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Abstract

This study analyses the microstructure of monocrystalline silicon after indentation with a Berkovich and spherical indenter.
Transmission electron microscopy on cross section view samples was used to explore the detailed distributions of various phases
in the subsurfaces of indented silicon. It was found that an increase of the Pmax would promote the growth of the crystalline
R8/BC8 phase at the bottom of the deformation zone. Microcracks were always generated in the range of the Pmax studied. It
was also found that the deformation zones formed by the Berkovich and spherical indenters have very different phase distribution
characteristics. A molecular dynamics simulation and finite element analysis supported the experimental observations and suggested
that the distribution of the crystalline phases in the transformation zone after indentation was highly stress-dependent.
� 2005 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Monocrystalline silicon as a principal material for
semiconductor and photovoltaic technologies [1,2]
has been a focus of an extensive research for more
than a decade [3–20]. Various aspects of deformation
characteristics induced by indentation have been ana-
lysed by different techniques such as in situ monitor-
ing of electrical resistance [5,11,21] and acoustic
emission [11], ex situ application of Raman spectros-
copy [9,10,14,22] and transmission electron microscopy
(TEM) on plan [3,11] and cross section view samples
[6,7,10] and molecular dynamics simulations [23–26].
It has been demonstrated that the microstructure of
silicon after indentation with a spherical indenter de-
pends on the maximum indentation load (Pmax) [7],
loading/unloading speed [10] and number of applied
1359-6454/$30.00 � 2005 Acta Materialia Inc. Published by Elsevier Ltd. A

doi:10.1016/j.actamat.2005.06.030

* Corresponding author. Tel.: +612 9351 2835; fax: +612 9351 7060.
E-mail address: zhang@aeromech.usyd.edu.au (L.C. Zhang).
stress cycles [13,14]. A larger Pmax endorses crystalline
phase transformation and crystal growth [19], while a
high loading/unloading indentation speed promotes an
amorphous phase [10,18]. A cyclic stress, on the other
hand, leads to a gradual phase transformation [13,14].
The evolution of the crystalline phases have been
found to be consistent with the distribution of the
hydrostatic stress and commenced in the central part
of the transformation zone [13,15,26,27]. Nevertheless,
the point indenter induced microstructural changes
has not received sufficient attention. For example,
Mann et al. [8] concluded, with the aid of TEM on
plan-view samples, that large contacts (larger Pmax)
endorse an amorphous phase [11]. However, both
Raman spectroscopy and plan-view TEM cannot dis-
tinguish the phase changes inside the deformation
zone along the vertical direction. As a result, location
of the crystalline/amorphous phases and the details of
their microstructure after an indentation with a Berko-
vich indentor have not been explored. The differences
ll rights reserved.
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of the phase transformation zones caused by Berko-
vich and spherical indenters have not been understood
sufficiently.

In the present study, we will use cross section view
TEM to clarify the problem. In addition, a molecular
dynamics simulation and finite element analysis will be
used to assess the stress field generated in order to
understand the difference in the final structures of the
transformation zones observed in experiment.
2. Method

2.1. Experiment

The test material was a monocrystalline silicon (100)
wafer. The Berkovich indenter used had a nominal ra-
dius of 250 nm. The indentations were conducted on a
micro hardness tester (MHT Micro Photonics, USA).
To capture the effect of the magnitude of indentation
load, the study used three sets of maximum loads of
Pmax = 20, 50 and 90 mN. Fifty tests were performed
for each Pmax. In each cycle of an indentation the load-
ing/unloading rate was 0.25 mN/s. A holding time of
30 s was used at 10% of the maximum load for thermal
drift measurements followed by complete unloading.

Conventional TEM studies were carried out in a Phi-
lips CM12 transmission electron microscope, operating
at 120 kV. The Æ110æ cross section TEM specimens were
prepared by a technique using a tripod [7]. In the prep-
aration, the material removal was continuously moni-
tored and the sample position with respect to the
tripod was adjusted during the mechanical thinning.
Finally, ion-beam thinning was carried out to provide
a sufficiently thin area for the TEM investigations. At
least three samples were prepared and at least seven to
nine transformation zones were examined for every Pmax

studied.

2.2. Molecular dynamics and finite element analyses

The molecular dynamics method [26–29] enables one
to understand the nano-mechanism affecting the
nano-structural change in silicon and the finite element
method can provide theoretical insight at a larger
dimensional scale. Though molecular dynamics does
not reproduce the real experiments due to differences
in time and size scale, the simulation provides possible
theoretical evidence of the phase transformation ob-
served in the experiments and enables us to better under-
stand the mechanisms involved in such a transformation
process that transcend scale differences [23].

In this research, a molecular dynamics model com-
posed of a silicon mono-crystal and a diamond indenter
was created. A pyramidal indenter was used to simulate
the Berkovich indenter. The dimension of the control
volume of the silicon specimen was made sufficiently
large (6.5 nm · 10.3 nm · 10.3 nm) to eliminate bound-
ary effects. The maximum penetration depth of the
indentation was 2 nm. To restrict the motion of the
specimen, layers of boundary atoms that are fixed to
space were used to contain the Newtonian atoms with
the exception of the top (100) surface that is exposed
to the indenter. Thermostat atoms were also used to en-
sure reasonable outward heat conduction away from the
control volume. The silicon sample is made up of
148280 atoms and the diamond indenter is made up
of 1226 atoms. Previous research [25,26,28] has shown
that the Tersoff potential [29] can be used to describe
the interactions between the silicon atoms, and Morse
potential [27,28] is suitable for interaction between the
silicon and carbon atoms. In addition, it has also been
shown that the Tersoff potential is applicable to the
modelling of the different phases of silicon due to trans-
formation. Detailed discussion of the molecular dynam-
ics modelling can be found in Zhang and Tanaka
[26,27].

The FEA simulations are performed with a Young�s
modulus of 80 GPa and a Poisson�s ratio of 0.17 [30].
A 3D finite element model is created using ADINA
8.2 for the numerical solution of the nano-indentation
on an elastic substrate with a spherical indenter and a
Berkovich indenter of the same dimension as the exper-
iment. The objective of the FEM simulation is not to
obtain the exact stress distribution in silicon due to
indentation but to obtain a qualitative figure of the
general stress distribution in an elastic material to a Ber-
kovich and spherical indenter. The mesh was designed
so that the meshing is very fine near the indenter (in or-
der to resolve the contact conditions and allow for accu-
rate contact area determination). Accordingly, the mesh
was chosen to be large enough for each calculation so
that the results obtained were insensitive to the move-
ment of the outer boundaries of the mesh. The size of
the control volume is sufficient to eliminate any bound-
ary effects. The penetration is simulated by gradually
applying a downward displacement on the rigid
indenter.
3. Results and discussion

3.1. Experimental findings

Fig. 1 shows the diffraction contrast images, demon-
strating the morphology and microstructure of the
transformation zones after the indentation tests with dif-
ferent Pmax. The diffraction patterns were inserted to
indicate the crystallinity inside the transformation
zones. Fig. 1(a) presents the case with Pmax = 20 mN.
It shows that the transformation zone has a nearly
triangular shape with a maximum depth of 340 nm.
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Fig. 2. Load–displacement curves with various maximum loads:
(a) Pmax = 20 mN, (b) Pmax = 50 mN, (c) Pmax = 90 mN.

Fig. 1. Microstructure of the transformation zone after indentation
with the Berkovich indenter (the diffraction patterns of the transfor-
mation zones are inserted): (a) Pmax = 20 mN, (b) Pmax = 50 mN,
(c) Pmax = 90 mN.
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A residual indent of 130 nm deep is evident on the sam-
ple surface upon which the indenter impressed, indicat-
ing a significant plastic deformation. Also a median
crack is emanating from the bottom of the transforma-
tion zone, while the presence of the crack at this low
Pmax was unexpected if the indenter was spherical
[7,13,15,19]. An amorphous phase is obvious in the
upper part of the zone. However, crystalline phases
are located in the central part at the bottom of the trans-
formation zone. The location of the crystalline phases is
different from those formed in tests with a spherical in-
denter [7] and will be discussed later. These were identi-
fied as R8/BC8 phases (see inset in Fig. 1(a) and [19] for
details).
In contrast, after indentation with Pmax = 50 mN the
whole transformation zone was occupied by R8/BC8
phases (see inset in Fig. 1(b)). The maximum depth of
the zone grew to 600 nm and the residual impression
depth became 360 nm. A median crack had clearly
appeared.

The microstructure of the transformation zone
Pmax = 90 mN (Fig. 1(c)) was similar to the case of
Pmax = 50 mN. However, the size of R8/BC8 crystals
grew from 120 to 300 nm (see Fig. 1(b) and (c)). Micro-
cracks were noticeably developed. The maximum depth
of the zone rose to 1100 nm and the residual surface
impression went up to 850 nm.

Fig. 2 shows the load–displacement curves of the
indentation tests described above. At Pmax = 20 mN
three types of load–indentation curves were detected
from a total of 50 indentations, of which 10 are with



Fig. 4. Stress contours under Berkovich indenter obtained from finite
element analysis: (a) hydrostatic, (b) octahedral. (The region of highest
stress is represented by the darkest contour under the indenter.)
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elbows, 16 are with both pop-outs and elbows (see
Fig. 2(a)) and the rest are with pop-outs only. Although
the three types of load–displacement curves are different,
the corresponding structures in all the transformation
zones were very much similar to each other, i.e., they
were composed of a mixture of amorphous and crystal-
line components; however, the quantity of the crystalline
phase varied. The above observation indicates that the
shape of the load–displacement curves (pop-out only, el-
bow only or a combination of them) does not reflect the
distribution of the final phases in the transformation
zone in position or volume percentage.

When indenting with Pmax = 50 mN, two types of
load–displacement curves were detected, of which 10
are with both pop-outs and elbows and 40 featured
pop-outs only (Fig. 2(b)). No amorphous component
was identified in the transformation zone, but the med-
ian crack was found to be longer and wider.

For the indentation with Pmax = 90 mN, all the 50
load–displacement curves were with pop-outs only and
the structure of all the transformation zones was com-
pletely crystalline.

3.2. Mechanism of the phase distribution variations

As mentioned in the previous section, the positions of
the crystalline R8/BC8 phases found within the amor-
phous residual indentation zone are different in the case
of indentation by a Berkovich or a spherical indenter.
With a Berkovich indenter, the crystalline R8/BC8
phase is found at the bottom of the transformation zone.
Whereas with a spherical indenter, the crystalline phases
produced are found closer to the surface and appear in
the middle of the transformation zone (Fig. 3) [13].

Since the formation of the R8/BC8 phases is strongly
stress dependent, the different stress distributions due to
the Berkovich and spherical indenters result in different
R8/BC8 distributions within the transformation zone.
The effects of various stresses that attribute to this differ-
ence are discussed in this section.
Fig. 3. Microstructure of the transformation zone after indentation
with a spherical indenter (Pmax = 30 mN, the radius of inden-
ter = 5 lm) [13].
Fig. 4 shows the finite element stress contour plots of
subsurface stresses under a Berkovich indenter at the
maximum indentation load. The magnitudes of the
stresses are not discussed as the focus here is the distri-
bution of the highest stresses. A comparison between the
hydrostatic stresses (see Fig. 4(a)), which are required to
initiate the R8/BC8 phase, and the octahedral shear
stress (see Fig. 4(b)), which necessitates the breaking
of bonds leading to the formation of amorphous phase,
reveals that in the case of indentation with a Berkovich
indenter, the region with the highest hydrostatic stress is
at the tip of the indenter, and is located below the high
octahedral stress region, which is at the two sides of the
indenter. This suggests that the R8/BC8 phase formed
will be at the bottom of the transformation zone.

The molecular dynamics simulation gives the stress
distributions with the amorphous zone formed due to
indentation. Fig. 5 shows the residual amorphous inden-
tation zone due to a pyramidal indenter. The shape of
the residual amorphous zone is very close to that ob-
served in experiment shown in Fig. 1(b).

Molecular dynamics simulation also reveals that in
the case of the pyramidal indenter (similar to the Berko-
vich indenter), a high hydrostatic stress in the specimen



Fig. 5. Residual amorphous indentation zone obtained from molec-
ular dynamics simulation.
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at the maximum indentation (Fig. 6(a)) occurs beneath
but close to the tip of the indenter. It is clear that the
amorphous transformation zone (the shaded region) is
mostly above the high hydrostatic stress area, defined
by a critical value of the octahedral shear stress [26] as
shown in Fig. 6(b). Hence, when the indenter unloads,
the crystalline phase which forms in the region with high
hydrostatic stresses will take place at the bottom of the
amorphous zone.

Despite differences in scale, both the finite element
and molecular dynamics simulations, show that in the
Fig. 6. Stress distribution at the Pmax with a pyramidal diamond
indenter from the molecular dynamics simulations (shaded region
represents the transformation zone, dots represent diamond indenter):
(a) hydrostatic, (b) octahedral.
case of a pyramidal indenter, the region of high hydro-
static stress occurs below the region of high octahedral
stress. In addition, the molecular dynamics simulations
also show that the region of high hydrostatic stress
where R8/BC8 forms occurs at the bottom of the trans-
formed amorphous zone. This seems to support well the
experimental observation as shown in Fig. 1(a).

Fig. 7 shows the finite element stress contour plots of
subsurface stresses under a spherical indenter at the
maximum indentation load. In this case, the region of
high hydrostatic stress (see Fig. 7(a)) is shallower than
that of the high octahedral stress (see Fig. 7(b)). This
suggests that the R8/BC8 phase should form in the loca-
tion nearer to the surface and within the amorphous
zone.

Fig. 8(a) presents the hydrostatic stress caused by a
spherical indenter in a molecular dynamics model, which
also shows that a spherical indenter produces higher
hydrostatic stresses in the upper part of the amorphous
transformation zone (defined by the shaded region of
high octahedral stress), as show in Fig. 8(b).

Again, both the finite element and molecular dynam-
ics analyses demonstrate that because of the difference
in hydrostatic and octahedral stress distributions,
Fig. 7. Stress contours under a spherical indenter obtained from finite
element analysis: (a) hydrostatic, (b) octahedral. (The region of highest
stress is represented by the darkest contour under the indenter.)



Fig. 8. Stress distribution at the Pmax with a spherical diamond
indenter from the molecular dynamics simulations (shaded region
represents transformed amorphous zone, dots represent diamond
indenter): (a) hydrostatic, (b) octahedral [25].
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Berkovich and spherical indenters produce different dis-
tributions of R8/BC8 phases.
4. Conclusions

This study explores the distribution difference of var-
ious phases in silicon after indentation with a Berkovich
and a spherical indenter. It can be concluded that:

1. an increase of Pmax promotes more crystalline phases
in the transformation zone;

2. the location of the crystalline phases is stress-
dependent;
3. median cracks took place for all indentation tests
conducted, which seems to play a role in altering
the shapes of the load–displacement curves of the
indentations;

4. elbows and pop-outs do not correspond accurately to
the distribution of the final phases in the transforma-
tion zone, in position or in volume percentage.
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