Phase transformations
in silicon
Rev.Adv.Mater.Sci.
3 (2002)
1-36 under contact loading

1

PHASE TRANSFORMATIONS IN SILICON UNDER
CONTACT LOADING
V. Domnich and Y. Gogotsi
Drexel University, Department of Materials Engineering, Philadelphia, PA 19104, USA, and the University of
Illinois at Chicago, Department of Mechanical Engineering, Chicago, IL 60607, USA

Received: October 23, 2001
Abstract. This review provides an analysis of the state of the art in the emerging research area
of high-pressure surface science of silicon. Phase transformations and amorphization that occur
in silicon under contact loading, such as indentation with hard indenters, scratching or machining,
will be described. Contact loading is one of the most common mechanical impacts that materials
can experience during processing or use. Examples are dicing, slicing, grinding, polishing and
other machining operations. This kind of loading may be accommodated by such competing
processes as dislocation-induced plasticity, microfracture, mechanochemical interactions with
the environment and/or counterbody, and changes in the material’s structure (phase
transformations). The former ones have been studied by mechanical engineers and tribologists,
but the processes of phase transformations at the sharp contact have only been investigated for
a very few materials (silicon is one of them) and further research is necessary. One of the
reasons for the lack of information may be the fact that the problem is at the interface between at
least three scientific fields, that is, materials science, mechanics, and solid state physics. Thus,
an interdisciplinary approach is required to solve this problem and understand how and why a
hydrostatic or shear stress in the two-body contact can drive phase transformations in materials.
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cult to get a broad picture of how Si behaves in
indentation, machining or other contact loading situations.
In majority of mechanical applications of materials, their surface experiences a contact with another material and takes the external load before
the bulk of the material is influenced. In some cases,
surface interactions influence the bulk, leading to
propagation of cracks, dislocations or point defects
from the surface in depth. In many cases, only the
outermost surface layer is affected by the surface
contact, with no detectable changes in the bulk of
the material. We are primarily concerned in this review with that kind of interactions. The thickness of
the surface layer affected by the external mechanical forces ranges from nanometers to micrometers.
Thus, in our case, the definition of “surface” is different from the one used by surface scientists. We
need to introduce an engineering definition of the
surface as the outermost layer of the material that
can be influenced by physical and/or chemical interaction with other surfaces and/or the environment.
In this review, we only consider mechanical effects,
but both mechanical and chemical interactions are
possible and their synergy can lead to mechanochemical alteration of the material surface. Surface reconstruction and other processes that occur
in the outermost atomic layer of silicon have been
described in detail elsewhere [3] and are not covered here.
At this point, it is important to define what we
understand under “hardness”. Hardness is the resistance of a material to penetration of a hard indenter. Softer is the material, deeper will the indenter
penetrate into its surface. Definition of hardness as
“resistance to plastic deformation”, which can be
found in many textbooks, does not reflect the complexity of processes that occur upon interaction of
silicon with the indenter. This paper will show that
the processes other than dislocation-induced ductility (plastic deformation) can be involved in deformation of silicon under indenter. Recent data show
that the hardness of many brittle materials depends
on the stress (deformation) needed to initiate a
phase transformation. Since the contact area in the
beginning of the penetration of the indenter into
material is small, extremely high pressures can be
achieved as follows from the equation

p = F/A ,

(1)

where p is pressure, F is force, and A is contact
area. These pressures can exceed the phase transformation pressure producing new phases on the
surface. Understanding and appreciating this fact

can help to choose and/or optimized conditions of
ductile-regime machining of silicon, as well as give
new insights into its surface properties. Information
on the phase transformations in the surface layer is
very important for understanding the mechanisms
of wear, friction and erosion of silicon. High shear
stresses and flexibility of loading conditions allow
one to drive phase transformation that cannot occur
under hydrostatic stresses, or would occur at much
higher pressures.
In the following sections we will describe phase
transformations and amorphization that occur in silicon under contact loading such as indentation with
hard indenters or scratching, grinding, milling, etc.
Contact loading is one of the most common mechanical impacts that materials can experience
during processing or application. Examples are cutting, polishing, indentation testing, wear, friction and
erosion. This kind of loading has a very significant
nonhydrostatic component of stress that may lead
to dramatic changes in the materials structure, such
as amorphization and phase transformations. Simultaneously, processes of plastic deformation, fracture and interactions with the environment and
counterbody can occur. The research area dealing
with these processes is called High Pressure Surface Science [4].

1.1. High-pressure phases of silicon
At atmospheric pressure, silicon has a cubic diamond structure (space group Fd3m) up to the melting temperature [5]. Conventionally, this phase is
labeled Si-I. At elevated pressures, 11 other crystalline phases of Si have been identified by calculation and from pressure cell experiments [6]. Of interest for our studies are the phases referred to as
Si-II (β-tin structure, space group I41/amd) [7-9], SiIII or bc8 (body-centered cubic structure with 8 atoms per unit cell, space group Ia3) [9-11], Si-IV or
hd (hexagonal diamond structure, space group P63/
mmc) [10; 12-17], Si-IX or st12 (tetragonal structure with 12 atoms per unit cell, space group P4222)
[18], and Si-XII or r8 (rhombohedral structure with 8
atoms per unit cell, space group R3) [19-21]. In addition, amorphous silicon (a-Si) has often been observed within indentations [21-24] and should be
taken into consideration.
Pressurization experiments indicate that under
nearly hydrostatic conditions, the Si-I → Si-II transition occurs in the pressure range of 9 to 16 GPa
[8; 9; 25; 26]. This transition is not reversible: Si-II
transforms to different metastable phases depending on pressure release conditions. In stepwise slow

Phase transformations in silicon under contact loading
1.00

Si-I (cd)

0.95

Relative volume V/V0

Si-III (bc8)
0.90
0.85

Si-XII (r8)

0.80

Si-II (β-tin)

0.75
0.70
0

2

4

6
8
Pressure (GPa)

10

12

14

Fig. 1. Relative volume of the high-pressure Si
phases as a function of pressure. Experimental
points are from Reference [26] (Si-I and Si-II)
and Reference [20] (Si-III and Si-XII). Filled and
open circles correspond to increasing and
decreasing pressure, respectively. The solid lines
are fits to the 3rd order Birch equation of state
[28; 29] with the values of bulk modulus B0 =
108 GPa and its first pressure derivative B0' = 4
for Si-I; B0 = 117 GPa for Si-III, and B0 = 108
GPa for Si-XII with B0' fixed at 5. Dashed line
serves as a guide to the eye.

decompression, the first phase to form at 10-12 GPa
is Si-XII [19; 20]. On further pressure release, the
degree of rhombohedral distortion diminishes gradually, producing the mixture of Si-XII and Si-III, with
the Si-XII persisting to ambient pressure (although
in this case as only a minor component). The Si-III
→ Si-XII transition is fully reversible: recompression
to 2.5 GPa results in a near complete Si-III transformation to Si-XII [19].
The tetragonal Si-IX phase was first obtained from
(supposedly) a mixture of Si-I and Si-II after a rapid
pressure release from 12 GPa [18]. Traces of Si-IX
have also been reported in deposits on the Si-I substrate after thermal spraying experiments [27].
The lonsdaleite Si-IV phase can be obtained either from the metastable Si-III phase after heat treatment at 200-600 °C [10; 13; 14] or from Si-I after
plastic deformation at elevated temperatures (350700 °C) and under confining pressure [12; 15]. The
Si-I → Si-IV transformation is closely related to deformation twinning and was described as a martensitic transformation taking place at twin-twin intersections or after secondary twinning [15-17].

3

The relative volumes of various Si phases as functions of pressure are shown in Fig. 1. The Si-I → SiII transformation is followed by ~20% densification
of the material [8; 9; 30]. The equilibrium Si-III structure was found to be ~9% denser than Si-I [10; 11;
31], and ~2% less dense than Si-XII [20; 32]. Thus,
upon slow decompression, the Si-II → Si-XII transition leads to ~9% volume expansion, with the
remainining ~2% recovered during the gradual SiXII → Si-III transformation at low pressures. No volume-pressure data is available for the Si-IX phase,
formed upon rapid decompression from Si-II. However, the packing fraction for the st12 structure
(0.385) was found to be only slightly higher than
that for bc8 (0.372) [33], which suggests similar
densities for both structures. Thus, we estimate an
approximate 10% volume increase during the formation of Si-IX. Finally, the hexagonal diamond SiIV phase has an atomic volume identical to that of
cubic diamond Si-I [10].

2. METHODS OF INVESTIGATION
2.1. Analytical modeling of static and
dynamic loading
It has been long recognized that when two extended
surfaces are placed together, the actual contact
occurs only at the tips of surface asperities [34].
However, a reliable theoretical modeling of the contact loading is complicated because of such possible concurrent processes as brittle macro- and
microfracture, dislocation and defect formation, and
structural transformations in the material beneath
the tool, which all impose uncertainties on the size
and shape of the evolving elastic-plastic zone. Thus,
some simplifying assumptions need to be introduced
into the development of the theory.
2.1.1. Indentation test. Indentation (hardness) test,
or static loading of a single hard asperity against a
softer half-space, is probably the simplest model
system for the scientific evaluation of all contact
loading-related phenomena. Stress distribution in
indentation is largely affected by the indenter tip
geometry, which is a vital factor in determining the
boundary conditions for the field. The major types
of indenter tips shown schematically in Fig. 2 may
be separated into two groups, viz. point-force (pyramidal and conical) and spherical indenters. Correspondingly, Boussinesq and Hertzian stress fields
will describe point-force and spherical indentation
in the case of purely elastic loading (Fig. 3). To account for possible elastic compliance of the indenter,
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Fig. 2. Schematic of the various types of indenter tips used in indentation testing: (a) Vickers; (b)
Berkovich; (c) Knoop; (d) conical; (e) Rockwell; and (f) spherical.

a reduced elastic modulus Er is introduced as defined through the following relation [37]:
1

Er

=

1− ν

E

2

1 − νi

2

+

Ei

,

(2)

where νi and Ei are Poisson’s ratio and Young’s
modulus for the indenter, and ν and E are the same
parameters for the specimen.
Very high gradients in the stresses are expected
around any sharp points or edges of an ideally elas-
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tic contact. As a result, nonlinear, inelastic deformation operates to relieve the stress concentration
about the singularity by distributing the applied load
over a non-zero contact area. This is illustrated in
Fig. 4 for the case of penetration of a regular tetrahedral pyramid into the half-space [38], which is
equivalent to Vickers indentation. For linearly elastic half-space, the contact pressures are singular
along the edges of the pyramid (Fig. 4a), but the
singularity is reduced when the nonlinearity of the
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Fig. 3. Contours of principal normal stresses in (a) Boussinesq and (b) Hertzian fields, shown in the
plane containing contact axis. After References [35; 36].
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(a)

sponse over a wide range of indentation strains and
for a wide range of materials.
Tanaka [41] proposed an indentation model that
generalized Johnson’s incompressible core model.
In contrast to Johnson’s treatment, the core in
Tanaka’s model is compressible and the term related to the plastic work dissipated to heat in the
core is added:

(b)

Fig. 4. Contact areas (dashed lines) and contact
stresses at the interface of the regular tetrahedral
pyramid penetrating into the half-space. The
maximum contact stresses are observed in the
center of the indentation zone and decrease
according to the stress isobars (solid lines). (a)
Stress singularities in the purely elastic loading
and (b) their reduced form when the nonlinearity
of the half-space is taken into account. After
Reference [38].

half-space is presumed (Fig. 4b). Note also that the
compressive radial stress σ22 within the contact area
(see Fig. 3) leads to the inward bending of the imprint faces (dashed lines in Fig. 4).
Several models account for indentation-induced
plastic deformation of the half-space material.
Johnson [37; 39] considered the expansion of an
incompressible hemispherical core of material subjected to an internal pressure and has derived an
expression relating the mean pressure in the core
pm to a combined parameter (E/Y)cotψ, where E
and Y are elastic modulus and yield stress of the
specimen, respectively, and 2ψ is the included angle
of a conical indenter. According to Johnson [37]:

pm
Y

LM1 + lnF E / Y cot ψ + 4(1 − 2ν) I OP .
=
H 6(1 − ν) K Q
3N

5

2

pm
Y

=

LM1 + ln
3N
2

π E / Y cot ψ
12(1 − ν)

(4)

where the material constant α varies from 1/3 for
ceramics to 1 for metals and polymers [41].
Accounting for the stress-induced phase transformations during indentation is possible in the following way. If the transformed layer is thin, the
stresses under the indenter will not change noticeably after the transformation. If a metallic phase is
formed, it can be modeled as a liquid and the distribution of stress σ and pressure under the indenter
p = -σ will be uniform. It is easy to account for the
viscosity of the metallic phase. In the case when
the transformation zone differs from a thin and uniform film, Galanov et al. [42] suggested to modify
the Tanaka’s model to account for reversible phase
transformations under a rigid indenter. The modified
model leads to the following equation for the radial
pressure pm acting on the core surface when the
phase transformation characterized by volume
change ∆ and pressure ppt occurs in the core and in
the plastic zone (i.e., ppt ≤ pm, see Fig. 5a) [42]:

pm
Y
ln

=

2
3

1+
π E cot ψ

b

12Y (1 − ν) + 4 E∆ exp − 3 p pt

(3)

This equation applies to geometrically similar indentations, such as those made with a conical or
pyramidal indenter, where the radius of the plastic
zone increases at the same rate as the radius of
the core. In the case of spherical indentation,
Johnson [37] suggested that cotψ in Eq. (3) be replaced with a/R for ψ≈π/2, where a is the radius of
the contact area and R is the radius of the indenter.
However, such a procedure appears to invalidate the
assumed condition for geometrical similarity. An
empirical relationship similar to Eq. (3) has been
proposed for spherical indentation [40], and it may
be used to predict the indentation stress-strain re-

OP + α ,
Q

OP + α .
2Y g Q

(5)

When the phase transformation occurs within the
plastic core (i.e., pm < ppt < HV, see Fig. 5b; HV is
the Vickers hardness of the specimen), one needs
to consider the transformation zone boundary (Fig.
5a)

z = (c − r ) cot ψ + t pt ,
(6)

r ≤ c,

where the thickness of the transformed layer tpt is
derived from

t pt =

c − r − (c − r ) cot ψ ξ ,
2

2

(7)
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Fig. 5. Schematic representation of the indentation model of Galanov et al. [42] in spherical
coordinates (r ≤ c  plastic core; c < r ≤ b  plastic zone; r > b  elastic zone; r ≤ b*  reversible phase
transformations zone). (a) Phase transformation in the core and in the plastic zone. (b) Phase
transformation within the plastic core.

ξ=

HV − p pt
HV − p m

.

(8)

Now, the radial pressure pm on the core surface is
defined through the following equation [42]

pm
Y

=

LM1 + lnFG E( π cot ψ + 4ξ∆ IJ OP .
3N
H 12Y (1 − ν) K Q
2

(9)

The last equation is nonlinear with respect to pm
(ξ is the function of pm) and must be solved numerically. Note also that Eqs. (5) and (9) transform into
Tanaka’s Eq. (4) when the volume change associated with the transformation is zero (∆ = 0).
2.1.2. Sliding contact. Now consider a single hard
asperity loaded statically and then made to translate across the sample surface at some (steady)
speed. Frictional tractions in this case restrain
mutual tangential displacements at the contact and
the resultant distribution of tangential forces acts
on the specimen in the direction of motion of the
asperity [43]. Exact solutions for the complete stress
fields in sliding interface between spherical indenter
and elastic half-space have been given by Hamilton
and Goodman [44], for the case of complete slip.
Fig. 6 shows the plots of the greatest principal stress
acting in plane of contact of an elastic specimen
with sliding sphere, for the coefficients of kinetic
friction of (a) f = 0.1, and (b) f = 0.5. Also shown are
trajectories of the lesser principal stresses, starting from the point of maximum tension in the field.
As evident from Fig. 6, an increase in the sliding

friction is accompanied by an enhancement of tension behind the indenter and corresponding suppression ahead of it. Similar tendencies are observed
for the reduction in stress gradient below the trailing edge and for deviation from axial symmetry of
the stress trajectory patterns.

2.2. Depth-sensing indentation
Experimental values of the phase transformation
pressures may be assessed through the depth-sensing (nano)indentation technique, which allows highresolution in situ monitoring of the indenter displacement as a function of the applied load. A typical
load-displacement curve of an elastoplastic material is shown in Fig. 7a. Changes in a material’s
specific volume or mechanical properties during a
phase transition may be revealed as characteristic
events in the load-displacement curve. The formation of a new phase under the indenter may result in
the yield step (“pop-in”) or the change in slope (“elbow”) of the loading curve; a sudden displacement
discontinuity (“pop-out”) or an elbow in the unloading curve may be indicative of the reverse transition
(Fig. 7b). In cyclic indentation, additional information can be extracted from the broad or asymmetric
hysteresis loops or from the specific features in the
reloading curves [46].
Once a specific event in the load-displacement
curve has been associated with a particular phase
transition, the pressure at which it occurs can be
estimated by considering the elastoplastic behavior of the material under the indenter. For the point
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Fig. 6. Plain and side views of contours of greatest principal stress in elastic half-space in contact
with a sliding sphere (marked with arrows) for the friction coefficients (a) f = 0.1 and (b) f = 0.5.
Motion from left to right, unit of stress p0. Dashed lines denote the trajectories of the lesser principal
stresses, starting from place of maximum tensile stress in the specimen. After Reference [45].

where the parameter α is determined by indentation geometry and the mechanical properties of the
specimen [47].
As described in the previous section, including
plasticity in the modeling of indentation contact is a
complex problem and analytical solutions are not
easily obtained [37]. Fortunately, in most cases, at

force contact, the Sneddon’s solution [47] to the
problem of the penetration of an axisymmetric punch
into an elastic half space predicts the following relation between the applied load P and the indenter
displacement h:

P = αh ,

(10)

2
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Fig. 7. (a) Load-displacement curve of a typical elastoplastic material and (b) nanoindentation loaddisplacement curves of silicon displaying characteristic events (pop-out and elbow) in the unloading
segment.
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Fig. 8. Schematic of the indentation model of
Oliver and Pharr [48]. hc  contact depth; h 
indenter displacement relative to the sample
surface; hf  plastic deformation after load removal;
hs  displacement of the surface at the perimeter
of the contact.

least the upper part of the unloading curve is elastic, leading to the following modified Sneddon’s relation [48]:

P = α( h − h f ) ,
m

(11)

where the residual plastic deformation hf (Fig. 8) is
introduced to retrieve the elastic part of the indenter
displacement during unloading.
The power exponent m in Eq. (11) needs special
attention. Extensive nanoindentation studies performed by Oliver and Pharr [48] on materials with
various mechanical properties implied that m is a
material constant and has the values in the range of
1.0 to 2.0. In fact, the routine analysis of
nanoindentation data begins with the determination
of the parameters α and m for a particular experiment by numerically fitting the measured unloading
curve. This suggests deviations from the Sneddon’s
solution (m = 2; Eq. (10)) in real cases. As shown
by Sakai et al. [49], most commercially available
indentation test systems (including that of [48]) are
designed in such a way that the load frame compliance and mechanical contact clearances inevitably
and significantly alter the load-displacement data.
In contrast, for a “stiff” indentation system, the indenter displacement is indeed proportional to the
square root of the applied load and the Sneddon’s
solution (Eq. (10)) is preserved in this case [49].
Oliver and Pharr [48] proposed a procedure to
assess the average contact pressure at peak load
Pmax from the experimental load-displacement curves
by determining the projected contact area A, which
is a function of the corresponding maximum contact depth hc,max. In general, at a given load P, the
contact depth hc can be determined as the difference between the indenter displacement h and the

surface deflection at the perimeter of indentation hs
(see Fig. 8). Assuming that the elastic deflection of
the sample surface hs is directly proportional to the
square root of the indentation load P, Novikov et al.
[50] developed a method to assess the instantaneous contact depth hc from the maximum surface
deflection at peak load, provided hs,max has been
determined by the Oliver-Pharr’s technique. This
allows estimation of the average contact pressure
pm for both, loading (elastoplastic) and unloading
(elastic) segments simply as

pm =

P
A( hc )

.

(12)

The quantification of contact pressures in spherical indentation is based on the indentation model of
Field and Swain [51]. The procedure is similar to
the point-force indentation and includes the evaluation of the contact radius at a given load (ac) from its
value at peak load (ac,max). The mean contact pressure is defined as [52]

pm =

P
2

πac

.

(13)

2.3. Application of Raman
spectroscopy to high-pressure
studies of silicon
2.3.1. Phase characterization. In the absence of
stress, the first-order Raman spectrum of Si-I exhibits a single line at 520 cm -1 [53], which corresponds to the light scattered by a triply degenerate
optical phonon in the center of the Brillouin zone
(Fig. 9a). The second-order spectrum is dominated
primarily by overtones (phonons from the same
branch, but from opposite sides of the Brillouin zone)
and thus resembles the corresponding one-phonon
density of states with the frequency axis multiplied
by two [53] (Fig. 9b). Finite size of the crystalline
grains (i.e., nano- or cryptocrystalline material) significantly alters the Raman spectrum of Si-I. The
relaxation of the k = 0 selection rule due to quantum confinement makes possible the contribution
to Raman scattering from the phonons in the vicinity of the Γ point. The phonon confinement model
[55; 56] predicts the shape of the Raman line based
on the optical phonon dispersion relations and the
average size and shape of the crystallites. The resultant Raman line is asymmetric and is displaced
to the lower wavenumbers (Fig. 9b).
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of pressure using the ab initio pseudopotential
method [58; 59], and showed good agreement with
the experimental high-pressure results [60] (Fig. 10).
Interestingly, the LO mode “softens” (shifts to the
lower wavenumbers) with increasing pressure, which
results from bond bending [61] associated with the
transition of Si-II into a denser phase with a simple
hexagonal lattice [58].
Group-theoretical considerations predict three
Raman-active modes for the lonsdaleite structure
[13; 62]. Analysis of the vibrational modes in Si-IV,
based on the Raman Hamiltonian and the model of
a tetrahedrally bonded solid [63], shows that two of
these modes are degenerate, thus suggesting a
spectrum with only two distinct lines (at 500 and
520 cm-1) [64]. The reported Raman spectra assigned to Si-IV with the crystal structure determined
by the diffraction techniques, exhibit a broad asymmetric band centered at ~510 cm-1 [13; 65] (Fig.
11), which cannot be readily deconvolved into separate peaks. Note that the spectrum in Fig. 11a was
obtained from a sample containing 40% Si-I phase,
which may explain the appearance of the 520 cm-1
line in this case. A striking similarity of the spectra
in Fig. 9b and Fig. 11 questions the credibility of the
results of Refs. [13; 65]. The Raman spectra of SiIV appear indistinguishable from those of
nanocrystalline Si-I. Moreover, when applied to the
calculation of the vibrational properties of Si-III, the
method of Reference [63] did not prove very successful [66]. Based on these considerations, we
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Fig. 9. Raman spectra of (a) bulk silicon and (b)
Si nanocrystals at room temperature [54].

Several theoretical and experimental studies
assess the vibrational properties of the high-pressure phases of silicon. A group-theoretical analysis
of lattice vibrations in the β-tin structure has been
made by Chen [57]. In the vicinity of the Γ point, the
optical modes consist of one longitudinal optical (LO)
branch and at higher frequencies of a doubly degenerate transverse optical (TO) branch, both of
which are Raman active. Zone-center phonon frequencies of Si-II have been calculated as a function
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Fig. 10. (a) Experimentally determined Raman spectra of Si-II and (b) their dependence on pressure
(open circles) [60] together with theoretically predicted phonon frequencies for the TO and LO modes
of Si-II (filled circles) [59]. The lines serve as guides to the eye.
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The ab initio calculation of Piltz et al. [20] predicts seven Raman-active modes for the bc8 structure and eight modes for the r8 structure. As the r8
structure is considered to be a rhombohedral distortion of bc8 [19], the two phases are expected to
have similar Raman spectra. Indeed, the calculated
zone-center phonon frequencies of r8 and bc8 differ
by only ±10% [20], which hampers the separation
of these phases based on the experimentally measured Raman spectra. Pressurization experiments
[67; 68] may also serve as a guide to the proper
identification of Si-III and Si-XII. Fig. 12 shows the
Raman spectra of Si recorded at various pressures
during depressurization from Si-II and the corresponding frequency-pressure plot. The Raman spectrum
at 5.9 GPa (Fig. 12a) should be assigned to Si-XII
because only this phase was shown to exist in this
pressure range [19]. On the other hand, Si-III is predominant at ambient pressure [19] and thus the
spectrum at 0 GPa (Fig. 12a) is due mostly to this
phase. Analysis of Fig. 12 suggests that most
Raman lines indeed represent the overlapping vibrational modes of r8 and bc8; however, the lines at
182, 375, and 445 cm-1 (under a 1 GPa compression) definitely belong to the Si-XII phase only.

Si-IV

a

b
Theory
300
400
500
-1
Wavenumber (cm )

600

Fig. 11. Raman spectrum assigned to Si-IV: (a)
From Reference [13]. Sample composition 60%
Si-IV, 40% Si-I; effective sample temperature
700K. (b) From Reference [65]. Presumably pure
Si-IV; effective sample temperature 450K. The
vertical lines show the theoretical predictions for
the Raman-active modes in Si-IV [64].

cannot accept the Raman spectrum of Si-IV as established. More discussion on this issue will be given
below.
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Wavenumber (cm-1)

Si-III & Si-XII
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(a)
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Fig. 12. (a) Raman spectra of Si obtained during slow unloading from Si-II. (b) Pressure shift of
Raman-active modes in Si during unloading (filled circles) and reloading (open diamonds) [68]. Filled
triangles represent the Raman bands of Si-III at ambient pressure from Reference [67]; open
hexagons and squares are theoretically calculated lines of Si-XII and Si-III, respectively [20].
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cies of the three optical modes in the presence of
strain, to terms linear in strain, can be obtained by
solving the following secular equation [75; 76]:

a-Si
λ = 514.5 nm

pε 11 + q ( ε 22

2rε 12

Intensity (a.u.)

+ ε 33 ) − λ

a

2rε 13

pε 22 + q ( ε 11

2rε 12
2rε 13

d
100

200
300
400
500
-1
Wavenumber (cm )

Fig. 13. First-order Raman spectra for (a) mostly
ordered through (d) mostly disordered a-Si [72].

The experimental Raman spectra of Si-IX have
not been reported. Theoretical calculations of the
vibrational properties of a similar st12 structure in
germanium [66; 69] predict 21 Raman-active modes.
Thus, observation of a large number of unidentified
lines in the Raman spectrum of silicon would suggest the presence of Si-IX.
It is accepted that the features in the Raman
spectra of amorphous solids resemble the broadened phonon DOS of their crystalline counterparts
[70]. The Raman spectrum of amorphous silicon is
characterized by four broad bands around 160, 300,
390, and 470 cm-1 [71; 72]. They correspond to the
broadened features in the vibrational density of states
of a-Si and are referred to as TA-, LA-, LO-, and TOlike bands, respectively [73]. In general, the TA/TO
intensity ratio, their linewidths, and frequency positions depend on the method of preparation, deposition conditions, and the degree of structural disorder [74] (Fig. 13).
2.3.2. Stress analysis. The values and spatial distribution of the residual stresses around indentations can be assessed by means of the Raman
imaging technique. In general, mechanical strain
may shift the frequencies of the Raman modes and
lift their degeneracy. For example, for silicon in the
cubic diamond structure (Si-I phase), the frequen-

= 0, (14)

pε 33 + q ( ε 11

2rε 23

+ ε 22 ) − λ

b
c

2rε 23

+ ε 33 ) − λ

where p, q, and r are material constants, the socalled phonon deformation potentials, and εij’s are
the strain tensor components. The shifts in the
Raman band positions in the presence of strain can
be calculated from the eigenvalues λj of Eq. (14):

λi = ωi − ω j 0 ,
2

2

(15)

where ωj and ωj0 are Raman frequencies of the mode
j (j = 1,2,3) in the presence and absence of stress,
respectively. The values of the phonon deformation
potentials have been determined for silicon in the
uniaxially stressed state from the slopes of the ex2
perimental ∆ωj(σ) dependencies as p=-1.85 ω 0 ,q=
2
2
-2.31 ω 0 , and r =-0.71 ω 0 [77].
It can be easily shown that compressive uniaxial
or biaxial stress results in the upshift of the Raman
band to higher wavenumbers, whereas tensile stress
decreases the Raman frequency in these cases [78].
However, in the complex stress field under the indenter, which is further complicated by the volumetric changes during possible phase transformations
and the breakdown of constitutive equations due to
macro- and microcracking, determination of the
strain tensor components becomes a challenging
task and the simplifying analytical models already
discussed here need to be used.
As penetration depth of the laser light into the
sample surface is dependent on the incident light
frequency, varying excitation wavelength can provide information on the changes in stress and phase
composition with depth. The total intensity of the
scattered light integrated from the surface to a depth
d is given by [79]

Is = I0 D

z

d

0

e

− 2 αx

dx =

I0 D
2α

(1 −e

−2 α d

),

(16)

while that from the depth d to infinity is given by

Is = I0 D

z

∞

d

e

−2 αx

dx =

I0 D
2α

e

−2 αd

.

(17)
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Fig. 14 shows the dependence of penetration depth
on the incident light frequency for silicon in cubic
diamond phase, calculated using Eq. (18) and the
absorption coefficients of Si-I given in Reference [80].
The penetration depth decreases some 103 orders
of magnitude when the laser frequency is changed
from red to ultraviolet spectral region, amounting to
only several nanometers in the latter case. We also
note that for amorphous silicon, the optical absorption coefficient can reach one order of magnitude
higher, leading to penetration depths of about tenths
of nanometers (one or a few monolayers) in the bluegreen spectral region [81].

3. PHASE TRANSFORMATIONS IN Si
DURING INDENTATION
First attempts to explain the formation of a residual
imprint on Si were based on the dislocation-induced
plasticity models. Trefilov and Milman [82] experimentally measured the hardness of Si in a wide
temperature range and observed two distinct regions

a

8
6
4

Transformation pressure
(cubic diamond → β-tin)

2

RT
0

800

Here, I0, D, and α are the incident light intensity,
the Raman scattering cross section, and the
photoabsorption coefficient of a particular phase of
silicon, respectively. Under the assumption that the
penetration depth, dp, is given by the depth that
satisfies the relationship Is/(Is+Id)=0.1, this depth is
given by

ln 0.1

Dislocation
motion

0

Excitation wavelength (nm)
Fig. 14. Penetration depth of the light into Si-I
as a function of the excitation wavelength. The
penetration depth here corresponds to a 99%
absorption of the scattered light.
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Fig. 15. Hardness vs temperature dependence
of silicon: 10 mN loading, etched (110) surface
[83] (filled triangles); 500 mN loading [84] (open
circles); 2.3 N (for T >300K) and 1 N (for T
<300K) loading, etched (111) surface [82] (open
triangles); 10 N loading, ground surface [85]
(filled circles). Solid lines show the calculated
hardness due to dislocation glide (Eq. (19); (a)
U = 0.55 eV, A = 2.05.10-4, β = 44 K/GPa; (b)
U = 0.51 eV, A = 8.5.10-4, β = 219 K/GPa); and
the cubic diamond → β-tin transformation pressure
for Si (Reference [86], adjusted).

in the hardness-temperature dependence (Fig. 15).
The average hardness decreased by only some 5%
up to ~500 ºC, whereas above this temperature, the
curve shape changed abruptly and revealed a steep
down slope. The authors quantitatively explained the
high-temperature indentation behavior of Si by considering the dislocation glide in covalent crystals
as a function of temperature and relating the resulting values of the flow stress to the hardness. The
equation they obtained,

sinh

βHv

T

U

= Ae kT ,

(19)

allowed for an accurate fit of the experimental dependence of Vickers hardness HV on temperature T
in the high-temperature region by varying the dislocation activation energy U and the parameters A
and β (see Fig. 15).
For the low-temperature region, several dislocation-related hypotheses were proposed to explain
the mechanism of plastic deformation. Trefilov and
Milman [82] suggested that during indentation the
theoretical shear strength was exceeded locally and
dislocations arose as a result of the accommoda-
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Fig. 16. Resistance of silicon during slow indentation in the [100] direction: (a) experimental setup
and (b) resistance vs pressure curve. The initial large change in resistance is due to the gradual
change in contact area. Abrupt drop in resistance at ~12 GPa is an indication of the transformation
of silicon under loading into a metallic phase. After Reference [92].

tion of the displacements due to block slip. Other
considerations took into account the quantum properties of dislocations (tunneling effect) [87], or the
generation of prismatic dislocation loops during the
indenter intrusion with subsequent conservative climb
[88]. Experimental data available at the time apparently confirmed the formation of dislocations during
indentation of Si. Transmission electron microscopy
(TEM) studies by Eremenko and Nikitenko [12] revealed the dislocation structure and defect formation in the vicinity of indentations made at temperatures of 20 - 700 °C. Hill and Rowcliffe [89] reported
highly localized dislocation arrays around Vickers
indentations made under 1 N loading in (110) and
(111) Si at both room temperature and 300 °C. They
also observed the dislocation arrays expanding away
from the indentation during annealing of indented
samples at 600 °C. The authors’ major conclusion
for the mechanism of plastic deformation at low temperatures was similar to that made in Reference
[82]. However, all aforementioned hypotheses were
inconsistent with the observed behavior of either
hardness or flow stress [90] in silicon below some
characteristic temperature.
Gridneva et al. [91], and later Gerk and Tabor
[92], noted the similarity of Si hardness as measured at low temperatures and the pressure of Si-I
→ Si-II transformation known from the high-pressure cell experiments [7; 8]. They suggested that
the pressure-induced metallization occurs in semiconductors with cubic diamond structure during the
indentation test, and that the phase transformation
pressure determines the indentation hardness in this

temperature range. Quite supportive of this assumption, theoretical calculation of the phase boundary
between the cubic diamond and β-tin structures in
Si [86] reveals a slow decrease in the phase transformation pressure with increasing temperature (Fig.
15). This trend is in excellent agreement with the
experimental hardness data.
Conductivity measurements performed by
Gridneva et al. on Si wafers subjected to Vickers
indentation showed a decrease in electrical resistance of the material beneath the indenter. The authors assumed the formation of a thin metallic layer
between the indenter and the specimen, and calculated the thickness of this layer (~ 0.05 µm) to be
independent of the applied load [91].
These results were further confirmed by using
different experimental setups. Gupta and Ruoff [93]
reported an abrupt drop in the resistance of Si during slow indentation with diamond spheres (Fig. 16).
The corresponding pressure threshold was dependent upon the crystallographic orientation of the
sample and varied from 8 GPa for loading in the
[111] direction to 12 GPa for the [100] direction. Both
the pressures and the resistance changes implied
that the Si-I → Si-II transformation occurs during
indentation of Si similar to the high-pressure cell
experiments [7; 8]. The variation in the transformation pressure in this case may be attributed to the
higher degree of deviatoric loading when uniaxial
pressure is applied along the [111] direction, which
facilitates the transformation in accordance with
Gilman’s predictions [94]. Finally, in situ conductivity measurements by Clarke et al. [22] (Vickers and
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Knoop indentations; (100), (110), and (111) orientations) and Pharr et al. [95] (Berkovich indentation;
(110) orientation), showed that for sharp tips, the
transformation to the electrically conducting form of
silicon occurs instantaneously as the load is applied. This is due to the much smaller contact areas as compared to indentation with spherical tips,
which results in pressures sufficiently high to start
a transformation as soon as the tip contacts the
specimen surface.
Although indicative of the semiconductor-to-metal
transition, the conductivity data alone cannot be
accepted as rigid proof of the formation of Si-II during indentation. Unfortunately, due to obvious complications with the experimental setup, no in situ
indentation diffraction data are available as of today. On the other hand, a number of papers provide
indirect evidence of the Si-I → Si-II transformation
during indentation based on the post-indentation
characterization techniques. We will start with a
discussion of the electron microscopy results.
The TEM studies by Clarke et al. [22] revealed
amorphous silicon at the bottom of Vickers and
Knoop indentations made at room temperature. The
results were reproducible for crystal orientations of
(100), (110), and (111), and applied loads between
100 and 500 mN. Among possible formation paths
of the amorphous silicon during indentation, the
authors proposed that: (i) the high-pressure Si-II
phase transforms to the metastable amorphous form
of silicon in the unloading stage because it cannot
transform fast enough to another crystalline state;
or (ii) Si-I transforms to a-Si directly on loading as
the local pressure exceeds the metastable extension of the liquidus curve in the P-T phase diagram,
and a-Si persists on unloading because of insufficient thermal energy to allow rearrangement back
to the diamond cubic form.
Another characteristic deformation feature that
suggests pressure-induced metallization of silicon
during indentation is often observed by electron microscopy [21; 96]. Fig. 17 shows the scanning electron microscope (SEM) image of a Vickers indentation in (111) Si made at room temperature under a 1
N loading. The micrograph clearly reveals a thin layer
adjacent to the imprint faces, apparently plastically
extruded during the indentation process. Such extrusions are possible only if a thin layer of highly
plastic material is sandwiched between the diamond
tip and the relatively hard surrounding cd Si, which
suggests a very high ductility of the extruded material and provides additional evidence for the indentation-induced phase transformation to the metallic
state.
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Si

5 µm

Fig. 17. Scanning electron micrograph (SEM) of
a 1-N Vickers indentation in (111) silicon revealing
plastically extruded material [21].

Similar extrusions were revealed by TEM in the
Berkovich indentations made in (100) Si at loads of
~10 mN [23]. Although isolated diffraction patterns
were not obtained from the extruded material due to
the presence of underlying crystal, the amorphous
nature of this material was inferred from the absence
of any crystalline diffraction and tilting experiments.
Further, at these experimental conditions (below the
cracking threshold), no evidence of dislocation activity or other mechanisms of plastic deformation
operating outside the clearly demarcated transformation zone was found. The imprint consisted of an
amorphous core with an adjacent region of plastically extruded material and a layer of polycrystalline silicon at the near-surface transformation interface. As for the origin of the polysilicon layer, the
authors [23] suggested a possible shear fragmentation or interface recrystallization.
Extensive TEM studies by Page et al. [24] delivered all previous low-temperature electron microscopy results to the consistent view that: (i) silicon
becomes amorphous in response to the high contact stresses under a hardness indenter; and (ii)
limited dislocation arrays are generated around the
deformed volume at contact loads exceeding some
threshold value. The authors also argued that the
dislocation arrays might occur as a means of accommodating the displacements from the densification transformation, rather than as a primary response to the indenter intrusion.

Phase transformations in silicon under contact loading
Finally, Wu et al. performed both plain-view [97]
and cross-sectional [98] high-resolution electron
microscopy (HREM) studies on a large array of
Vickers indentations made in (110) and (001) Si with
loadings of 10 and 50 mN at room temperature. Their
results confirmed that the indentation region consisted of a-Si; moreover, they found numerous clusters showing a lattice character inside the amorphous region near the periphery of the indentations.
The cubic diamond lattice was distorted at the interface and continuously transited into an amorphous structure. Based on these observations, the
authors suggested that the formation of a-Si might
be induced by lattice distortion in the loading stage
rather than the transformation from a high-pressure
metallic phase during unloading. This assumption
does not contradict the conductivity data because
the amorphous silicon also exhibits a reversible
semiconductor-metal transition at ~10 GPa, observed both in the high-pressure cell experiments
[99] and during indentation [22].
Interestingly, the TEM investigations of indentations were persistently failing to detect any signs of
the metastable crystalline Si phases (Si-III and SiXII), which are routinely obtained in the high-pressure cells upon depressurization from Si-II. We envisage two reasons for this. First, as will be shown
later, unloading rates play a crucial role in the transformation path of the material beneath the indenter,
with fast unloading (which was typically used in the
previous TEM studies) leading to the formation of
amorphous silicon. Second, the metastable phases
are probably unstable and may undergo
amorphization during preparation of the indented
samples for TEM (polishing, dimpling, and ion thinning), and/or under the electron beam. Very recently,
a more careful TEM characterization of Berkovich
[100] and spherical [101; 102] indentations in Si
indeed confirmed the presence of the metastable
crystalline Si phases within the residual imprints.
Plain view TEM analysis by Mann et al. [100]
showed that the indentation transition path in Si is
scale-dependant, with the residual imprint consisting mostly of Si-III in the “small” indents (< 600 nm)
and mostly of amorphous material in the “large” indents (> 1 µm). However, the loading rates for both
types of indentations were not given and the statistical analysis of the reproducibility of the results was
not performed. In contrast, the cross-sectional TEM
analysis by Bradby et al. [101,102] emphasized the
importance of the unloading rates and revealed the
formation of Si-XII upon slow unloading as opposed
to the formation of amorphous silicon when the fast
unloading rates were used. We note here that most
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commercially available hardness testers operate at
relatively fast loading and unloading rates, which is
probably inhibiting the kinetically controlled Si-II →
Si-XII transformation. The kinetics of phase transitions in Si will be discussed in detail below.
Taking into account all aforementioned factors,
it is clear that the TEM analysis of indentations is
nontrivial and does not necessarily produce reliable
and reproducible results. In this regard, Raman
microspectroscopy serves as a unique tool for a
fast and nondestructive characterization of indentations [103]. Raman spectra indeed reveal amorphous
silicon within the indentation area [21; 104]; however, they also indicate that the formation of a-Si
strongly depends on the experimental conditions
[21].
Fig. 18 shows the Raman spectra obtained from
various points around Rockwell indentations in silicon. The original Si-I phase is observed outside the
contact area, which is confirmed by a single Raman
line at 520 cm-1 (Fig. 18a). In contrast, the Raman
spectra taken from the indentation area look completely different. The spectrum in Fig. 18b, assigned
to Si-IV by the authors [21], is in fact more characteristic of the nanocrystalline cubic diamond silicon, perhaps a mixture of the Si-I nanocrystals and
Si-IV. Fig. 18c,d suggests the presence of Si-III and
Si-XII within indentations. The two spectra are similar in terms of band positions; however, the relative
intensities of the same bands (i.e. , I430/I350) are very
different for (c) and (d). The laser annealing of the
sample in the region showing a (c) type of Raman
spectrum led to a continuous increase in the I430/I350
ratio and a gradual transformation of (c) into (d) [21].
Based on the intensity ratio considerations, the
authors proposed that the Raman spectrum in Fig.
18c originates from the Si-XII phase, which then transforms into Si-III (Fig. 18d) under the laser beam.
Although the characteristic lines of Si-XII (at 182,
375, and 445 cm-1) are not pronounced in the spectrum of Fig. 18c, the general tendency of increasing
the I430/I350 ratio with the increase in Si-III content
(see Fig. 12a) is quite supportive of this assumption.
When fast unloading rates (> 1 mm/min) were
applied, only amorphous silicon was observed within
indentations (Fig. 18e) [21]. Note also that in all
cases the original line at 520 cm-1 has vanished,
indicating that no Si-I remains within the contact
area after the microhardness test. Similar results
were obtained for Vickers indentations [21]. Thus,
the results of Raman spectroscopy of indentations
imply that the kinetically controlled Si-II → Si-XII
transformation takes place only when a sufficient
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Fig. 18. Raman spectra taken from Rockwell
indentations in silicon. (a) Pristine material outside
the contact area. (b)  (d) Various points within
the indentation area, slow unloading. (e) Indentation
area, fast unloading. Data from Reference [21].

time span is allotted for the reconstruction of the Si
lattice during pressure release. Rapid unloading rates
favor lattice disordering which leads to the formation of amorphous material. Similarly, a-Si rather
than Si-XII forms during unloading of indentations
made at ultra-low loads (< 10 mN) because the transforming volume in this case is too small to allow the
reconstructive Si-II → Si-XII transformation.
Theoretical calculations [20,31,105] show that
the Si-III phase has a slightly higher enthalpy than
Si-I and Si-II at all pressures (Fig. 19). The Si-III
phase is metastable at ambient conditions and is
expected to transform into Si-I with time. However,
such transformation has not been observed experimentally. Biswas et al. [33] argued that because
the cd and bc8 structures are topologically very different, a possible Si-III → Si-I transition by shear
distortion would require breaking and reforming of
as many as one-fourth of all tetrahedral bonds, which
implies a high activation energy barrier between SiI and Si-III and may explain why the Si-III phase
persists at ambient pressure. Fewer bonds need to
be broken if a similar transition path (shear distortion) is followed between the Si-III and Si-IV phases
[33]. Still, the Si-III → Si-IV transformation has not
been observed at ambient conditions, but the formation of Si-IV has been confirmed in the experiments when the Si-III samples were heated to moderate temperatures [10; 13; 14].
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Fig. 19. Energy of silicon in the relaxed r8, bc8,
st12, cubic diamond, and β-tin phases as a
function of reduced volume. The dashed common
tangent line shows that the stable phases are
Si-I and Si-II; Si-XII, Si-III, and Si-IX have a
slightly higher enthalpy and are thus metastable.
Data from Reference [20].

Hexagonal diamond Si-IV is also known to form
directly from the cubic diamond Si-I when the indentation test is performed at elevated temperatures
[12; 15]. Using the TEM analysis of indentations
made in Si single crystals under different experimental conditions, Eremenko and Nikitenko [12]
established the temperature range of 350-650 °C for
the Si-I → Si-IV transformation. The Si-IV phase
appeared as ribbons or platelets embedded in Si-I
around the indentation contact area, with a {511}cd
habit plane and the following orientation relationship:

( 0 1 1)cd ||( 0001) hd ;[ 011]cd ||[ 1 2 1 0 ] hd .
These results found further confirmation in the
HREM studies by Pirouz et al. [15], and the mechanism for the formation of Si-IV by double twinning in
Si-I was established [15; 16]. The Si-IV phase is
not thermodynamically stable with respect to Si-I;
its localization in the narrow ribbons around indentations is related to the stress relaxation during twin
interactions [15]. It is still unclear if the Si-I → Si-IV
transformation occurs within the indentation contact
area as well.
Our recent Raman microspectroscopy studies
of the temperature effect on phase stability in Si
indentations revealed the formation of an unidentified phase of silicon at elevated temperatures. The
Raman spectrum of this phase (designated here as
Si-XIII) has four characteristic lines at 200, 330, 475,
and 497 cm-1 (Fig. 20), which do not match any of
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Fig. 20. (a) Raman spectrum of the new Si
phase observed under experimental conditions
similar to those of Si-IV formation. (b) Peak
deconvolution reveals at least four characteristic
lines at 200, 330, 475, and 497 cm-1 (shown as
solid lines) that cannot be assigned to Si-I, SiIII, Si-XII or a-Si. (c) The difference between the
observed and calculated profiles.

the established spectra of various Si phases (Figs.
9-13). The new phase is observed both in indentations made at elevated temperatures (150-250 °C),
and in the same temperature range during heating
of the samples with indentations made at room temperature. In the latter case, the Si-XII → Si-III → SiXIII transformation can be monitored by Raman spectroscopy in situ as the temperature increases. The
similarities in the formation process of Si-XIII and
Si-IV strongly suggest the equivalence of the two
phases; however, at this time, the association of
the new phase with the hexagonal diamond silicon
is under consideration because of the rather low
temperatures of its formation and a completely different Raman spectrum (provided the published
spectra of Si-IV (Fig. 11) indeed represent this
phase). Further diffraction studies may help to clarify
this issue.
In addition to Si-XIII, the Raman spectrum in Fig.
20 clearly shows the presence of amorphous silicon and the traces of Si-III and Si-XII within indentation. With increasing temperature, the lines associated with Si-XII disappear and the lines of Si-XIII
become predominant in the Raman spectrum. This
process is accompanied by partial amorphization
of the metastable silicon phases. In fact, we always
observe the formation of amorphous silicon as an

Si-II
rapid

slow

Si-XII

Si-IX

Unloading

Intensity (a.u.)

λ = 514.5 nm

intermediate step before the final structural recovery to Si-I. At relatively fast heating rates, the first
traces of a-Si appear at ~150 °C as revealed by
Raman microspectroscopy. In the temperature range
of 150-250 °C, a-Si coexists with Si-XIII in indentations, with a continuous decrease in the relative
amount of Si-XIII as the temperature goes up. At
the same time, the Si-I line appears in the Raman
spectrum of silicon indentations at temperatures
above 150-200 °C, and its relative intensity increases
with further heating until the a-Si bands completely
vanish at ~600 °C. The entire process depends
strongly on the annealing time and starts at lower
temperatures when the heating rates are slow.
Fig. 21 shows a schematic of the phase transformations occurring in silicon under static contact
loading and during subsequent annealing. The initial and final phase is always Si-I, which is the only
thermodynamically stable phase at ambient conditions. Annealing greatly facilitates material’s recovery to the cubic diamond structure while a sufficient
time span is expected to have similar effect at room
temperature. We did not include the Si-IV phase
into the loading stage of Fig. 21 because its formation in the narrow ribbons around indentations is
related to the defect formation and is outside the
scope of this discussion. Note that the tetragonal
Si-IX phase, whose formation is expected under rapid
unloading in analogy to the high-pressure cell results [18], has not been observed to date in indentations. Among the other silicon phases, Si-IX has
the structure closest to the amorphous silicon [106]
and thus is believed to precede the formation of aSi at faster unloading rates. However, monitoring of
Si-IX may be complicated by its presumed low stability during the external probe characterization (a
similar st12 structure in germanium has been shown
to transform rapidly into a mixture of amorphous
and cubic diamond structures under the laser beam
[68,107]).
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Fig. 21. Schematic of the phase transformations
cycle in silicon under contact loading.
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Fig. 22. Characteristic events observed in the
depth-sensing indentation of silicon during unloading:
(a) pop-out; and (b) elbow. Indentations were
made at the loading rate of 3 mN/s with two
loading/unloading cycles to the same maximum
load of 50 mN.

Additional information on the phase transformations in Si during indentation can be obtained from
the experimentally measured applied load vs indenter
displacement curves. Following the pioneering work
of Pethica et al. [108], several groups extensively
applied the nanoindentation technique to the analysis of silicon behavior under static contact loading.
Pharr [109] first reported a sharp discontinuity in
the Si unloading curve (Fig. 22a) and established a
load threshold (5-20 mN) below which the pop-out
was no longer observed in indentation experiments
with a Berkovich tip. At peak loads below the threshold value, an elbow appeared in the unloading curve
and subsequent reloading revealed the broad hysteresis loops, suggesting the irreversible Si-I →
Si-II transition accompanied with a volume change
of 20% (Fig. 22b). Pharr argued that the discontinuity in the unloading curve was induced by formation
of deep lateral cracks around indentations [109].
However, TEM studies [24] of indentations made in
silicon under similar loads showed no evidence of

cracking, either lateral or radial/median. In general,
TEM results suggested that the appearance of both,
pop-out and elbow in the unloading segment was
due to the undensification or relaxation of some
portion of the amorphized material previously densified in the loading stage [110]. As no specific features were observed in the loading curve when the
Berkovich indenter was used, the transformation
apparently started immediately after the sharp tip
had contacted the material’s surface and occurred
continuously throughout the entire loading segment,
in agreement with the conductivity results already
discussed here [95,109].
On the other hand, indentation with spherical
tips is characterized by contact pressures significantly lower than those achieved in Berkovich indentation at the same load, and is thus expected
to reveal signs of the Si-I → Si-II transformation onset in the loading segment. Indeed, Weppelmann
et al. [52,111] and Williams et al. [112] observed
discontinuities in the loading curves in addition to
the pop-outs during unloading in their studies of Si
nanoindentations made with spherical-tipped indenters. Again, no evidence of cracking was found based
on the surface interferometry results and on the
analysis of material’s elastic compliance during loading and unloading [52]. Using Hertzian contact
mechanics and accounting for the material’s
elastoplastic behavior during indentation with spherical tips (Eq. (13)), Weppelmann et al. calculated
the pressures at which the discontinuities occurred
in the load-displacement curves of silicon as 11.8
GPa on loading and 7.5-9.1 GPa on unloading [52].
These values are very close to the Si-I → Si-II [9]
and Si-II → Si-XII [20] transformation pressures, respectively, obtained under quasihydrostatic conditions in the high-pressure cells. Such similarities in
the pressure values imply that the discontinuities in
the loading and unloading curves are indeed related
to the high-pressure phase transitions and not to
the dislocation nucleation (on loading) or the crack
formation or instant undensification of amorphous
material (on unloading) as suggested elsewhere
[109,110]. This is further supported by a recent direct observation of the Si-XII and Si-III phases in
silicon nanoindentations using Raman spectroscopy
[46] and TEM [100-102].
Finally, we performed Raman microanalysis on
a large set of Berkovich nanoindentations made in
(111) and (100) silicon at peak loads of 30-50 mN
and at the loading/unloading rates of 1-3 mN/s [113].
At these experimental conditions, either a pop-out
or an elbow in the unloading curve was observed
with approximately the same probability. In most
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Fig. 23. (a) Typical nanoindentation load-displacement curves, (b) average contact pressure vs
contact depth curves, and (c) the corresponding Raman spectra of the nanoindentations on silicon.
A correlation between a pop-out event and the formation of Si-XII and Si-III phases, as well as
between an elbow in the unloading curve and the formation of a-Si, is evident. Indentations were made
at maximum loads of 50 mN and under loading/unloading the loading/unloading rates of 3 mN/sec. After
Reference [113].

cases, the Raman spectra of indentations with a
pop-out in the unloading curve showed the presence of the Si-III and Si-XII phases only, while the
spectra of indentations with an elbow in the unloading curve revealed only amorphous silicon (Fig. 23)
[113]. A few indentations that showed a mixed response in the unloading curve (an elbow followed
by a pop-out), produced Raman spectra with the
lines of both a-Si and the metastable Si-III and SiXII phases (Fig. 23). Based on these observations,
the authors suggested that the pop-out during unloading is a consequence of a Si-II → Si-XII transformation, accompanied by a sudden volume release leading to the uplift of material surrounding
the indenter, whereas an elbow appears in the unloading curve as a result of the material’s expansion during slow amorphization of the metallic Si-II
phase.
The contact pressures in the point-force indentation can be quantified using the technique of
Novikov et al. [50] (Eq. (12)). This method was suc-

cessfully applied to retrieve the pm(hs) dependencies from the load-displacement data of Berkovich
nanoindentation experiments [46,50] and the pressures of ~12 GPa for the Si-I → Si-II transformation
on (re)loading [46] and 5-8 GPa for the Si-II → Si-XII
transformation on unloading [113] were obtained,
again favorably correlating with the high-pressure
cell results. The amorphization onset during unloading, revealing itself as a kink in the pm(hs) dependence (Fig. 24), has been determined to occur at
pressures slightly higher than 4 GPa [113]. The step
in the reloading curve at 8 GPa (Fig. 24) suggests
the terminal stage of the reverse transition to the
high-pressure Si-II phase.
Stress/strain and phase distributions around indentations can be monitored using a Raman imaging technique, which became available several years
ago after the development of a new generation of
Raman microspectrometers [114]. Assuming purely
elastic loading, Lucazeau and Abello [104] calculated the stress components around a Vickers in-
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Fig. 24. Hysteresis loop in the cyclic
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coordinates (second loading cycle).

dentation as functions of the radius to indentation
center R. The calculated hydrostatic pressure,

σ(R ) = −[ σ 1 (R ) + σ 2 (R ) + σ 3 (R )]

(20)

was then compared with the experimentally measured shift of the main Raman band of Si-I from its
equilibrium position [∆ω(R)]. The experimental pressures were found to be significantly higher than the
theoretical ones at intermediate distances from the
indentation center, which implied deviations from the
purely elastic case considered in the theory.
Stress fields existing around indentation can be
mapped using Raman tensometry, as Fig. 25 demonstrates for a 1-N Vickers microindentation on Si
[115]. Raman area mapping was performed by scanning the sample surface with a 1-µm laser spot and
collecting the Raman spectra in each point of analysis. Fig. 25c shows the typical spectra from the
indentation contact area and from the area well outside the residual imprint. A map of the position of
the Si-I band is given in Fig. 25b. A conversion factor of –3.2 cm-1/GPa [104] was used to quantify the
residual stresses because the stress field around a
Vickers indentation has been shown to have two
components of stress parallel to the surface. The
first one is a radial compressive stress, and the
second one is a hoop stress. Additionally, the radial cracks emerging from the imprint corners contribute to stress relaxation and result in a characteristic flower-like stress map (Fig. 25b). In general,

Fig. 25. Raman maps of (a) the distribution of the Si-XII phase and (b) residual stresses around a
1-N Vickers indentation on Si. The corresponding Raman spectra are shown in (c). A uniaxial loading
was assumed and a conversion factor of -3.2 cm-1/GPa was used for the quantification of stresses.
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Fig. 26. Schematics of (a) the indentation sliding and (b, c) ultraprecision cutting. Ft  thrust force;
Fc  cutting force; F  resultant force acting on the sample.

the stress field around Vickers indentation is in good
agreement with the calculated stress isobars [43],
and gives the highest value of a compressive stress
experienced by the sample to be 0.7 GPa.
To produce a map of the amount of Si-XII phase
(Fig. 25a), the area under the 350 cm-1 band was
normalized in each point to the area under the Si-I
band at 520 cm-1. Such normalization allowed to
account for the overall decrease in signal intensity
in the indented area due to the variations in surface
morphology. The map in Fig. 25a shows that almost no residual Si-I remains in the center of an
imprint after the indentation test. The transformed
region is well confined within the contact area, and
the amount of Si-XII diminishes gradually toward the
imprint border.
The damage introduced into the sample by indenter intrusion may lead to additional broadening
of the Raman bands due to strain and/or defects. In
particular, the Raman mapping of the Si-I band full
width at half maximum (FWHM) may reveal the subsurface lateral cracks around indentations in silicon, that are not apparent in the optical images
[115,116].

4. PHASE TRANSFORMATIONS IN SI
DURING DYNAMIC LOADING
4.1. Scratching and ultraprecision
cutting
In this section, we consider a single hard asperity
loaded statically and then translated across the

sample surface at a steady speed. The two operations involving dynamical contact between a single
asperity and the specimen are scratching – that is,
sliding of the hard indenter/stylus across the sample
surface (Fig. 26a), and ultraprecision cutting – that
is, removal of workpiece material using an inclined
tool with a large edge radius relative to the depth of
cut (Fig. 26b), or a sharp tool with a negative rake
angle (Fig. 26c). In ultraprecision cutting, the clockwise rotation of the resultant force vector F leads to
the formation of chips ahead of the tool rather than
debris alongside the grooves, typical for indentation
sliding. In both cases, however, the material may
be removed in a ductile regime that involves plastic
flow (severely sheared chips or debris), without introducing fracture damage (propagation and intersection of cracks) into the machined surface.
The possibility of cutting brittle materials in a
ductile regime was originally proposed by Blake and
Scattergood [117]. The authors investigated singlepoint diamond turning (Fig. 27) of silicon and germanium in order to specify the experimental conditions that would lead to material removal by plastic
flow. Tool rake angle (Fig. 26c) appeared to be the
most important factor: critical chip thickness for transition from brittle to ductile regime increased by an
order of magnitude (up to ~ 200 nm) for rake angles
ranging from 0 to –30 °.
Transmission electron microscopy studies of the
grooves made in the polished silicon wafers ((001)
and (111) orientations) with conical [119] and pyramidal [120] diamond indenters showed the presence
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Fig. 27. Single point diamond turning using a
round-nose tool. After Reference [118].

of a thin layer of amorphous material along the
grooves, with a lightly dislocated/median-cracked
region just beneath the amorphous layer. The
amorphized zone was apparently equal to the contact area, and under given experimental conditions
(10-20 mN maximum loads), it extended to the
depths of 150-200 nm below the sample surface.
Similar TEM analysis of the cutting chips and a finished surface of the (100) Si wafer subjected to
ultraprecision cutting [121] also revealed the amorphous nature of the produced chips and the machined surface, with no signs of microcracking or
dislocation activity within the cutting grooves.
Tanikella et al. [122] performed Raman
microspectroscopy analysis of the grooves made
in (100) Si with a Vickers indenter, below the crack-

ing threshold of ~50 mN (verified by the absence of
acoustic emission). Within the groove, the material
appeared amorphous, whereas the spectra taken
from some debris along the groove flanks showed
an additional asymmetric peak, suggesting the existence of nanocrystalline Si-I domains within the
less dense amorphous phase, in agreement with
previous TEM results obtained on germanium [123].
Similar results were obtained by Pizani et al. [124]
on a (100) Si wafer subjected to single-point diamond turning in ductile mode. Raman characterization of the machined surface using three different
excitation wavelengths showed that the intensity
ratio of the amorphous-to-crystalline peaks was independent on the penetration depth of the laser light,
indicating that the region sampled by the light was
composed of Si-I microcrystallites dispersed in the
amorphous media [124].
A comprehensive study of Si response to
scratching has been performed by Gogotsi et al.
[125]. A single point diamond turning machine was
used to make grooves in (111) silicon wafers at room
temperature. Both sharp (Vickers) and blunt
(Rockwell) diamond indenters were used for scratching. The depth of cut was increased gradually to
monitor the transition from ductile to brittle regime
of material removal. Post-scratching phase and
stress analysis was done by means of Raman
microspectroscopy, and the grooves morphology
was characterized by scanning electron microscopy,
atomic force microscopy, and optical profilometry.
Fig. 28 shows the SEM images of a scratch produced using the Vickers (sharp) indenter. The periodic features within the groove (Fig. 28a) mark the
intermittent shear bands formed ahead of the in-

Deformation
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Ductile
chips
Microcracks
2 µm
(a)

3 µm
(b)

Fig. 28. SEM images of scratches produced in (111) Si by a sharp Vickers indenter. Silicon exhibits
(a) ductility on a microscale and (b) brittle fracture at the depth of cut beyond the critical value.
Scratching direction from left to right.
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Fig. 29. AFM image of a scratch produced on Si
by the spherical tool. Micro-ridges 3 and 4 were
formed between ridges 1 and 2. The orientation
and number of ridges change along the scratch.
Scratching direction from bottom to top.

denter [122] and suggest a ductile deformation
mode. Beyond some critical deformation value, the
formation of microcracks starts (Fig. 28b) as a way
to release the elastic energy stored in the lattice.
For the experimental conditions of Reference [125],
the critical depth of cut corresponding to
microcracking onset constituted ~250 nm for both
sharp and blunt indenters. The grooves produced
using a Rockwell (blunt) indenter exhibited even more
interesting morphological features. The AFM image
in Fig. 29 reveals three to five microridges within the
groove. The direction of the ridges changes along
the scratch: ridges 1 and 2 deviate at a certain position, and then two new ridges 3 and 4 form. This
phenomenon was not a result of tip irregularities,
because in that case the pattern would have remained unchanged along the full length of the groove.
However, if the plastic flow is accommodated via
pressure-induced transformation into a metallic silicon phase (Si-II), then the shape of the deformation
bands is dependent on the local conditions for transformation, and the surface uplift due to the reverse
transformation of metallic Si-II produces complex
groove morphologies similar to those in Fig. 29.
The Si-I → Si-II transformation during scratching
is further confirmed by Raman microspectroscopy.
The typical spectra taken from the areas within the
grooves show the presence of the r8 (Si-XII) and
bc8 (Si-III) polymorphs of silicon (Fig. 30a). The
debris/chips produce Raman spectra with a “doublepeak” feature (Fig. 30b), indicative of the hexagonal
Si-IV phase or nanocrystalline material. The beginning portions of the grooves (at small depths of cut)
are mostly amorphous (Fig. 30c). This perfectly
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700

Fig. 30. Typical Raman spectra from various
points in the scratches made in silicon: (a, c)
contact area within the groove; and (b) debris
along the groove flanks.

correlates with the observations of static contact
loading, when rapid unloading from the metallic SiII phase was leading to the formation of amorphous
silicon, whereas slow unloading produced the mixture of the Si-III and Si-XII phases (see Fig. 21). In
the scratch experiments of Reference [125], the
cutting speed was kept constant. At small depths
of cut, the residual stresses were relatively small.
This was leading to a faster stress release than at
large depths, when significant residual stresses and
the constraint of surrounding material resulted in a
slow reverse transformation of Si-II. Therefore, a-Si
was found in the beginning of the groove at small
depths of cut, and Si-III and Si-XII at larger depths of
cut.
Silicon response to scratching in the ductile regime is thus envisaged in the following fashion.
Highly localized stresses underneath the tool lead
to the formation of the metallic Si-II phase, which
deforms by plastic flow and subsequently transforms
into a-Si or a mixture of Si-III and Si-XII behind the
tool. These reverse phase transformations, accompanied by a ~10% volume increase, are at least
partly responsible for the complex groove morphology after the load is removed. The amount of Si
polymorphs in the groove made with a spherical indenter was much higher compared to their amount
in the groove made with a pyramidal indenter, which
is probably due to the fact that most of the transformed material was displaced (squeezed out) to
the flanks of the groove by indenter edges in the
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Fig. 31. Surface profiles of scratches in Si obtained using an optical profilometer. A high ratio of
height of pile-up to depth proves the significant ductility of silicon under the tool. (a) Pyramidal tool;
depth/width = 0.05; height of pile-up/depth = 0.89. (b) Spherical tool; depth/width = 0.016; height of
pile-up/depth = 0.24.

latter case. This is in agreement with optical
profilometry results that revealed much higher pileups on both sides of the groove after scratching with
a pyramidal tool (Fig. 31). No debris or chips were
produced using a blunt tool: most of the material
was compressed and transformed to denser polymorphs in this case.
The residual stresses in the grooves have also
been assessed by means of Raman microspectroscopy [125,126]. Fig. 32 shows the stress distribution across the scratch made in silicon with a pyramidal tool by gradually increasing the contact depth
[125]. Four different crosssections were selected,
each representing a characteristic portion of the
groove. Scan 1 in Fig. 32 was acquired from the
beginning part of the groove, at minimal depths of
cut preceding the formation of ductile debris and
chips. Scan 2 corresponds to the region of ductile
chip removal along the groove, whereas scans 3
and 4 both represent the fractured groove, in the
areas of microcracking and brittle chipping, accordingly. Clearly, residual stresses increase with the
depth of cut. However, above the critical depth of
cut, the formation of cracks leads to local strain
relaxation and as a result to significant stress variation across the groove (scans 3 and 4 in Fig. 32). At

the same time, the highest residual stresses exist
in the vicinity of pile-ups along the groove flanks.

4.2. Machining
The production of silicon wafers with near-perfect
surface quality requires a series of manufacturing
processes [127]. Once a wafer is sliced from a bulk
Si ingot it undergoes lapping, and/or grinding. Both
processes introduce a certain amount of lattice damage in the near-surface wafer regions. Typically, this
damage is removed by chemical etching. New developments in grinding technology aim at skipping
the costly and environmentally critical etching step.
In such a case, the final mechano-chemical polishing step would follow after high-quality grinding.
Wafer edges also need special processing including grinding, etching, and polishing. In order to create external gettering capability, wafers can be intentionally damaged on the wafer backside. In such
a case, quartz particles can be used as abrasives.
Depending on the final device application, further
wafer manufacturing steps may follow after polishing, such as epilayer deposition or annealing treatment. In any case, it is of utmost importance to
assure a high surface quality of the wafer frontside.
This requires consistent control and improvement

Phase transformations in silicon under contact loading

25

-1

Si-I band position (cm )

1.5
524
1.0
522

4

0.5

3

Compressive stress (GPa)

2.0

526

4

3

0.0

2
-20

-10

0

10

microcracks

2
ductile
chips

1
520

brittle
chips

1

20

Distance across the scratch (µm)

Fig. 32. Raman line scans across the groove in Si showing the increase in residual compressive
stress with the depth of cut.

of the sequential processing steps as described in
the foregoing text.
Independently of a particular type of machining
operation used for brittle materials, the process involves contact loading of multiple abrasive particles
against the work surface of the specimen. Each of
the particles may be regarded as a single asperity
in dynamical contact with the specimen surface, in
a way similar to indentation sliding and single-point
cutting discussed in the preceding section. The tool
rake angle together with the effective depth of cut
turned out to be the key factors in attaining ductile
regime cutting of brittle materials [117]. The same
parameters are expected to be determinative in the
selection of machining conditions that would inhibit
brittle fracture in work materials. In the process of
abrasive machining, although one cannot identify
definite rake angles as they have an unknown distribution and vary continuously during the process
due to wear and friability (self-sharpening action) of
the abrasive, it is generally accepted that the tool
presents a large negative rake as high as –60 º [128]
and the radius of the tool edge has an action similar
to that of an indenter. However, it is necessary to
understand that during machining, the work surface
of the specimen is in contact with numerous abrasive particles at the same moment and those cause
different contact pressures and produce different
depths of cut due to their different shapes and sizes.
Thus, phase transformations, plastic deformation,

and brittle fracture may occur simultaneously, and
the particular machining conditions determine which
of these processes is predominant.
Following the pioneering research on ductile-regime grinding of brittle materials [129], much effort
has been put toward understanding the mechanism
of ductility as well as characterizing machined surfaces of silicon [130-134]. High-resolution TEM
analysis of nanomachined Si surfaces [132] suggested that dislocation networks and slip planes in
Si-I accommodate plastic flow; no evidence of metastable Si phases or amorphous material in the subsurface zone was given. Early Raman microspectroscopy results [131] indicated the presence of
nanocrystalline material in the vicinity of the wafer
surface, with the size of the crystallites ranging from
3 to > 30 nm depending on the machining (lapping)
conditions. Detailed Raman microspectroscopy
studies of Si wafers subjected to various machining
operations (viz., slicing, lapping, quartz back-damaging, edge grinding, and dicing), as well as of the
wear debris collected during dicing of Si wafers, were
performed recently by Gogotsi et al. [133]. The
Raman spectra taken from various points of machined Si surfaces fall into the three categories presented in Fig. 30, although with the characteristic
features which are less pronounced than in the case
of scratching. Nevertheless, a mixture of Si-III and
Si-XII phases, Si-IV or nanocrystalline Si, and amorphous material are all found on machined Si sur-
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Fig. 33. Raman maps of the surface of a lapped
Si wafer [132]. (a) Optical micrograph. (b) The
ratio of transformed Si (amorphous material and
metastable phases) to pristine Si-I. (c) The
same, after the wafer surface was chemically
etched and all of the transformed phases were
removed. Lighter areas in (b) and (c) correspond
to a higher content of transformed material.

faces. Fig. 33b shows a typical optical image of the
rough wafer surface after lapping. The amount of
transformed material in the wafer surface was estimated from the intensity ratio between the signal in
the range of 330 – 515 cm-1 and the signal in the
range of 516 – 525 cm-1 (Si-I line). Fig. 33c shows
the distribution of the transformed phases in the wafer
surface of Fig. 33a. Areas where lapping resulted in
material removal via brittle fracture show a predominant presence of Si-I (dark areas in Fig. 33 b, c);
the lighter areas in Fig. 33b correspond to the transformed material. However, after chemical etching,
the surface is pristine without residual stresses and
does not display any significant intensity of phases
other than Si-I (Fig. 33c). Hence, sufficient etching
removes the damaged and/or transformed layer completely.
A nonuniform stress distribution exists on the
surface of quartz back-damaged Si wafers (Fig. 34).
The surface is mostly under residual compression,
with significant variations across most areas [133].
However, no evidence of the phases other than Si-I

Fig. 34. Raman map of residual stress distribution
on the surface of a Si wafer that had been backdamaged with quartz grit. After Reference [133].

is revealed by Raman microspectroscopy in this
case.
Examination of the cut surface of diced Si wafers (Fig. 35) shows that the differences in the lateral pressure applied to different sides of the cut
and/or asymmetry of the cutting edge of the diamond saw lead to different machining conditions on
each side of the cut. One of the cut surfaces (Fig.
35a) exhibits a relatively small amount of new
phases, mostly amorphous silicon (Fig. 35c). In
contrast, on the other side of the cut (Fig. 35d), the
metastable Si-III and Si-XII phases are found in large
quantities compared to Si-I (Fig. 35f). This clearly
demonstrates that the phase composition of the
wafer surface can be controlled by changing the
machining parameters.
Similar results were obtained on Si wafers subjected to two different regimes of edge grinding [135].
In this case, the Raman spectra were acquired in
each point along a 0.5-mm line on the wafer edge
with a step size of 10 µm. Positions of the scan
lines relative to the wafer edges are shown with dots
on the optical micrographs (insets in Fig. 36a). The
distribution of Si-XII phase across the wafer edge
measured as a normalized area of a band at 350
cm-1 in shown in Fig. 36a. Almost no Si-XII is observed after machining in Regime I, implying that
the major mechanism for material removal in this
case was brittle microfracture. As a result, the distribution of stresses on the wafer surface is rather
broad (Fig. 36b), with high localized tensile stresses
tens.
( σ max = 400 MPa ) that may lead to surface
microcracking during operation and hence decrease
wafer reliability. In contrast, a significant amount of
Si-XII phase is observed in the surface of the wafer
edges subjected to machining in Regime II (Fig. 36a).
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Fig. 35. Two sides of the adjacent cut surfaces of a diced Si wafer: (a, d) optical images; (b, e)
typical Raman spectra; and (c, f) intensity ratio maps, I330-515/I516-525. After Reference [133].

This suggests that the Si-I → Si-II transformation
occurred during machining, which is beneficial for
the following reasons: (i) Si-II is ductile and can be
easily removed by a moving hard tool or abrasive
grain with the minimal tool wear; and (ii) it can be
removed without damaging the underlying semiconducting silicon, thus resulting in minimal surface
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damage. Indeed, the stress distribution on the wafer surface subjected to edge grinding in Regime II
is much narrower, with the maximum tensile
stresses of only 90 MPa (Fig. 36b).
These results show that the mechanical operations involving high contact pressure between the
tool and the machined Si surface may lead to pres-
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Fig. 36. Raman imaging of Si wafers subjected to two different regimes of edge grinding: (a) optical
micrographs, (b) amount of Si-XII phase, and (c) the distribution of residual stresses across the edges.
Dotted lines in the insets represent the points of analysis. Amount of Si-XII was estimated by the
relative intensity of the line at 350 cm-1 with respect to the line of Si-I at 520 cm-1. A conversion
factor of -3.2 cm-1/GPa was used for the quantification of stresses. After Reference [135].
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Fig. 37. Schematics of the two regimes of abrasive machining: (a) ductile removal of material via
pressure-induced metallization in the surface layer; and (b) brittle fracture.

sure-induced phase transformations. As Si-III and
Si-XII can be formed only via metallic Si-II, the presence of these phases in the machined surface suggests the formation of metallic silicon beneath the
tool in the machining processes under study. Thus,
metallization and further transformation into various
polymorphs of Si occur along with brittle fracture
and plastic deformation. Slicing from an ingot is the
first fabrication process that results in heavy mechanical damage. The lapping process involves highpressure contact between abrasive grains and the
Si surface. The bulk of the layers damaged during
slicing would be removed here in the lapping process. Nevertheless, many regions of transformed
phases and residual stress persist and a new transformation layer may be produced during lapping.
When the wafer edge is ground by a diamond tool,
again, the surface is exposed to high pressure. As
a result, many transformed phases were found along
the edge. However, chemical etching removes the
layers of transformed phases and residual stress,
both in the top surface and edge surface.
Brittle fracture leaves damages to the underlying layers as deep as 5 - 10 µm due to crack propagation (Fig. 37a). In the case of ductile removal of
the metallic phase, the underlying layers do not have
fractures because the ductile, metallized Si layers
are scraped off (Fig. 37b). When the metallization
induced by high contact pressure occurs on the Si
surface, the metallic layers are significantly thinner
than 1 µm in depth and the remaining transformed
layer is only 100 - 200 nm in thickness. Therefore,
a substantial amount of time and chemicals could
be saved during subsequent etching to remove damaged layers if the depth of etching is reduced from

25 µm to, for example, 1 – 2 µm. The major hurdle
in development of this approach is in the techniques
of monitoring and controlling the metallization of silicon, and whether it is feasible to establish the machining conditions so as to remain within the ductile regime mediated by metallization without
microfractures.
Such tasks are feasible with Raman microspectroscopy. Optimization of machining conditions in
this case can be done in the following way. After
applying the different conditions of a given tool operation (feed rate, spindle speed, applied load, etc.),
the finished surface is scanned with a Raman spectrometer to yield maps of stress and phase composition with their relative ratios. Mapping will continue
after etching away series of surface layers to determine the depth of damage. Finally, the maps will be
compared to determine the optimum level of ductile
machining condition that yield the most metallization in the absence of fracture and at minimal residual stresses. This approach may help to select
the optimum machining conditions, as well as minimize etching depth and time.

4.3. Sliding friction and wear
Tribological properties of silicon have received extensive attention recently due to their outmost importance for machining and microelectromechanical
systems (MEMS) applications. Mishina [136] studied the tribochemical interactions during sliding friction and wear of silicon in contact with several pure
metals and established that the chemical affinity
and the Schottky barrier height between the metal
and the semiconducting silicon were key factors in
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Fig. 38. SEM images of the worn Si surface
after friction in air during 1 min under 1 N load
and 0.005 m/s linear sliding speed: (a) general
view; (b) magnified image of Area A showing
plastic deformation and possible seizure.

their contact interaction. Park et al. [137] investigated the transition from brittle to ductile deformation mode in sliding of single-crystal silicon wafers
against a partly stabilized zirconia ball at various
temperatures and established by means of SEM
the formation of cracks at 25 °C and 300 °C, and
dislocation arrays at 600 °C in the subsurface layer
of the affected material. It was inferred [137] that
the change in deformation mode from brittle fracture to plastic flow accounted for the differences in
wear and was probably related to thermal activation
of dislocations as the temperature increased (see
Fig. 15).
Zanoria et al. [138-140] observed the formation
of cylindrically shaped wear debris (“rolls”) during
sliding of a polycrystalline silicon ball against a silicon wafer. Further TEM analysis revealed that the
rolls were composed of amorphous silica, which was
related to Si oxidation during preparation of the flat
and the ball and/or during experiments in humid
environments. The presence of the SiO2 rolls at the
interface contact effectively reduced the friction and

(c)
200

300
400
500
-1
Wavenumber (cm )

600

Fig. 39. Raman spectra recorded from the Si
wear tracks after dry friction against a Si3N4 ball:
(a, b) area of mostly brittle fracture (Γ, Χ, and L
denote the high-symmetry points in the Brillouin
zone), (c) plastically deformed area (Area A in
Figure 38).

wear rates and helped to maintain them at low steady
state values.
Using Raman spectroscopy as a primary characterization tool, Kovalchenko et al. [141] investigated the possibility of the metallization of Si during tribological experiments. Standard ball-bearing
silicon nitride balls (9.55 mm in diameter) were
rubbed against single-crystal silicon wafers at linear velocities of 0.4 to 30 mm/sec. Such low values
of linear velocities were selected in order to diminish the extent of frictional heating and thus to suppress possible tribochemical reactions. Variable test
duration allowed investigation of the wear tracks on
silicon after 1 to 300 runs under loads of 1 to 20 N.
Applied load and the number of runs appeared
to be the important parameters which determine the
mechanism of Si wear during tribological experiments. SEM images of selected areas within the
wear track on silicon subjected to an interrupted 5run friction test (applied load 1 N) clearly revealed
evidence of some plastic deformation and seizure
(Fig. 38). The Raman spectra taken from the corre-

30

V.Domnich and Y.Gogotsi
0 .5

0
75

125

175

225

275

325

375

425

475

525

-0 .5

(a)

-1
-1 .5
-2

-2 .5

1 µm

-3

50 µ m

-3 .5

0.5

-4

0
75

12 5

17 5

22 5

27 5

32 5

37 5

42 5

47 5

52 5

(b)

-0 .5
-1
-1 .5
-2
-2 .5

1 µm

50 µ m

-3
-3 .5
-4

Fig. 40. Surface profiles of the wear tracks on
silicon plates after friction against a Si3N4 ball
under condition of (a) boundary lubrication and
(b) dry friction at a 5 N load.

sponding areas (Fig. 39) have pronounced features
associated with amorphous Si (broad bands around
160 and 470 cm-1) and the crystalline Si-III and SiXII phases (bands at 350 and 435 cm-1), the presence of which in the wear tracks suggests partial
pressure-induced metallization of Si during the open
air friction tests similar to other types of contact
loading already discussed here. In particular, the
appearance of the plastic extrusions in the wear
tracks (Fig. 39) is commonly attributed to the formation of a ductile metallic Si-II phase and its plastic flow under a moving Si3N4 ball.
With increasing load and/or sliding time, the
brittle character of the Si wear in open air becomes
more pronounced and ultimately completely prevails
over the pressure-induced metallization features. A
single line of Si-I, shifted from its unstrained position at 520 cm-1 due to the presence of residual
stresses within the wear tracks, is dominating the
typical Raman spectra of Si after 300-runs tests,
although some minimal traces of amorphous Si and/
or Si-III/Si-XII phases are still observed (Fig. 38b).
Certain points along the wear tracks display a split
Si-I peak resulting from the complex stress state
associated with cracking (Fig. 38b). These observations suggest that the transformed layer formed
at early stages of the friction test is later removed
due to wear by augmenting brittle failure.

It is important to note that in the open air experiments of Kovalchenko et al. [141], the surface oxidation did not affect significantly the friction process.
This was confirmed by the fact that similar tests in
nitrogen atmosphere showed that the friction and
wear behavior, as well as the morphology and composition of the worn surfaces, were not noticeably
different from the open air tests.
The use of grease as lubricant in sliding contact
experiments leads to an increase in the load threshold necessary for brittle fracture, with the deformation of silicon at lower loads being mostly elastic.
However, this has only minor effect on the amount
of metallization occurring during the friction tests in
this case. SEM images of the wear tracks on silicon look similar after the experiment with and without grease lubrication, but the areas displaying
amorphous silicon on the worn surfaces are more
often observed in the presence of grease.
The friction and wear behavior of silicon undergoes more significant changes under the boundary
lubrication conditions, when the entire Si – Si3N4
assembly is immersed into the oil-filled bath. Optical profilometry results show that the wear scars
on silicon nitride balls were different from those reported for dry and grease-lubricated cases: the volumetric wear of the Si3N4 ball side was negligible in
the case of boundary lubrication. Thus, only silicon
was worn out during the sliding contact. The optical
profiles of the wear tracks on silicon wafers reveal
round wear scars matching the spherical shape of
the silicon nitride balls (Fig. 40). This observation is
in contrast with the results of the dry-air and greaselubricated experiments when a truncated sector of
the material was removed from the ball surfaces as
the result of wear.
Raman spectroscopy indicates that under boundary lubrication conditions and the sliding velocities
of 30 mm/sec, the surface layer of the wear tracks
consists mostly of amorphous material (Fig. 41).
The band of Si-I (520 cm-1) is effectively suppressed
as compared to the bands of a-Si (160, 300, 390,
and 470 cm-1), and in many cases is hardly distinguishable in the Raman spectra of the wear tracks
(Fig. 41c). Further, SEM analysis reveals that the
wear surface of silicon, especially at low loads, is
completely covered by a smooth layer with only
negligible signs of cracking (Fig. 42). Also, clearly
seen in Fig. 42a is the plastic flow of the material
under the tool. The cavities on the silicon surface
start to appear after reaching the load of 5 N. From
the SEM images (Fig. 42b), noticing the regularity
and parallel orientation of the cracks, we can affirm
that these cracks initiated along the crystallographic
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Fig. 41. Typical Raman spectra of amorphous
silicon recorded from the wear track on silicon
after friction against a Si3N4 ball under condition
of boundary lubrication, showing an increasing
content of a-Si from (a) to (c).

planes. Also, it is evident that the cause for cracking in this case is the increased normal force, which
increases contact pressure accordingly, in contrast
to friction without lubrication where the main cause
for cracking was the high tangential force.
Thus, the predominant wear mechanism of Si
under boundary lubrication involves the formation of
a layer consisting of the metallic Si-II phase, which
deforms by plastic flow under the Si3N4 ball and
subsequently transforms into a-Si when the load is
withdrawn. Further runs lead to the removal of amorphous silicon and initiation of a new transformation
cycle.
The results of Kovalchenko et al. [141] demonstrate that the pressure-induced metallization of silicon is a common phenomenon during tribological
applications when favorable experimental conditions
are met. Fig. 43 shows the time dependencies of
the friction coefficients of Si corresponding to the
tests made under various lubrication conditions.
Boundary lubrication produces a uniform stress distribution under the pin ball which suppresses brittle

(a)
Fig. 42. SEM images of (a) the amorphous layer
on the worn surface of silicon after friction in
contact with silicon nitride under condition of
boundary lubrication at 1 N load and (b) the
cracked (001) Si-I in the central part of the wear
track made at 10 N loads.

fracture and facilitates the Si-I → Si-II transformation. As a result, the sliding Si surface is covered
with a thin layer of plastically deformed transformed
material with an estimated submicrometer-range
thickness, leading to significantly reduced wear rates
of Si. In contrast, dry friction or friction with a limited lubrication is accompanied by brittle fracture
that results in a much thicker microcracked region
to be removed by the pin ball and therefore in much
higher wear rates. However, even in the latter cases,
small amounts of the transformed material were revealed by Raman spectroscopy within the wear
tracks suggesting pressure-induced metallization of
Si in the localized areas with favorable stress concentrations.

5. CONCLUSIONS
 Contact loading of silicon in a real environment is
a complex process that includes material fracture, deformation, mechanochemical interactions
and phase transformations. These processes
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must be considered together because of existing synergy between them. None of the current
classical fields of research, such as tribology or
contact mechanics, addresses the complexity
of the topic. Thus, a new area of research is
emerging that we suggest calling “high-pressure
surface science”.
Phase transformations under contact loading
need a more detailed investigation. Both, static
and dynamic interactions between silicon and
other hard surfaces may result in phase transformations. Hydrostatic and deviatoric stresses
must be taken into account and phase transformations in contact loading can be described as
deformation-induced transformations. At the
same time, the transformation pressures for silicon obtained in indentation tests are in good
agreement with the results from high-pressure
cell experiments, which utilize hydrostatic loading.
Silicon has been studied more thoroughly than
other semiconductors. The sequence of phase
transformations that occur upon loading, unloading and subsequent thermal treatment has been
identified. However, even for this most common
and simple elemental semiconductor, not all issues concerning identification of new phases,
transformations mechanisms, and transformation paths have been resolved.
Raman microspectroscopy is the fast and powerful tool for analysis of phase transformations
in contact loading. It can additionally provide information on residual stresses and/or chemical



changes in the surface layers. However, limited
databases of Raman spectra and difficulties with
the interpretation of Raman data, as well as low
accuracy of existing predictive tools for calculations of Raman spectra of solids, make it necessary to complement Raman microspectroscopy with electron or X-ray diffraction studies.
It has been established that hardness of silicon
at room temperature is controlled by the phase
transformation (metallization) pressure. Information on the phase transformations in the surface
layer of silicon upon contact interactions is very
important for understanding the mechanisms of
wear and contact damage that occur in many
industrial processes. Until recently, only mechanical or tribochemical processes have been
considered responsible for damage of sliding
parts. Similar problems exist in electronics,
where local pressures of up to 10 GPa were
measured under a spreading resistance probe.
Better understanding of interactions between the
tool and the work piece may lead to improved
machining techniques and help to identify regimes for ductile machining of silicon.
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