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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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1. INTRODUCTION

End of the 20th century if often called The Silicon
Age because silicon based electronics changed our
world by enabling development of telecommunica-
tion and computer systems. It is believed that sili-
con will remain the main electronic material in the
21st century [1]. Moreover, silicon has found new
energy-related applications in solar cells and me-
chanical applications in micro-electro-mechanical
systems (MEMS) [2]. MEMS accelerometers have
already penetrated into our cars and saved lives to
many people by opening air bags. Silicon is becom-
ing the main material for making miniature machines
ranging from microturbines to mirror arrays and flu-
idic chips. It is not surprising that with all these ap-
plications existing and many others envisioned sili-
con is the most studied material with thousands of
new papers being published annually. However, there
are still large gaps in silicon literature. For example,
Si response to contact loading has not been reviewed
in the literature. Lack of such reviews makes it diffi-
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cult to get a broad picture of how Si behaves in
indentation, machining or other contact loading situ-
ations.

In majority of mechanical applications of materi-
als, their surface experiences a contact with an-
other 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 re-
view with that kind of interactions. The thickness of
the surface layer affected by the external mechani-
cal forces ranges from nanometers to micrometers.
Thus, in our case, the definition of “surface” is differ-
ent 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 in-
teraction 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 mecha-
nochemical alteration of the material surface. Sur-
face reconstruction and other processes that occur
in the outermost atomic layer of silicon have been
described in detail elsewhere [3] and are not cov-
ered here.

At this point, it is important to define what we
understand under “hardness”. Hardness is the re-
sistance of a material to penetration of a hard in-
denter. 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 com-
plexity of processes that occur upon interaction of
silicon with the indenter. This paper will show that
the processes other than dislocation-induced duc-
tility (plastic deformation) can be involved in defor-
mation 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 trans-
formation 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 sili-
con under contact loading such as indentation with
hard indenters or scratching, grinding, milling, etc.
Contact loading is one of the most common me-
chanical impacts that materials can experience
during processing or application. Examples are cut-
ting, 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. Si-
multaneously, processes of plastic deformation, frac-
ture and interactions with the environment and
counterbody can occur. The research area dealing
with these processes is called High Pressure Sur-
face Science [4].

1.1. High-pressure phases of silicon

At atmospheric pressure, silicon has a cubic dia-
mond structure (space group Fd3m) up to the melt-
ing temperature [5]. Conventionally, this phase is
labeled Si-I. At elevated pressures, 11 other crys-
talline phases of Si have been identified by calcula-
tion and from pressure cell experiments [6]. Of in-
terest for our studies are the phases referred to as
Si-II (β-tin structure, space group I41/amd) [7-9], Si-
III or bc8 (body-centered cubic structure with 8 at-
oms per unit cell, space group Ia3) [9-11], Si-IV or
hd (hexagonal diamond structure, space group P6

3
/

mmc) [10; 12-17], Si-IX or st12 (tetragonal struc-
ture 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 ad-
dition, amorphous silicon (a-Si) has often been ob-
served within indentations [21-24] and should be
taken into consideration.

Pressurization experiments indicate that under
nearly hydrostatic conditions, the Si-I → Si-II tran-
sition 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 depend-
ing on pressure release conditions. In stepwise slow
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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 gradu-
ally, 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 transfor-
mation 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 sub-
strate after thermal spraying experiments [27].

The lonsdaleite Si-IV phase can be obtained ei-
ther from the metastable Si-III phase after heat treat-
ment at 200-600 °C [10; 13; 14] or from Si-I after
plastic deformation at elevated temperatures (350-
700 °C) and under confining pressure [12; 15]. The
Si-I → Si-IV transformation is closely related to de-
formation twinning and was described as a marten-
sitic transformation taking place at twin-twin inter-
sections or after secondary twinning [15-17].

The relative volumes of various Si phases as func-
tions of pressure are shown in Fig. 1. The Si-I → Si-
II transformation is followed by ~20% densification
of the material [8; 9; 30]. The equilibrium Si-III struc-
ture 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 transi-
tion leads to ~9% volume expansion, with the
remainining ~2% recovered during the gradual Si-
XII → Si-III transformation at low pressures. No vol-
ume-pressure data is available for the Si-IX phase,
formed upon rapid decompression from Si-II. How-
ever, 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 for-
mation of Si-IX. Finally, the hexagonal diamond Si-
IV 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 con-
tact loading is complicated because of such pos-
sible 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 (pyra-
midal and conical) and spherical indenters. Corre-
spondingly, Boussinesq and Hertzian stress fields
will describe point-force and spherical indentation
in the case of purely elastic loading (Fig. 3). To ac-
count for possible elastic compliance of the indenter,
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a reduced elastic modulus Er is introduced as de-
fined through the following relation [37]:

1 1 12 2

E E E
r

i

i

=
−

+
−ν ν

,  (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-

(a) (b) (c) (e)(d) (f)

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.

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].

tic contact. As a result, nonlinear, inelastic defor-
mation 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 tetra-
hedral pyramid into the half-space [38], which is
equivalent to Vickers indentation. For linearly elas-
tic 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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(a) (b)

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 im-
print 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 sub-
jected 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]:

p

Y

E Y
m = +

+ −

−
F
H

I
K

L
NM

O
QP

2

3
1

4 1 2

6 1
ln

/ cot ( )

( )
.

ψ ν

ν
 (3)

This equation applies to geometrically similar in-
dentations, 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 re-
placed 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-

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].

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 re-
lated to the plastic work dissipated to heat in the
core is added:

p

Y

E Y
m = +

−
+

L

N
M

O

Q
P

2

3
1

12 1
ln

/ cot

( )
,

π ψ

ν
α  (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 trans-
formations during indentation is possible in the fol-
lowing way. If the transformed layer is thin, the
stresses under the indenter will not change notice-
ably after the transformation. If a metallic phase is
formed, it can be modeled as a liquid and the distri-
bution 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 uni-
form 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]:

p

Y

E

Y E p Y

m

pt

= +

− + −
+

O

Q
P

2

3
1

12 1 4 3 2
ln

cot

( ) exp
.

π ψ

ν
α

∆ b g
 (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 t

r c

pt
= − +

≤

( ) cot ,

,

ψ
 (6)

where the thickness of the transformed layer tpt is
derived from

t c r c r
pt

= − − −2 2 ( ) cot ,ψ ξ  (7)
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ξ =
−

−

HV p

HV p
pt

m

.  (8)

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

p

Y

E

Y
m = +

+

−

F
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KJ
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Q
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2

3
1

4

12 1
ln

( cot

( )
.

π ψ ξ∆

ν  (9)

The last equation is nonlinear with respect to pm

(ξ is the function of pm) and must be solved numeri-
cally. Note also that Eqs. (5) and (9) transform into
Tanaka’s Eq. (4) when the volume change associ-
ated with the transformation is zero (∆ = 0).

2.1.2. Sliding contact.  Now consider a single hard
asperity loaded statically and then made to trans-
late 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, start-
ing from the point of maximum tension in the field.
As evident from Fig. 6, an increase in the sliding

elastic zone

phase
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zone

plastic core

indenter

2ψ

r0

P

b

c

b*

p
p1

r

2ψ

0 c

c

z

tptplastic zone

(a) (b)

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.

friction is accompanied by an enhancement of ten-
sion behind the indenter and corresponding suppres-
sion ahead of it. Similar tendencies are observed
for the reduction in stress gradient below the trail-
ing 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-sens-
ing (nano)indentation technique, which allows high-
resolution in situ monitoring of the indenter displace-
ment as a function of the applied load. A typical
load-displacement curve of an elastoplastic mate-
rial 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 forma-
tion of a new phase under the indenter may result in
the yield step (“pop-in”) or the change in slope (“el-
bow”) of the loading curve; a sudden displacement
discontinuity (“pop-out”) or an elbow in the unload-
ing curve may be indicative of the reverse transition
(Fig. 7b). In cyclic indentation, additional informa-
tion 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 behav-
ior of the material under the indenter. For the point
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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 re-
lation between the applied load P and the indenter
displacement h:

P h= α 2,  (10)

where the parameter α is determined by indenta-
tion 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
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least the upper part of the unloading curve is elas-
tic, leading to the following modified Sneddon’s re-
lation [48]:

P h h
f

m= −α( ) ,  (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 per-
formed 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 experi-
ment 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 compli-
ance and mechanical contact clearances inevitably
and significantly alter the load-displacement data.
In contrast, for a “stiff” indentation system, the in-
denter 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 con-
tact depth hc,max

. In general, at a given load P, the
contact depth hc can be determined as the differ-
ence between the indenter displacement h and the

surface profile
under load

P

hf

h
hs

hc

initial
surface

indentersurface profile after
load removal

Fig. 8. Schematic of the indentation model of
Oliver and Pharr [48]. h

c
 � contact depth; h �

indenter displacement relative to the sample
surface; h

f
 � plastic deformation after load removal;

h
s
 � displacement of the surface at the perimeter

of the contact.

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 instanta-
neous 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

p
P

A h
m

c

=
( )

.   (12)

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

p
P

a
m

c

=
π 2 .  (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 ex-
hibits a single line at 520 cm-1 [53], which corre-
sponds 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) sig-
nificantly alters the Raman spectrum of Si-I. The
relaxation of the k = 0 selection rule due to quan-
tum confinement makes possible the contribution
to Raman scattering from the phonons in the vicin-
ity 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 re-
sultant Raman line is asymmetric and is displaced
to the lower wavenumbers (Fig. 9b).
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Several theoretical and experimental studies
assess the vibrational properties of the high-pres-
sure 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 de-
generate transverse optical (TO) branch, both of
which are Raman active. Zone-center phonon fre-
quencies 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.

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 as-
signed to Si-IV with the crystal structure determined
by the diffraction techniques, exhibit a broad asym-
metric band centered at ~510 cm-1 [13; 65] (Fig.
11), which cannot be readily deconvolved into sepa-
rate 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 Si-
IV 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 suc-
cessful [66]. Based on these considerations, we
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cannot accept the Raman spectrum of Si-IV as es-
tablished. More discussion on this issue will be given
below.
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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].
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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].

The ab initio calculation of Piltz et al. [20] pre-
dicts seven Raman-active modes for the bc8 struc-
ture and eight modes for the r8 structure. As the r8
structure is considered to be a rhombohedral dis-
tortion 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 mea-
sured 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 correspond-
ing 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 pre-
dominant 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 vi-
brational modes of r8 and bc8; however, the lines at
182, 375, and 445 cm-1 (under a 1 GPa compres-
sion) definitely belong to the Si-XII phase only.
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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 sug-
gest the presence of Si-IX.

It is accepted that the features in the Raman
spectra of amorphous solids resemble the broad-
ened 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 TO-
like bands, respectively [73]. In general, the TA/TO
intensity ratio, their linewidths, and frequency posi-
tions depend on the method of preparation, deposi-
tion conditions, and the degree of structural disor-
der [74] (Fig. 13).

2.3.2. Stress analysis. The values and spatial dis-
tribution of the residual stresses around indenta-
tions 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-
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Fig. 13. First-order Raman spectra for (a) mostly
ordered through (d) mostly disordered a-Si [72].

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]:
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where p, q, and r are material constants, the so-
called 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):

λ ω ω
i i j

= −2

0

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 ex-
perimental ∆ωj(σ) dependencies as  p=-1.85ω

0

2 ,q=
-2.31ω

0

2 , and r =-0.71ω
0

2  [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 in-
denter, which is further complicated by the volumet-
ric 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 pro-
vide 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]

I I D e dx
I D
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while that from the depth d to infinity is given by
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.  (17)
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Here, I
0
, 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

d
p

= − =
ln . .

.
0 1

2

2 3

2α α
 (18)

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 absorp-
tion coefficient can reach one order of magnitude
higher, leading to penetration depths of about tenths
of nanometers (one or a few monolayers) in the blue-
green 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] experi-
mentally measured the hardness of Si in a wide
temperature range and observed two distinct regions

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.

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 con-
sidering the dislocation glide in covalent crystals
as a function of temperature and relating the result-
ing values of the flow stress to the hardness. The
equation they obtained,

sinh ,
βH

T
Aev

U

kT=  (19)

allowed for an accurate fit of the experimental de-
pendence of Vickers hardness HV on temperature T
in the high-temperature region by varying the dislo-
cation activation energy U and the parameters A
and β (see Fig. 15).

For the low-temperature region, several disloca-
tion-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-

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).
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tion of the displacements due to block slip. Other
considerations took into account the quantum prop-
erties 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 appar-
ently confirmed the formation of dislocations during
indentation of Si. Transmission electron microscopy
(TEM) studies by Eremenko and Nikitenko [12] re-
vealed the dislocation structure and defect forma-
tion in the vicinity of indentations made at tempera-
tures 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 tem-
peratures 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 mea-
sured at low temperatures and the pressure of Si-I
→ Si-II transformation known from the high-pres-
sure cell experiments [7; 8]. They suggested that
the pressure-induced metallization occurs in semi-
conductors 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 assump-
tion, theoretical calculation of the phase boundary
between the cubic diamond and β-tin structures in
Si [86] reveals a slow decrease in the phase trans-
formation 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 resis-
tance of the material beneath the indenter. The au-
thors assumed the formation of a thin metallic layer
between the indenter and the specimen, and calcu-
lated 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 dur-
ing slow indentation with diamond spheres (Fig. 16).
The corresponding pressure threshold was depen-
dent 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 transforma-
tion 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 conductiv-
ity measurements by Clarke et al. [22] (Vickers and

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].
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Knoop indentations; (100), (110), and (111) orienta-
tions) 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 ap-
plied. This is due to the much smaller contact ar-
eas 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 dur-
ing indentation. Unfortunately, due to obvious com-
plications with the experimental setup, no in situ
indentation diffraction data are available as of to-
day. 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 exten-
sion of the liquidus curve in the P-T phase diagram,
and a-Si persists on unloading because of insuffi-
cient 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 mi-
croscopy [21; 96]. Fig. 17 shows the scanning elec-
tron microscope (SEM) image of a Vickers indenta-
tion 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 ex-
trusions 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 mate-
rial and provides additional evidence for the indenta-
tion-induced phase transformation to the metallic
state.

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 ac-
tivity or other mechanisms of plastic deformation
operating outside the clearly demarcated transfor-
mation zone was found. The imprint consisted of an
amorphous core with an adjacent region of plasti-
cally extruded material and a layer of polycrystal-
line silicon at the near-surface transformation inter-
face. As for the origin of the polysilicon layer, the
authors [23] suggested a possible shear fragmen-
tation or interface recrystallization.

Extensive TEM studies by Page et al. [24] deliv-
ered all previous low-temperature electron micros-
copy results to the consistent view that: (i) silicon
becomes amorphous in response to the high con-
tact 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 ac-
commodating the displacements from the densifi-
cation transformation, rather than as a primary re-
sponse to the indenter intrusion.

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

5 µm

Si
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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 con-
sisted of a-Si; moreover, they found numerous clus-
ters showing a lattice character inside the amor-
phous region near the periphery of the indentations.
The cubic diamond lattice was distorted at the in-
terface and continuously transited into an amor-
phous 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, ob-
served both in the high-pressure cell experiments
[99] and during indentation [22].

Interestingly, the TEM investigations of indenta-
tions were persistently failing to detect any signs of
the metastable crystalline Si phases (Si-III and Si-
XII), which are routinely obtained in the high-pres-
sure cells upon depressurization from Si-II. We en-
visage two reasons for this. First, as will be shown
later, unloading rates play a crucial role in the trans-
formation 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 thin-
ning), 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 consist-
ing mostly of Si-III in the “small” indents (< 600 nm)
and mostly of amorphous material in the “large” in-
dents (> 1 µm). However, the loading rates for both
types of indentations were not given and the statis-
tical 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

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 transi-
tions 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 indenta-
tions [103]. Raman spectra indeed reveal amorphous
silicon within the indentation area [21; 104]; how-
ever, 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 sili-
con. 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 com-
pletely different. The spectrum in Fig. 18b, assigned
to Si-IV by the authors [21], is in fact more charac-
teristic of the nanocrystalline cubic diamond sili-
con, 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 simi-
lar 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 trans-
forms 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 spec-
trum of Fig. 18c, the general tendency of increasing
the I

430
/I

350 
ratio with the increase in Si-III content

(see Fig. 12a) is quite supportive of this assump-
tion.

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 forma-
tion of amorphous material. Similarly, a-Si rather
than Si-XII forms during unloading of indentations
made at ultra-low loads (< 10 mN) because the trans-
forming 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 experi-
mentally. Biswas et al. [33] argued that because
the cd and bc8 structures are topologically very dif-
ferent, 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 Si-
I 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 distor-
tion) 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 for-
mation of Si-IV has been confirmed in the experi-
ments when the Si-III samples were heated to mod-
erate temperatures [10; 13; 14].

Hexagonal diamond Si-IV is also known to form
directly from the cubic diamond Si-I when the in-
dentation test is performed at elevated temperatures
[12; 15]. Using the TEM analysis of indentations
made in Si single crystals under different experi-
mental 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:

( ) ||( ) ;[ ] ||[ ]011 0001 011 1210
cd hd cd hd

.

These results found further confirmation in the
HREM studies by Pirouz et al. [15], and the mecha-
nism 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 inden-
tations 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 unidenti-
fied 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

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].
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the established spectra of various Si phases (Figs.
9-13). The new phase is observed both in indenta-
tions made at elevated temperatures (150-250 °C),
and in the same temperature range during heating
of the samples with indentations made at room tem-
perature. In the latter case, the Si-XII → Si-III → Si-
XIII transformation can be monitored by Raman spec-
troscopy 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 dif-
ferent 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 sili-
con and the traces of Si-III and Si-XII within indenta-
tion. With increasing temperature, the lines associ-
ated 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

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, Si-
III, Si-XII or a-Si. (c) The difference between the
observed and calculated profiles.

intermediate step before the final structural recov-
ery 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 indenta-
tions, 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 trans-
formations occurring in silicon under static contact
loading and during subsequent annealing. The ini-
tial and final phase is always Si-I, which is the only
thermodynamically stable phase at ambient condi-
tions. Annealing greatly facilitates material’s recov-
ery 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 forma-
tion 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 re-
sults [18], has not been observed to date in inden-
tations. 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 a-
Si at faster unloading rates. However, monitoring of
Si-IX may be complicated by its presumed low sta-
bility 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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Additional information on the phase transforma-
tions 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 analy-
sis 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 thresh-
old value, an elbow appeared in the unloading curve
and subsequent reloading revealed the broad hys-
teresis loops, suggesting the irreversible Si-I →
Si-II transition accompanied with a volume change
of 20% (Fig. 22b). Pharr argued that the discontinu-
ity 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
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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.

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 den-
sified in the loading stage [110]. As no specific fea-
tures 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 signifi-
cantly lower than those achieved in Berkovich in-
dentation at the same load, and is thus expected
to reveal signs of the Si-I → Si-II transformation on-
set 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 indent-
ers. Again, no evidence of cracking was found based
on the surface interferometry results and on the
analysis of material’s elastic compliance during load-
ing and unloading [52]. Using Hertzian contact
mechanics and accounting for the material’s
elastoplastic behavior during indentation with spheri-
cal 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, re-
spectively, obtained under quasihydrostatic condi-
tions 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 di-
rect 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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cases, the Raman spectra of indentations with a
pop-out in the unloading curve showed the pres-
ence of the Si-III and Si-XII phases only, while the
spectra of indentations with an elbow in the unload-
ing curve revealed only amorphous silicon (Fig. 23)
[113]. A few indentations that showed a mixed re-
sponse 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 Si-
XII phases (Fig. 23). Based on these observations,
the authors suggested that the pop-out during un-
loading is a consequence of a Si-II → Si-XII trans-
formation, accompanied by a sudden volume re-
lease leading to the uplift of material surrounding
the indenter, whereas an elbow appears in the un-
loading curve as a result of the material’s expan-
sion during slow amorphization of the metallic Si-II
phase.

The contact pressures in the point-force inden-
tation can be quantified using the technique of
Novikov et al. [50] (Eq. (12)). This method was suc-

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].

cessfully applied to retrieve the pm(hs) dependen-
cies from the load-displacement data of Berkovich
nanoindentation experiments [46,50] and the pres-
sures 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 unload-
ing, revealing itself as a kink in the pm(hs) depen-
dence (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 in-
dentations can be monitored using a Raman imag-
ing 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] calcu-
lated the stress components around a Vickers in-
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dentation as functions of the radius to indentation
center R. The calculated hydrostatic pressure,

σ σ σ σ( ) [ ( ) ( ) ( )]R R R R= − + +
1 2 3
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Fig. 24. Hysteresis loop in the cyclic
nanoindentation of Si (maximum load 70 mN) in
the average contact pressure vs contact depth
coordinates (second loading cycle).

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.

 was then compared with the experimentally mea-
sured shift of the main Raman band of Si-I from its
equilibrium position [∆ω(R)]. The experimental pres-
sures 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 dem-
onstrates for a 1-N Vickers microindentation on Si
[115]. Raman area mapping was performed by scan-
ning the sample surface with a 1-µm laser spot and
collecting the Raman spectra in each point of analy-
sis. Fig. 25c shows the typical spectra from the
indentation contact area and from the area well out-
side the residual imprint. A map of the position of
the Si-I band is given in Fig. 25b. A conversion fac-
tor 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 ra-
dial cracks emerging from the imprint corners con-
tribute to stress relaxation and result in a charac-
teristic flower-like stress map (Fig. 25b). In general,
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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 al-
most 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 in-
denter 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 sub-
surface lateral cracks around indentations in sili-
con, 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

edge
radius

sample

(a) (b)

Ft

Fc

F

Ft > 2FcFt >> Fc
F F

F Ft ≈ 2Fc

indenter

(c)

chip

rake
angle

tool
cutting direction

Fig. 26. Schematics of (a) the indentation sliding and (b, c) ultraprecision cutting. F
t
 � thrust force;

F
c
 � cutting force; F � resultant force acting on the sample.

sample surface at a steady speed. The two opera-
tions 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 clock-
wise 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 in-
troducing fracture damage (propagation and inter-
section 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 single-
point diamond turning (Fig. 27) of silicon and ger-
manium in order to specify the experimental condi-
tions 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 tran-
sition 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 pyra-
midal [120] diamond indenters showed the presence
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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 con-
tact 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 fin-
ished surface of the (100) Si wafer subjected to
ultraprecision cutting [121] also revealed the amor-
phous nature of the produced chips and the ma-
chined 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-

tool shank

diamond tool
(rake face)

finished
surface

cutting
direction

feed
direction

chip

Fig. 27. Single point diamond turning using a
round-nose tool. After Reference [118].

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 ex-
istence 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 dia-
mond turning in ductile mode. Raman characteriza-
tion of the machined surface using three different
excitation wavelengths showed that the intensity
ratio of the amorphous-to-crystalline peaks was in-
dependent 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 scratch-
ing. 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 pro-
duced using the Vickers (sharp) indenter. The peri-
odic features within the groove (Fig. 28a) mark the
intermittent shear bands formed ahead of the in-

2 µm

Deformation
bands

Ductile
chips

(a)

3 µm

Microcracks

(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 po-
sition, 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 re-
mained unchanged along the full length of the groove.
However, if the plastic flow is accommodated via
pressure-induced transformation into a metallic sili-
con phase (Si-II), then the shape of the deformation
bands is dependent on the local conditions for trans-
formation, 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 “double-
peak” feature (Fig. 30b), indicative of the hexagonal
Si-IV phase or nanocrystalline material. The begin-
ning portions of the grooves (at small depths of cut)
are mostly amorphous (Fig. 30c). This perfectly

correlates with the observations of static contact
loading, when rapid unloading from the metallic Si-
II phase was leading to the formation of amorphous
silicon, whereas slow unloading produced the mix-
ture 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 re-
gime 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, accom-
panied by a ~10% volume increase, are at least
partly responsible for the complex groove morphol-
ogy after the load is removed. The amount of Si
polymorphs in the groove made with a spherical in-
denter 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 trans-
formed material was displaced (squeezed out) to
the flanks of the groove by indenter edges in the
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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.
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latter case. This is in agreement with optical
profilometry results that revealed much higher pile-
ups 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 poly-
morphs in this case.

The residual stresses in the grooves have also
been assessed by means of Raman microspectros-
copy [125,126]. Fig. 32 shows the stress distribu-
tion across the scratch made in silicon with a pyra-
midal 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, accord-
ingly. 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 varia-
tion across the groove (scans 3 and 4 in Fig. 32). At
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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.

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 dam-
age in the near-surface wafer regions. Typically, this
damage is removed by chemical etching. New de-
velopments in grinding technology aim at skipping
the costly and environmentally critical etching step.
In such a case, the final mechano-chemical polish-
ing step would follow after high-quality grinding.
Wafer edges also need special processing includ-
ing grinding, etching, and polishing. In order to cre-
ate external gettering capability, wafers can be in-
tentionally 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 polish-
ing, such as epilayer deposition or annealing treat-
ment. In any case, it is of utmost importance to
assure a high surface quality of the wafer frontside.
This requires consistent control and improvement
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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 in-
volves 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 dis-
tribution 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 abra-
sive 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-re-
gime grinding of brittle materials [129], much effort
has been put toward understanding the mechanism
of ductility as well as characterizing machined sur-
faces of silicon [130-134]. High-resolution TEM
analysis of nanomachined Si surfaces [132] sug-
gested that dislocation networks and slip planes in
Si-I accommodate plastic flow; no evidence of meta-
stable Si phases or amorphous material in the sub-
surface zone was given. Early Raman microspec-
troscopy 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-dam-
aging, 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 ma-
chined Si surfaces fall into the three categories pre-
sented 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 amor-
phous material are all found on machined Si sur-
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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 esti-
mated 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 predomi-
nant presence of Si-I (dark areas in Fig. 33 b, c);
the lighter areas in Fig. 33b correspond to the trans-
formed 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 com-
pletely.

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

(a)

(b)

(c)10 µm10 µm

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

is revealed by Raman microspectroscopy in this
case.

Examination of the cut surface of diced Si wa-
fers (Fig. 35) shows that the differences in the lat-
eral pressure applied to different sides of the cut
and/or asymmetry of the cutting edge of the dia-
mond 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 sub-
jected 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 ob-
served after machining in Regime I, implying that
the major mechanism for material removal in this
case was brittle microfracture. As a result, the dis-
tribution of stresses on the wafer surface is rather
broad (Fig. 36b), with high localized tensile stresses
(σ

max

tens. = 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, I
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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 semicon-
ducting silicon, thus resulting in minimal surface

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].

damage. Indeed, the stress distribution on the wa-
fer 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 opera-
tions involving high contact pressure between the
tool and the machined Si surface may lead to pres-
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sure-induced phase transformations. As Si-III and
Si-XII can be formed only via metallic Si-II, the pres-
ence of these phases in the machined surface sug-
gests 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 me-
chanical damage. The lapping process involves high-
pressure contact between abrasive grains and the
Si surface. The bulk of the layers damaged during
slicing would be removed here in the lapping pro-
cess. Nevertheless, many regions of transformed
phases and residual stress persist and a new trans-
formation 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 underly-
ing layers as deep as 5 - 10 µm due to crack propa-
gation (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 dam-
aged layers if the depth of etching is reduced from

abrasive grain

5 - 10 µm

microcracks

brittle chip
removal

(a) (b)

ductile chip
removalabrasive grain

< 250 nm

transformed layer

metallic
phase

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.

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 sili-
con, and whether it is feasible to establish the ma-
chining conditions so as to remain within the duc-
tile regime mediated by metallization without
microfractures.

Such tasks are feasible with Raman microspec-
troscopy. Optimization of machining conditions in
this case can be done in the following way. After
applying the different conditions of a given tool op-
eration (feed rate, spindle speed, applied load, etc.),
the finished surface is scanned with a Raman spec-
trometer to yield maps of stress and phase compo-
sition with their relative ratios. Mapping will continue
after etching away series of surface layers to deter-
mine the depth of damage. Finally, the maps will be
compared to determine the optimum level of ductile
machining condition that yield the most metalliza-
tion in the absence of fracture and at minimal re-
sidual stresses. This approach may help to select
the optimum machining conditions, as well as mini-
mize etching depth and time.

4.3. Sliding friction and wear

Tribological properties of silicon have received ex-
tensive attention recently due to their outmost im-
portance for machining and microelectromechanical
systems (MEMS) applications. Mishina [136] stud-
ied the tribochemical interactions during sliding fric-
tion 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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their contact interaction. Park et al. [137] investi-
gated the transition from brittle to ductile deforma-
tion 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 frac-
ture 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 sili-
con 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 SiO

2
 rolls at the

interface contact effectively reduced the friction and

wear rates and helped to maintain them at low steady
state values.

Using Raman spectroscopy as a primary char-
acterization tool, Kovalchenko et al. [141] investi-
gated the possibility of the metallization of Si dur-
ing tribological experiments. Standard ball-bearing
silicon nitride balls (9.55 mm in diameter) were
rubbed against single-crystal silicon wafers at lin-
ear velocities of 0.4 to 30 mm/sec. Such low values
of linear velocities were selected in order to dimin-
ish the extent of frictional heating and thus to sup-
press 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 experi-
ments. SEM images of selected areas within the
wear track on silicon subjected to an interrupted 5-
run friction test (applied load 1 N) clearly revealed
evidence of some plastic deformation and seizure
(Fig. 38). The Raman spectra taken from the corre-

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.
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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 Si-
XII phases (bands at 350 and 435 cm-1), the pres-
ence 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 for-
mation of a ductile metallic Si-II phase and its plas-
tic flow under a moving Si

3N4 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 posi-
tion 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 obser-
vations 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 experi-
ments of Kovalchenko et al. [141], the surface oxi-
dation 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 com-
position 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 thresh-
old necessary for brittle fracture, with the deforma-
tion 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 sili-
con look similar after the experiment with and with-
out 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 under-
goes more significant changes under the boundary
lubrication conditions, when the entire Si – Si

3N4

assembly is immersed into the oil-filled bath. Opti-
cal profilometry results show that the wear scars
on silicon nitride balls were different from those re-
ported for dry and grease-lubricated cases: the volu-
metric wear of the Si

3N4 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 grease-
lubricated experiments when a truncated sector of
the material was removed from the ball surfaces as
the result of wear.

Raman spectroscopy indicates that under bound-
ary 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 distin-
guishable 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

Fig. 40. Surface profiles of the wear tracks on
silicon plates after friction against a Si

3
N

4
 ball

under condition of (a) boundary lubrication and
(b) dry friction at a 5 N load.
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planes. Also, it is evident that the cause for crack-
ing 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 Si

3N4 ball and
subsequently transforms into a-Si when the load is
withdrawn. Further runs lead to the removal of amor-
phous silicon and initiation of a new transformation
cycle.

The results of Kovalchenko et al. [141] demon-
strate that the pressure-induced metallization of sili-
con 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 dis-
tribution under the pin ball which suppresses brittle

Fig. 41. Typical Raman spectra of amorphous
silicon recorded from the wear track on silicon
after friction against a Si

3
N

4
 ball under condition

of boundary lubrication, showing an increasing
content of a-Si from (a) to (c).

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 transforma-
tion. 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 lim-
ited 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 re-
vealed by Raman spectroscopy within the wear
tracks suggesting pressure-induced metallization of
Si in the localized areas with favorable stress con-
centrations.

5. CONCLUSIONS

�   Contact loading of silicon in a real environment is
a complex process that includes material frac-
ture, deformation, mechanochemical interactions
and phase transformations. These processes
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must be considered together because of exist-
ing 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 trans-
formations. Hydrostatic and deviatoric stresses
must be taken into account and phase transfor-
mations in contact loading can be described as
deformation-induced transformations. At the
same time, the transformation pressures for sili-
con obtained in indentation tests are in good
agreement with the results from high-pressure
cell experiments, which utilize hydrostatic load-
ing.

� Silicon has been studied more thoroughly than
other semiconductors. The sequence of phase
transformations that occur upon loading, unload-
ing and subsequent thermal treatment has been
identified. However, even for this most common
and simple elemental semiconductor, not all is-
sues concerning identification of new phases,
transformations mechanisms, and transforma-
tion paths have been resolved.

� Raman microspectroscopy is the fast and pow-
erful tool for analysis of phase transformations
in contact loading. It can additionally provide in-
formation 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 calcula-
tions of Raman spectra of solids, make it nec-
essary to complement Raman microspectros-
copy 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. Informa-
tion 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 me-
chanical 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 re-
gimes for ductile machining of silicon.
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Fig. 43. Evolution of the friction coefficient of silicon-silicon nitride couple under (a) friction in open
air, (b) grease-, and (c) oil-lubricated conditions.
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