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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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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,
Siresponse 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=FA, (1)

where p is pressure, Fis 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
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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-1. 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-Il (B-tin structure, space group /4,/ama) [7-9], Si-
Il or be8 (body-centered cubic structure with 8 at-
oms per unit cell, space group /a3) [9-11], Si-IV or
hd (hexagonal diamond structure, space group P6,/
mmoc) [10; 12-17], Si-IX or st12 (tetragonal struc-
ture with 12 atoms per unit cell, space group P4,22)
[18], and Si-XII or r8 (rhombohedral structure with 8
atoms per unit cell, space group R§) [19-21]. Inad-
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-l - Si-Il tran-
sition occurs in the pressure range of 9 to 16 GPa
[8; 9; 25; 26]. This transition is not reversible: Si-I
transforms to different metastable phases depend-
ing on pressure release conditions. In stepwise slow
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Fig. 1. Relative volume of the high-pressure Si
phases as a function of pressure. Experimental
points are from Reference [26] (Si-l and Si-ll)
and Reference [20] (Si-lll and Si-XIll). Filled and
open circles correspond to increasing and
decreasing pressure, respectively. The solid lines
are fits to the 3rd order Birch equation of state
[28; 29] with the values of bulk modulus B, =
108 GPa and its first pressure derivative B = 4
for Si-l; B, = 117 GPa for Si-lll, and B, = 108
GPa for Si-XIl with B fixed at 5. Dashed line
serves as a guide to the eye.

decompression, the first phase to form at 10-12 GPa
is Si-XII [19; 20]. On further pressure release, the
degree of rhombohedral distortion diminishes gradu-
ally, producing the mixture of Si-Xll and Si-Ill, with
the Si-XII persisting to ambient pressure (although
in this case as only a minor component). The Si-llI
- Si-Xll transition is fully reversible: recompression
to 2.5 GParesults in a near complete Si-Ill transfor-
mation to Si-XII [19].

The tetragonal Si-IX phase was first obtained from
(supposedly) a mixture of Si-l and Si-1l 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-1V phase can be obtained ei-
ther from the metastable Si-lll 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-l - Si-1V 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-
Il transformation is followed by ~20% densification
of the material [8; 9; 30]. The equilibrium Si-llI 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-Il - Si-XII transi-
tion leads to ~9% volume expansion, with the
remainining ~2% recovered during the gradual Si-
Xl — Si-lll transformation at low pressures. No vol-
ume-pressure data is available for the Si-IX phase,
formed upon rapid decompression from Si-1l. How-
ever, the packing fraction for the stl2 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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Fig. 2. Schematic of the various types of indenter tips used in indentation testing: (a) Vickers; (b)
Berkovich; (c) Knoop; (d) conical; (e) Rockwell; and (f) spherical.

a reduced elastic modulus E is introduced as de-
fined through the following relation [37]:

= " (2)

where v, and E, are Poisson’s ratio and Young's
modulus for the indenter, and v 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-

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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Fig. 3. Contours of principal normal stresses in (a) Boussinesq and (b) Hertzian fields, shown in the
plane containing contact axis. After References [35; 36].
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Fig. 4. Contact areas (dashed lines) and contact
stresses at the interface of the regular tetrahedral
pyramid penetrating into the half-space. The
maximum contact stresses are observed in the
center of the indentation zone and decrease
according to the stress isobars (solid lines). (a)
Stress singularities in the purely elastic loading
and (b) their reduced form when the nonlinearity
of the half-space is taken into account. After
Reference [38].

half-space is presumed (Fig. 4b). Note also that the
compressive radial stress g,, 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
p,, to a combined parameter (E/Y)coty, where E
and Y are elastic modulus and yield stress of the
specimen, respectively, and 2y is the included angle
of a conical indenter. According to Johnson [37]:

p_m:3[1+IH(E/Ycoth+4(1—2v)ﬂ_ )
Y 3 6(1-V)

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 coty in Eq. (3) be re-
placed with a/R for Y=172, where a is the radius of
the contact area and Ris 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-
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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:

b, _ 2[l+|n\/;E/Ycott|J}+a,

3 12(1-v)

Y 3 (4)
where the material constant o 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 ¢ and pressure under the indenter
p = -o 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 arigid indenter. The modified
model leads to the following equation for the radial
pressure p_acting on the core surface when the
phase transformation characterized by volume
change A and pressure p, occurs inthe core and in
the plastic zone (i.e., P, <P, see Fig. 5a) [42]:

pim = E[1+
Y 3
&ECOIL]J (5)

In +a.
12Y(1-v) + 4EAexp(-3p, /2Y)

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

z=(c-rjcoty +t¢ ,

(6)

r <c,

where the thickness of the transformed layer t, is
derived from

t, = [\/cz -r=(c- r)coth]E, (7



6 V.Domnich and Y.Gogotsi
* P
indenter
<| 0 |; r 0 c I
A /ZLIJ\. T |
C .
LN plastic core
byl P h
) ase
3 lastic zone L p .
b AN P i transformation
’ “— elastic zone — " zone

(@)

(b)

Fig. 5. Schematic representation of the indentation model of Galanov et al. [42] in spherical
coordinates (r< ¢ — 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.

_HV-»,

“-p (8)
Now, the radial pressure p_on the core surface is
defined through the following equation [42]

)

The last equation is nonlinear with respectto p _
(€ is the function of p_) and must be solved numeri-
cally. Note also that Egs. (5) and (9) transform into
Tanaka’s Eq. (4) when the volume change associ-
ated with the transformation is zero (A = 0).

2

of

E(JTcoty + 48
12Y(1-v)

P,
Y

(9)

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

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 resultin
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





























































































