with rhombohedral
structure [8], which further transforms into a Si-III phase with
body-centered cubic structure [6]. The transformation from
the Si-II phase to the Si-XII/Si-III phases involves remark-
able expansion [11], which is clearly visible in nanoindenta-
tion tests [13].

These polymorphs of Si formed during pressure
increase/release exhibit attractive mechanical, optical, elec-
trical and chemical properties [14–18]. For example, the Si-
XII phase has a narrow bandgap and exhibits greater overlap
with the solar spectrum than other silicon phases [15, 16],
giving it the potential to improve absorption of the solar
spectrum. The Si-III phase is semimetal [19], with potential
applications in multiple exciton generation and next-
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generation photovoltaics [20]. In addition, the Si-XII/Si-III
phases have high resistance to etching in the KOH solution,
providing a new maskless patterning method for fabricating
nanoscale patterns on Si surfaces [17].

Although these high-pressure phases have attractive
properties, producing a significant quantity of Si-XII or Si-III
is still a challenge. Thus, exploration of the formation of high-
pressure Si phases is undoubtedly important. Much previous
research has been done to investigate the effects of various
experimental parameters on phase transformations in single-
crystal silicon using nanoindentation, such as indentation
loads, loading/unloading rates, indenter types and angles, and
so on [21–27]. Previous research on Si nanoindentation
indicates that phase transformations during unloading are
sensitive to the indentation load and loading/unloading rates
[22, 23, 27, 28]. A large indentation load and a low loading/
unloading rate are preferred to induce the phase transforma-
tion from Si-II into Si-XII/Si-III during unloading, leading to
a discontinuous displacement burst, namely pop-out in the
unloading curve. However, when the indentation load is small
and the loading/unloading rate is high, the Si-II phase readily
transforms into an amorphous phase (a-Si) whose density is
also less than the Si-II phase, and thus an elbow is usually
observed in the unloading curve. Although some other rea-
sons, such as dislocation, fracture and delamination may also
induce discontinuities in load-displacement curves [29], pre-
vious research results by ex/in situ Raman microspectroscopy
[4, 13, 22, 30], cross-sectional transmission electron micro-
scopy (XTEM) [23, 31, 32], and in situ electrical character-
ization [32, 33] demonstrated that discontinuities in
nanoindentation unloading curves of Si were directly corre-
lated to phase transformations. Hence, the shape of the
unloading curve can be regarded as an indicator for phase
transformations [13]. However, so far, there has been little
research focusing on how to efficiently produce the high-
pressure phases. In this study, we will investigate the key
factors affecting the formation of high-pressure phases in
nanoindentation of single-crystal silicon, and explore an
efficient approach to produce high-pressure phases under high
loading and unloading rates.

2. Experimental details

An n-type boron-doped single-crystal silicon (100) sample
with a resistivity of 2.0∼8.0Ωcm was prepared from a
wafer. A nanoindentation instrument ENT-1100 (Elionix Inc.,
Japan) equipped with a Berkovich indenter was used to per-
form nanoindentation tests. To study the effects of indentation
loads and loading/unloading rates on the formation of high-
pressure phases, two maximum indentation loads, 30 and
60 mN, and two loading/unloading rates, 1 and 30 mN s−1,
were selected. The maximum indentation load was held for
1 s. To distinguish the effects of the loading rate and
unloading rate on the formation of high-pressure phases, their
values were set to be different for some tests, for example,
30 mN s−1 for loading and 1 mN s−1 for unloading. To
explore the possibility of forming high-pressure phases under

a high loading/unloading rate (30 mN s−1), we introduced an
intermediate holding stage during unloading for a period of
20 s at loads of 8 and 16 mN for the maximum indentation
loads of 30 and 60 mN, respectively. For statistical analysis,
20 nanoindentation tests were carried out for each experi-
mental condition. Residual phases in the indents after
indentation were detected by a laser micro-Raman spectro-
meter NRS-3000 (JASCO, Tokyo, Japan) with a 532 nm
wavelength laser focused to a ∼1 μm spot size.

3. Results and discussion

Figure 1 presents statistical results of nanoindentation in
single-crystal silicon under a maximum indentation load of
30 mN. For various loading/unloading rates, an obvious
difference appears. For a loading/unloading rate of 1 mN s−1,
pop-out appears 14 times in 20 tests and only 6 tests show
elbows in load-displacement curves (figure 1(a)). For a
loading/unloading rate of 30 mN s−1, as shown in figure 1(b),
no pop-out occurs and all 20 tests show elbows. Similarly, in
figure 1(c) where the loading rate is 1 mN s−1 and the
unloading rate is 30 mN s−1, only elbows occur in all 20 tests
without pop-outs. However, when the loading rate is set to
30 mN s−1 and the unloading rate is set to 1 mN s−1, pop-outs
are observed in 13 tests and elbows in 7 tests (figure 1(d)),
similar to the result in figure 1(a)).

The results shown in figures 1(a) and (b) agree well with
those obtained by previous researchers, i.e., a low loading/
unloading rate promotes the occurrence of pop-out while a
high loading/unloading rate frequently leads to elbows
[22, 23, 27, 28]. However, the individual effects of the
loading rate and the unloading rate on the formation of high-
pressure phases have not previously been distinguished.

For unloading, the authors of [32, 34] proposed a crystal
nucleation and growth mechanism to describe the formation
of high-pressure Si-XII/Si-III phases. It is a two-step process.
First, some high-pressure phase volumes are randomly
nucleated within the Si-II phase at early stages of unloading,
and these small volumes serve as seeds for subsequent phase
transformations. Second, the Si-II phase becomes more
unstable upon further pressure release and, at a critical pres-
sure, those seeds of high-pressure phases rapidly grow to
occupy substantial volumes of the phase transformation
region underneath the indenter, leading to pop-out. Fast
unloading reduces the nucleation probability of high-pressure
phases during early stages of unloading, and also limits the
growth of high-pressure phases during subsequent pressure
release; thus it leads to the phase transformation from Si-II to
a-Si gradually and an elbow appears. The nucleation and
growth mechanism mentioned above gives a reasonable
model for understanding the formation of high-pressure
phases during unloading.

However, the effect of the loading rate is still not clear. In
this study, the results in figures 1(d) and (a) are similar,
indicating that the loading rate has less impact on phase
transformations in single-crystal silicon. Even though the
loading rate is very high, it does not affect the formation of
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high-pressure phases given a low unloading rate. For the
purpose of rapid formation of high-pressure phases, fast
loading and slow unloading are preferable.

Figure 2 gives statistical results of nanoindentation in
single-crystal silicon under a higher maximum indentation
load (60 mN), using a high loading rate of 30 mN s−1 and a
low unloading rate of 1 mN s−1. Under these conditions, all
20 tests exhibit obvious pop-outs. A higher indentation load
induces a larger deformation region underneath the indenter,
which increases the possibility of random nucleation of high-
pressure phases during unloading and thus promotes pop-out.

From figures 1 and 2, it is made clear that a large max-
imum indentation load, a high loading rate, and a low
unloading rate are suitable conditions for the efficient for-
mation of high-pressure phases during nanoindentation. The
next questions are whether the formation efficiency of high-
pressure Si phases can be further improved and whether high-
pressure phases can be formed under a high unloading rate.

Figure 1. Statistical results of nanoindentation in single-crystal silicon under a maximum indentation load of 30 mN but different loading/
unloading rates: (a) loading/unloading rate 1 mN s−1, (b) loading/unloading rate 30 mN s−1, (c) loading rate 1 mN s−1, unloading rate
30 mN s−1, and (d) loading rate 30 mN s−1, unloading rate 1 mN s−1.

Figure 2. Statistical results of nanoindentation in single-crystal
silicon under a maximum indentation load of 60 mN, a loading rate
of 30 mN s−1, and an unloading rate of 1 mN s−1.
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The nucleation and growth mechanism suggest that fast
unloading lowers the possibility of random nucleation of
high-pressure phases and also limits their growth during the
subsequent pressure release [32]. From this point of view, we
may presume that if an intermediate holding stage is provided
for nucleation and growth of high-pressure phases during
unloading under a high loading/unloading rate, phase trans-
formations from the Si-II phase to high-pressure phases may
be realized. Based on this idea, unloading tests were imple-
mented by introducing intermediate holding stages at loads of
8 and 16 mN for the maximum indentation loads of 30 and
60 mN, respectively. The holding time was 20 s. In these
tests, the loading rate and unloading rate were both
30 mN s−1. Statistical results are presented in figure 3.

In figures 3(b), (d), and (e), time begins from the
indentation initiation. Thus, the intermediate holding stage
begins at 2.7 s and finishes at 22.7 s in figure 3(b) for the
maximum indentation load of 30 mN, while the start and end
times are 4.5 and 24.5 s for the maximum indentation load of
60 mN in figure 3(d). In figures 3(a) and (b), under the
maximum indentation load of 30 mN and a loading/unload-
ing rate of 30 mN s−1, six pop-outs occur during the inter-
mediate holding stages and the displacement change during
the pop-out is about 18 nm; the other 14 tests only show creep
behaviors resulting from gradual elastic recovery of the
deformation region underneath the indenter. In figure 3(c),
under the maximum indentation load of 60 mN, pop-out
appears 16 times during the intermediate holding stages and 2
times before holding in the 20 tests. Only 2 tests show no
pop-out. Furthermore, the displacement change in this case is
about 26 nm as shown in figure 3(d), greater than that for
30 mN, indicating a larger phase transformation volume
underneath the indenter, and the same as that under complete
unloading for 60 mN in figure 2. Figure 3(e) illustrates sta-
tistical results of occurrence times for the pop-out corre-
sponding to the experimental conditions in figure 3(c). It is
obvious that most of the pop-outs occur in the early stages
(4.5 s∼10 s) of the intermediate holding stages, which
means that the intermediate holding time can be further
shortened. The results in figure 3 indicate that efficient
formation of high-pressure phases can be realized by intro-
ducing an intermediate holding stage during fast unloading.
Comparing figures 3(c) and 2, even introducing an inter-
mediate holding stage for fast unloading, the total indentation
time is still ∼38 s shorter than that taken in slow unloading.
Furthermore, the same volumes of high-pressure phases are
induced under these two conditions because the same dis-
placement change appears during pop-outs in figures 3(d)
and 2.

To determine whether or not pop-outs occurring at dif-
ferent times lead to the same residual phases, Raman spectra
of the residual indents were measured. Figure 4(a) gives a
load-displacement curve where the pop-out occurs during the
intermediate holding stage in unloading, and figure 4(b) gives
a complete load-displacement curve with a pop-out during
unloading without intermediate holding. Raman spectra cor-
responding to the residual indents in figures 4(a) and (b) are
presented in figures 4(d) and (e) respectively. For comparison,

a Raman spectrum of the pristine silicon is shown in
figure 4(c). Compared with the pristine silicon, very similar
new peaks at ∼169, 186, 353, 376, 386, 397, 437, and
490 cm−1 are observed in both figures 4(d) and (e). According
to references [25, 35, 36], peaks at ∼186, 353, 376, and
397 cm−1 correspond to the Si-XII phase and peaks at ∼169,
386, 437, 490 cm−1 correspond to the Si-III phase. The results
shown in figure 4 demonstrate that the dominant end phases
in the residual indents after the pop-outs are the same, namely
Si-XII/Si-III phases, independent of the position of the
pop-out.

Although the dominant end phases corresponding to the
pop-out occurring during the intermediate holding stage in
unloading are the same as those corresponding to the pop-out
occurring during a complete unloading process, their phase
transformation processes may be different because the
unloading rate is very different. For a low unloading rate of
1 mN s−1 in figure 4(b), initial nucleation of high-pressure
phases and subsequent growth upon further pressure release
could readily occur according to the crystal nucleation and
growth mechanism in [32, 34]. However, for a fast unloading
rate of 30 mN s−1 in figure 4(a), initial nucleation of high-
pressure phases during early stages of unloading could be
hindered, and thus the kinetics of phase transformation and
the formation processes of high-pressure phases may be dif-
ferent [37]. In this case, an intermediate phase [38], the
Ostwald ripening stage [37], and other processes [39, 40] may
occur. Hence, phase transformation processes for the pop-out
occurring during the intermediate holding stage in unloading
at a fast unloading rate and their difference from the pop-out
occurring during a complete unloading process at a low
unloading rate need further investigation. Considering that
these issues are very complex and more experiments are
required, such as experiments by in situ Raman micro-
spectroscopy, cross-sectional transmission electron micro-
scopy (XTEM), or in situ electrical characterization, we will
discuss them in another paper in the future.

4. Conclusions

In this paper, key factors affecting the formation of high-
pressure phases of silicon in nanoindentation were investi-
gated by comparative experiments. The results show that the
loading rate has less impact on the formation of high-pressure
phases. A large maximum indentation load, a high loading
rate and a low unloading rate are suitable for efficient for-
mation of high-pressure phases in conventional nanoinden-
tation tests. To improve the efficiency of formation of high-
pressure phases, fast unloading was attempted by introducing
an intermediate holding stage, and high-pressure phases were
successfully formed. The Raman spectra results confirm that
the dominant end phases are a mixture of Si-XII/Si-III pha-
ses, and that the intermediate holding does not change the end
phases provided pop-out has occurred. The findings from this
study provide useful information for developing future
mechanical manufacturing processes to produce high-pressure
phases of silicon.
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Figure 3. (a) Statistical results of nanoindentation under a maximum indentation load of 30 mN, loading/unloading rates of 30 mN s−1 and
an intermediate holding at 8 mN; (b) displacement-time curves corresponding to load-displacement curves in figure 3(a); (c) statistical results
of nanoindentation under a maximum indentation load of 60 mN, loading/unloading rates of 30 mN s−1 and an intermediate holding at
16 mN; (d) displacement-time curves corresponding to load-displacement curves in figure 3(c); and (e) statistical results of occurrence time
for the pop-out corresponding to experimental conditions in figure 3(c). In figures 3(b), (d) and (e), time begins from the indentation
initiation.
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Figure 4. (a) A load-displacement curve with a pop-out occurring during an intermediate holding stage in unloading; (b) a complete
load-displacement curve with a pop-out during unloading without intermediate holding; (c) Raman spectrum of the pristine silicon; (d)
Raman spectrum corresponding to the residual indent in figure 4(a); (e) Raman spectrum corresponding to the residual indent in
figure 4(b).
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