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Abstract
This paper explores the evolution mechanisms of metastable phases during the nanoindentation
on monocrystalline silicon. Both the molecular dynamics (MD) and the in situ scanning
spreading resistance microscopy (SSRM) analyses were carried out on Si(100) orientation, and
for the first time, experimental verification was achieved quantitatively at the same nanoscopic
scale. It was found that under equivalent indentation loads, the MD prediction agrees extremely
well with the result experimentally measured using SSRM, in terms of the depth of the residual
indentation marks and the onset, evolution and dimension variation of the metastable phases,
such as β-Sn. A new six-coordinated silicon phase, Si-XIII, transformed directly from Si-I was
discovered. The investigation showed that there is a critical size of contact between the indenter
and silicon, beyond which a crystal particle of distorted diamond structure will emerge in
between the indenter and the amorphous phase upon unloading.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The complexity of phase transformations in silicon is well
known. Using a low-energy electron microscopy, Han-
non et al [1] showed that the dynamics of surface phase
transformation is different from the bulk systems. During
nano/microindentation, a series of investigations, both theoreti-
cal [2–6] and experimental [7–12], has identified various stable
and non-stable phases. Evolutions of some of those phases
have been explained by monitoring the positions of atoms in
the MD simulations of nanoindentation [3]. However, direct
quantitative correlation between theoretical and experimental
indentation studies has never been established due to their
difference in dimensional scales. The magnitude of the

5 Author to whom any correspondence should be addressed.

maximum indentation load in an MD simulation is often
several orders lower than that in an experiment. The attempt
of multi-scale simulations [13] based on the concept of local
quasi-continuum has failed to reach a quantitative agreement
with experiment.

The metastable phase of silicon, β-Sn (or Si-II), is an
intermediate phase formed on loading [3], which diminishes
during unloading. Thus unlike the R8/BC8 phases of Si, which
can be identified after an indentation test using high resolution
transmission electron microscopy (HRTEM) [10, 12] and
Raman analysis [14], it is difficult to directly identify or detect
β-Sn during or after an indentation. When monocrystalline
Si of diamond structure (Si-I) was loaded in a diamond anvil
cell under a sufficiently high hydrostatic stress, it was reported
that a phase transformation from the cubic diamond Si to the
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β-Sn structure took place associated with a volume reduction
of about 20% [7]. This was coincident with the discontinuity
observed in many load–displacement curves of indentations,
called ‘pop-in’. Then without a solid verification, the location
of a pop-in was regarded as a signal of the onset of the β-
Sn phase transition by many researchers. As a result, in the
interpretation of many phenomena in nanoindentation tests, the
formation of the metastable β-Sn phase during loading has
often been assumed. This is inappropriate and inaccurate as
has been pointed out recently [15], but there is not a direct
experimental evidence of the emergence of β-Sn in indenting
Si-I apart from the theoretical predictions by the molecular
dynamics analysis [3, 4].

In situ characterization techniques are attractive ap-
proaches to study the phase transformations. Park et al [16]
reported a study using simultaneous topographic and force
measurements with a conductive cantilever in an AFM system
for a Si sample patterned with n, p regions. Ruffell et al
[17] presented an in situ electrical measurement technique
for the investigation of nanoindentation in silicon using a
Hysitron Triboindenter. However, sub-nanometer spatial
resolution cannot be achieved in their techniques. Scanning
spreading resistance microscopy (SSRM) is an electrical
characterization technique based on AFM, which is often
used to probe the two-dimensional active dopant distribution
in semiconductor devices and has been widely accepted
for the characterization of silicon devices as well as other
semiconductor materials [18]. It has been demonstrated that
a small effective radius can be achieved with a full diamond
tip in its single scan mode that results in an enhanced spatial
resolution of less than 3 nm [19, 20]. Recent measurements
in high vacuum (10−5 Torr) have reported a sub-nanometer
spatial resolution on test structure. It is then highly possible
that an in situ detection of β-Sn at the same spatial resolution
of an MD simulation can be realized by measuring the variation
of electrical conductivity of a Si-I specimen under indentation
using the SSRM technique. This is because β-Sn is a metallic
phase and its electrical conductivity is higher than that of the
Si-I phase. If an in situ measurement detects a fall in electrical
resistivity during loading, then it can be considered as the
emergence of β-Sn.

This paper aims to verify the metastable β-Sn phase
during the nanoindentation of monocrystalline silicon by
comparing directly the MD analysis with SSRM measurement.
The scale effect of contact size on the phase transformations
will be discussed.

2. Molecular dynamics modeling and SSRM
measurement

The MD was used to simulate the nanoindentation experiment
on (100) silicon sample using a diamond tip. Hemispherical
rigid diamond tips of radius 5, 7.5 and 10 nm that are similar
in size to the AFM diamond tips of the SSRM measurements
were used as the indenters. To avoid the boundary effect,
large silicon samples of dimensions 21.72 × 21.72 × 9.77 nm3

and 24.44 × 24.44 × 11.95 nm3 were used in the MD
modeling. To make sure that a phase observed is not due to

the size effect of the silicon sample, indentation simulations
with 7.5 nm tip were done on both samples. Thermostat
atoms and boundary atoms were arranged to surround the
Newtonian atoms of silicon to ensure a reasonable outward
heat conduction and to eliminate the rigid body motion [2, 3].
The velocities of atoms in the initial model follow the Maxwell
distribution. Interactions among silicon atoms were described
by Tersoff potential [21, 22] and those among silicon and
diamond atoms were described by a modified Morse potential,
as explained elsewhere [2, 3]. The tip of the indenter was
placed 5 Å above the surface of the silicon workpiece and
moved towards the workpiece by 0.001 Å per time step of
2.5 fs at a constant temperature of 300 K. In a conventional
study of indentation, the indentation depth is the penetration
of the indenter measured from the surface of the workpiece.
However, on the atomic scale, a definite surface does not
exist. To resolve this, it is assumed that the surfaces of the
indenter and the workpiece are defined by the envelopes at
the theoretical radii of their surface atoms. In this way, the
indentation depth becomes consistent with the conventional
definition.

To make sure that a phase observed in a simulation is
stable under a specific stress level of interest, the indenter in
this simulation at this specific stress level (in other words,
the position of the indenter at the specific time) was kept
unchanged for 37 500 fs.

A sketch of the experimental setup of the SSRM is shown
in figure 1, where a diamond AFM probe was indenting into a
lowly doped n-type (100) silicon sample having a resistivity of
42 � cm, while a d.c. bias is applied between a back contact
on the back side of the sample and the tip to realize a stable
electrical contact. The resulting current is measured using a
logarithmic current amplifier (10 pA–0.1 mA). The applied
indentation force is extracted by fixing the spring constant of
the probe (5 N m−1). The measurements were made (i) in air
and (ii) in N2 glove-box environment. In the N2 environment,
six different indentations were carried out for load varying
between 4.3 and 0.7 μN and the penetration depths were
recorded. On applying a voltage, the tip cantilever bending,
which is then converted to the force, and the current flow from
the tip to the back side of the sample were measured.

In the SSRM indentation experiment, the exact radius of
the diamond tip could not be exactly detected in situ, but our
HRTEM (high resolution transmission electron microscopy)
inspections showed that the tip radius at the bottom that would
be in contact with the sample was typically between 5 and
10 nm as shown in figure 2. Hence in our MD analysis, three
different indenter tips (5, 7.5 and 10 nm) within this range were
used for the theoretical modeling, which, on the other hand,
could show the scale effect of the indenter dimension if any.

3. Results and discussion

3.1. MD analysis of the microstructural changes

To an indentation depth of 4.0 nm, the indentations into the
silicon (100) specimens with diamond tips of radii 5, 7.5 and
10 nm resulted in the maximum loads of 2.5, 3.4 and 4.1 μN,
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Figure 1. Experimental setup of the indenter and the sample.

respectively. Figure 3 shows the cross-sectional views of the
deformed silicon specimens at this depth of indentation. When
the indenter radius is small, e.g., 5 nm as in the case in
figure 3(a) and the results reported in [3], a volume of β-Sn
(six-coordinated atoms, with four bonds of length ∼2.43 Å
and two bonds of length ∼2.585 Å, form a crystal structure
with lattice parameters a = 4.684 Å and c = 2.585 Å), as
circled, appears around the central axis of the deformation zone
and this volume of β-Sn is almost in direct contact with the
indenter tip. With the larger indenters, figures 3(b) and (c),
it is evident that the orientations of the atoms in regions A
and B have become different from the original Si-I. Those in
region A are β-Sn, but those in region B are not although they
are six-coordinated. Both regions A and B are surrounded
by five-coordinated atoms as shown in figure 3(b) in white.
The variation of the atomic coordination numbers during the
indentation process is shown in figure 4. The number of
six-coordinated atoms increased rapidly around an indentation
depth of about 2.05 nm. However, unlike the case with a
smaller indenter, a larger indenter tends to create the β-Sn
phase at a greater distance below the indenter tip. Between
region A and the indenter surface, in addition to the five-
coordinated atoms (white) mentioned previously, there also
exist diamond-like crystalline patches. These are similar to the
observation by Kim and Oh [5] in their MD simulations using
an indenter of 11 nm in radius.

To explore more clearly the atomic structure of the
material in region B, let us observe the details through a top
down view of all the six-coordinated atoms in region B as
shown in figure 5 (indenter radius = 7.5 nm; indentation
depth = 4.0 nm). It can be clearly seen that the atoms in region
B, although six-coordinated, are not β-Sn as those in region
A (the central part circled). However, these atoms maintain
a crystalline order with their atomic bond details shown in
figure 6. This type of six-coordinated crystalline Si has never
been discovered or defined before. For the convenience of
discussion, let us call this the Si-XIII phase to distinguish
it from the other twelve silicon phases already defined in
the literature [23]. To find out the formation mechanisms
of Si-XIII, we monitored the spatial coordinate variations of
some atoms in region B during the whole indentation loading

Figure 2. HRTEM view of a fresh SSRM diamond tip. A broad
radius of curvature of the tip apex (typically between 5 and 10 nm)
can be observed.

process. This examination shows that the Si-XIII phase in
region B is formed directly from the diamond cubic silicon
atoms, Si-I, and is initiated after the formation of the β-Sn
phase in region A.

Upon unloading, the β-Sn phase in region A loses its
crystalline order and changes to amorphous silicon. However,
the Si-XIII phase in region B almost maintains its spatial
occupation in the deformation zone during the initial period of
unloading when the β-Sn phase transforms to the amorphous.
Then part of the Si-XIII changes into amorphous phase and the
rest returns to the original Si-I structure of the monocrystalline
silicon, according to our detailed label identification of the Si-
XIII atoms.

As mentioned before, under a larger indenter there exist
diamond-like crystalline patches between region A and the tip
of indenter, because the atoms in these patches were four-
coordinated but distorted and had a short interlayer distance.
Upon unloading, these patches grow to a bigger crystalline
marked as region C in figure 7. This indicates that on releasing
the stresses, some five-coordinated atoms (the white ones in
figure 3(b)) surrounding the patches turn to the diamond-
like crystalline phase, probably due to the nucleation of these
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Figure 3. A portion of the cross-sectional view of the atomic positions on indenting with a (a) 5.0 nm, (b) 7.5 nm (c) 10.0 nm radius tips at a
maximum indentation depth of 4.0 nm (purple (region A) and green (region B) spheres represent the six-coordinated atoms and white spheres
represent the five-coordinated atoms).

Figure 4. Variation of the number of highly coordinated atoms with tool displacement on loading.

crystalline patches. An atomic lattice structure analysis shows,
figure 8, that the material in region C has a distorted diamond
structure (DDS) in both bond lengths and angles. However,
this is clearly not a R8 or BC8 because no second neighbor in
the structure has been identified with the bond length of about
3.5 Å. The distortion could be caused by the residual stresses
in the specimen. To the best of our knowledge, such a DDS

occupied zone (region C) has never been reported in previous
studies although diamond-like R8/BC8 phases were discovered
in a similar location of an indentation-induced deformation
zone when a larger indenter was used at a higher load [11].
This may indicate that the DDS phase in region C identified
above reflects the effect of the indentation scale, because under
a smaller indenter region C does not appear at all, while under
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Figure 5. All the six-coordinated atoms at the maximum
indentation—top down view.
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Figure 6. (a) A portion of the atoms in region B showing its crystal
structure. (b) Structure of one of the atoms in region B, where the
bond lengths are shown in Å.

a larger indenter, R8/BC8 takes place. The DDS phase can be
the intermediate structure generated towards the emergence of
R8/BC8 at a larger indentation scale.

In summary, we have shown that the deformation of
silicon during loading depends on the size of the indenter tip.
With the indenter of radius 5 nm, the microstructural evolution

Region CRegion CRegion CRegion CRegion CRegion C

Region CRegion CRegion CRegion CRegion CRegion C

(a)

(b)

Figure 7. A portion of the cross-sectional view of the atomic
positions on unloading when using (a) 7.5 nm and (b) 10.0 nm
indenter.

during loading and unloading is the same as that under a much
smaller indenter of radius 2.14 nm [1, 2], characterized by
the formation of β-Sn in region A mostly directly beneath the
indenter surface. There is no noticeable scale effect of indenter
size up to a radius of 5 nm. When the indenter size increases
further, as shown by figures 3(b) and (c), Si-XIII emerges in
region B and small patches of a diamond-like cubic crystalline
phase appears in between the indenter and the β-Sn occupied
region A. These diamond-like patches will eventually grow up
to a larger DDS particle in region C upon complete unloading.

3.2. Experimental verification

As we highlighted earlier, the β-Sn phase caused by
mechanical loading is critical to the development of damage-
free machining technologies [24]. This phase diminishes
during unloading and its emergence and evolution cannot be
explored by any experimental means after an indentation test.
On the other hand, the magnitude of indentation load and the
radius of an indenter in a test are much bigger than those in an
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Figure 8. (a) A portion of the atoms in region C. (b) Structure of one
of the atoms where the bond lengths are shown in Å and the bond
angles are shown in degrees.

MD analysis. Hence, the β-Sn phase has never been confirmed
directly experimentally. Using the SSRM detailed in section 2,
we are now able to provide more direct evidence in relation to
the β-Sn phase by comparing the MD predictions and the in
situ experimental measurement with a similar radius tip to the
MD simulations (figure 2). In the following, we will focus on
the comparison of the MD results from the indenter of radius
7.5 nm.

Figure 9 is the load–displacement (or indentation depth)
curve of a complete nanoindentation from the MD simulation.
It shows that at the maximum indentation depth of 4 nm,
the indentation force is 3.4 μN. The maximum indentation
force from the experimental measurement was about 3.3 μN,
which is very close to that from the MD simulation. Figure 10
compares the depths of the residual indentation mark from MD
and SSRM indentation (in an inert environment with N2). The
comparison demonstrates that they are in excellent agreement
quantitatively. All these mean that we can reasonably compare
the microstructural changes revealed by the MD against the
experimental measurement in such an indentation process.

In the SSRM measurement during indentation, the current
flows through the following resistances: (1) resistance of
the tip, (2) the tip–Si contact, (3) the resistance of phase

Figure 9. Nanoindentation MD simulation load–displacement curve
(tip radius = 7.5 nm).

Figure 10. Comparison of SSRM (tapping mode) and MD
simulation indentation force—depth results (points in blue color ( )
are SSRM results and in pink color ( ) are MD results).

Figure 11. SSRM resistance–force curve.

transformed material and (4) the resistance of the rest of Si
sample. Of these, contributions to (1), (2) and (4) would be
present as soon as the tip comes into contact with the sample.
Hence the drop in resistance during indentation could be
correlated to the phase transformed material. Figure 11, shows
that at the initial stage of indentation loading the electrical
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Figure 12. Resistance–force variation—comparison of SSRM (blue)
and MD (pink ) results.

resistance, R, keeps a constant corresponding to that of Si-
I. When the indentation force reaches about 0.824 μN, R
suddenly drops until the force reaches about 1.335 μN. This
sudden variation in R means that a microstructural change, or
in other words a phase transformation, must have taken place
in this period and the new phase must have a much lower R
compared with that of Si-I such that the overall R measured
by the SSRM changes dramatically. Our MD simulation,
figure 4, shows that the six-coordinated Si starts to form at
the indentation depth of about 1.2 nm, corresponding to the
indentation force of about 0.75 μN according to figure 9.
After that the β-Sn and Si-XIII phases (six-coordinated) grow
rapidly. As has been well established, these six-coordinated
phases of silicon are metallic in nature due to a small gap
between valence band and conductance band that allows
jumping of electrons. Thus their rapid growth reduces the
electrical resistance as the experiment shows. We understand
that the number of six-coordinated atoms is related to the
total atomic pocket volume of the β-Sn and Si-XIII phases
shown in figure 3(b), and that the electrical resistance R is
determined by R = ρ(l/A) where ρ is the specific resistance,
l is the length and A is the cross-sectional area of the β-Sn
and Si-XIII pocket. Figure 12 shows the variation of (l/A)

with the indentation force (MD result) and the change of the
experimentally measured R (logarithmic scale) with the force.
They show excellent agreement in terms of the effect of the β-
Sn and Si-XIII growth on the sudden drop of R. The above
comparison clearly confirms the emergence of β-Sn during
nanoindentation loading.

4. Conclusions

Based on the analysis and discussion above, we can come up
with the following main conclusions:

(1) We have, for the first time, provided the most direct
experimental evidence at the same nanoscopic scale as
the molecular dynamics simulation that some metastable
phases during the nanoindentation on monocrystalline
silicon, including β-Sn, do appear.

(2) Based on our MD simulations, we have discovered a
new six-coordinated metastable phase of silicon, Si-XIII,
which forms aside the β-Sn zone but does not emerge
under a small indenter. We also discovered that under
a larger indenter, small patches of a diamond-like cubic
crystalline phase can appear in between the indenter and
the β-Sn occupied region. Upon complete unloading,
these patches will form a larger particle with a distorted
diamond-like structure.
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