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Pressure-induced plastic deformation and phase transformations manifested as the discontinuities dis-
played in the loading and unloading segments of the load-displacement curves were investigated by per-
forming the cyclic nanoindentation tests on the (11 0)-oriented Si single-crystal with a Berkovich
diamond indenter. The resultant phases after indentation were examined by using the cross-sectional
transmission electron microscopy (XTEM) technique. The behaviors of the discontinuities displayed on
the loading and re-loading segments of the load-displacement curves are found to closely correlate to
the formation of Si-Il metallic phase, while those exhibiting on the unloading segments are relating to
the formation of metastable phases of Si-III, Si-XII, and amorphous silicon as identified by TEM selected
area diffraction (SAD) analyses. Results revealed that the primary indentation-induced deformation
mechanism in Si is intimately depending on the detailed stress distributions, especially the reversible
Si-II «» Si-XII/Si-IIl phase transformations might have further complicated the resultant phase distribu-
tion. In addition to the frequently observed stress-induced phase transformations and/or crack forma-
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tions, evidence of dislocation slip bands was also observed in tests of Berkovich nanoindentation.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

It is well known that silicon with cubic diamond structure (Si-I)
when subjected to high-pressures will exhibit a series of crystal
structure changes, usually irreversible, during both loading and
unloading processes. Diamond anvil cell (DAC) studies have sug-
gested that Si-I can transform into a metallic f-Sn phase (Si-II) under
hydrostatic pressures of 11.2-12 GPa [1]. However, when the pres-
sure is released, there is no evidence indicating direct transforma-
tion back to the original cubic diamond structure. Instead, Si-II
transforms into various metastable phases depending on the details
of load release conditions. For instance, it was observed that, with
slow unloading in DAC, the Si-II first transforms into a rhombohedral
structure, r8 (Si-XII), at 10-12 GPa, then proceed to exhibit a revers-
ible transformation from Si-XII to the body-centered cubic structure,
bc8 (Si-III), with further decrease in cell pressure, and eventually
leading to a mixture of Si-1ll and Si-XII at ambient pressure [2]. These
two structures, bc8 (Si-1IT) and r8 (Si-XII), retain distorted covalent-
style tetrahedral bonding and are more densely packed than the cu-
bic diamond structure. On the other hand, Zhao et al. [3] proposed
that the Si-Il would transform to a tetragonal phase (Si-IX) with rapid
unloading from a DAC pressure of 14-15 GPa, albeit that such result
has never been repeated by other groups. Yet another variant iden-
tified as the hexagonal diamond structure or Si-IV (wurtzite struc-
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ture) [4] is observed when Si-III is heated. This phase is commonly
regarded as an intermediate phase before the final recovery to Si-I.

While DAC experiments have provided rich information about
the transformation mechanisms between various Si phases when
under hydrostatic pressure as well as the associated mechanical
characteristics of each phase, it is also anticipated that the transfor-
mation mechanisms between various Si phases and the pressures at
which the transformations take place may change when non-hydro-
static stress is applied. In this respect, nanoindentation not only has
proven to be a powerful technique in providing information on
mechanical characteristics of the investigated materials but also
being considered to be more relevant to realistic contact loading
conditions encountered in various chip fabrication processes. In
practice, the nanoindentation measurements are performed by mea-
suring the displacement of the material as a function of the load
applied to the tip of the indenter. Since, depending on the tip used,
the distribution of the load can be very different, the manifesting
physical properties and the deformation mechanisms involved
may be drastically varied. As a result, although the results of nanoin-
dentation contain much information concerning the prevailing
deformation mechanisms at various stages, the interpretation of
these data is by no means straightforward. Indeed, despite of the
large body of indentation researches performed on Si recently
[5-13], there are still some discrepancies between the obtained re-
sults. For instance, Mann et al. [11] pointed out that sharp indenter
tip may result in small amount of Si-IIl and larger amount of amor-
phous Si (a-Si), while Bradby et al. [12,13] identified a thin layer of
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Si-XII with both sharp and spherical indenter tips. Jang et al. [8] fur-
ther made systematic studies on the nanoindentation-induced
phase transformations in Si and demonstrated the significant influ-
ences of loads, loading rate and indenter angle on the phase transfor-
mation behaviors. It is conceivable that with the large stresses,
defect formation, cracking and piling-up generated in the vicinity
of indenter, the responses of the system are inevitably becoming
very complicated. Therefore, surface and subsurface phenomena
need to be identified in a more direct manner, which unfortunately
is not provided by the nanoindentation technique itself. To this re-
spect, the focused ion beam (FIB) miller is now widely used for pre-
paring the cross-sections of the locally deformed areas to direct
reflect the detailed nanoindentation-induced mechanical responses
for a range of materials [14]. In our case here, the cross-sectional
observations can provide important information about the in-depth
phasedistribution and embedded defect features introduced by con-
tact loading that were impossible to be observed with the plan-view
samples.

From the practical point of view, since phase transformations sig-
nificantly affect the electrical, optical and mechanical characteristics
of the products, it is very important to have accesses in evaluating
the materials subjected to the machining processes ubiquitously
practiced in manufacturing Si substrates as well as the associated
micro-electro-mechanical systems and microelectronics devices.
In this paper, we will first give a brief account on the indentation-in-
duced phase transformations in Si, especially on the mechanisms of
how the Si-II phase transforms into the high-pressure phases of Si-
XII/Si-IIl and/or a-Si during unloading, which has been an exten-
sively debated issue recently. Then, the results on the deformation
mechanisms of single-crystal (1 1 0)-Si under contact loading will
be presented. In particular, the final structures of the indentation-in-
duced transformation zone were analyzed using cross-sectional
transmission electron microscopy (XTEM) techniques. The use of
the Berkovich indenter not only will reflect the more realistic situa-
tions which might be encountered in real applications but also will
result in much higher local pressure with similar load, and hence,
will be helpful in clarifying the pressure-induced phase transforma-
tion issues. Furthermore, as indicated very recently by Gerbig et al.
[10], the increased deviatoric loading for (1 1 0)-Si as compared with
(0 0 1)-Si may facilitate plastic deformation processes leading to de-
creased transformation pressures. Thus, a timely confirmation on
this with direct microstructural evidences should be of great
interests.

2. Phase transformation in Si during unloading

Previously, a detailed account on the phase transformations in
silicon under contact loading had been given by Domnich and Gogo-
tsi [15]. In that, the phase transformation sequence of Si under con-
tact loading and unloading has been rigorously indentified by the
extensive combined studies of load-displacement measurements
and Raman spectroscopy. Briefly, it was concluded that the pop-
out during unloading is a consequence of Si-II — Si-XII transforma-
tion, which is believed to be accompanied by a sudden volume
expansion resulting in the uplift of materials surrounding the inden-
ter. Whereas the feature of an elbow appearing in the unloading
curve is a result of material’s expansion due to the slow amorphiza-
tion of the metallic Si-II phase. In addition, it was also established
that a pressure of ~12 GPa is needed for the Si-I — Si-II transforma-
tion on (re)loading and 5-8 GPa for the Si-II — Si-XII transformation
on unloading. For Si-III, the favorite pressure range is further reduced
to 2-3 GPa [2]. However, as revealed by the direct microstructure
evidences obtained from XTEM, the phase transformations during
unloading are much more complicated than expected. For instance,
Geetal.[6] pointed out that there might be two possible transforma-

tion routes during the indentation of Si. The first is that, due to the
extreme deformation introduced during indentation, direct amor-
phization of the Si-I occurred. The resultant a-Si can be retained in
the transformation zone if the unloading is fast enough to quench
the structure. If the unloading is slow the a-Si may transform into
Si-Ill and Si-XII simultaneously, albeit this process has never been
observed in high-pressure DAC experiments. Alternatively, the
metallic Si-II phase is formed during loading provided the contact
pressure exceeds 12-13 GPa which might be easily reached under
a Berkovich indenter. The Si-II phase then transforms into Si-XII
and finally into Si-III as the unloading process proceeds. In this sce-
nario, however, owing to the inhomogeneity of stress distribution
[16], especially the shear stresses, and various degrees defect con-
centrations can all produce different degree of bond breaking and
lattice rotations, resulting in the formation of a mixture of Si-XII,
Si-IlI, Si-1 and a-Si within the same transformation zone, as revealed
by their HRTEM observations. We note that within the framework of
these two scenarios the correlations between the various features
appearing on the load-displacement curves became arguable.

On the other hand, recent study on the formation and growth of
indentation-induced high-pressure phases made by Ruffell et al.
[17] has revealed that the transformation of Si-II to high-pressure
phases on unloading can be explained primarily by a nucleation
and growth mechanism [8,13]. By comparing the phase distributions
quenched from various stages on the unloading curves, Ruffell et al.
concluded that the seed nuclei of Si-IIl and Si-XII form during very
early stages of unloading and substantial volume of both phases oc-
curs only after the pop-out event at about 50% of the maximum load.
In contrast, high-pressure phases form more readily and substan-
tially in a-Si matrix without an observable pop-out event with rapid
unloading. In other words, it appears that in the nano-indentation
experiments the transformation between various phases of Si is
not necessary following the pressure sequences established previ-
ously by the hydrostatic DAC experiments. Rather, it is more relevant
to the detailed stress distribution, phases existent, and defect micro-
structures prior to uploading. In fact, similar conclusions were
reached by Zarudi et al. [18,19]. Nevertheless, the issues of whether
the new phases are emerging from nucleation and growth mecha-
nism or activated by deformation-induced lattice rotation remain
a matter of interest. One expects that in the former the dislocation
density within the transformation zone should be much less than
that in the latter, since the lattice rotation will generate more dislo-
cations [6]. Furthermore, as mentioned above, the stress distribution
induced by the Berkovichindenterin(1 1 0)-Sisubstrates can be also
very different from that obtained mostly from the spherical indenter
and on (0 0 1)-Si substrates.

3. Experimental details

Single crystalline (11 0)-Si wafers with light boron doping
(1 x 10" atoms/cm?) were used in the experiment. The wafers
were first ultrasonically cleaned for 20 min in acetone, then dipped
into 5% HF aqueous solution for 30 min to remove the oxide layers,
and followed by a thorough rinse in de-ionized water. Nanoinden-
tation tests were performed on a MTS NanoXP® (MTS Cooperation,
Nano Instruments Innovation Center, TN, USA) equipped with a
three-sided pyramidal Berkovich diamond indenter. The indenter
tip has a nominal radius of about 50 nm with the pyramidal faces
forming an angle of 65.3° with the vertical axis. Cyclic nanoinden-
tation measurements were performed by the following sequences.
Firstly, the indenter was loaded to some chosen load and then un-
loaded by 90% of the previous load to complete the first cycle. It
was then reloaded to a larger chosen load and unloaded by 90%
for the second cycle. Fig. 1(a) displays the typical load-displace-
ment results for the cyclic indentation test repeated for four cycles
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Fig. 1. (a) Load-displacement data for single-crystal Si(110) obtained during
nanoindentation with a Berkovich indenter showing the multiple “pop-in” and
“pop-out” events during loading and unloading, respectively. The inset shows a
SEM micrograph of an indent made at an applied load of 150 mN. Notice the crack
formation along the pyramidal edge directions. (b) Average contact pressure vs.
penetration depth curves of cyclic nanoindentation on Si(1 0 0).

to finally reach at an indentation load of 150 mN. It is noted that, in
each cycle, the indenter was hold for 5 s at 10% of its previous max-
imum load for thermal drift correction and for assuring that com-
plete unloading was achieved. The thermal drift was kept
below +0.05 nm/s for all indentations considered in this study.
The same loading/unloading rate of 1 mN/s was used.

Indents are cross sectioned using a FEI Nova 220 Dual-Beam
workstation - FIB/SEM system to examine subsurface deformed
microstructures, as described in details previously [20-22]. Prior
to ion milling, a thin layer of Pt was deposited to protect the in-
dents from ion-beam damage. Conventional TEM studies were car-
ried out in a JEOL-2010 TEM operating at 200 kV.

4. Results and discussion

The load-displacement curve shown in Fig. 1(a) displays the typ-
ical Berkovich indentation behavior carried out on the Si(1 1 0) sin-
gle-crystals with a maximum indentation load of 150 mN. In general,
the indentation curves reveal much information, especially for sili-
con with rich phase transformations involved. As summarized by
Gerbig et al. [10], the loading curve usually contains two segments:
(i) the slope change associated to the primary phase transformation
and, (ii) the plateau-like discontinuities (so-called “pop-in” events)
associated to the plastic flow initiated in ductile Si-II phase. On the

other hand, the unloading curve, depending on the operation condi-
tions, can have as many as six segments: namely elastic behavior,
plastic behavior, elbow, pop-out, kink pop-out, and elbow followed
by pop-out. Among them, the elbow feature characterized by the
gradual change of slope (dP/dh, with P being the load and h being
the indentation depth, respectively) is attributed to associate with
the material expansion during a slow amorphization of Si-II, while
the pop-out characterized by a constant dP/dh is primarily due to
the Si-Il — Si-XII/Si-III transformation induced material expansion
underneath the indenter.

As can be clearly seen, Fig. 1(a) apparently reproduces many
features corresponding to different phase transformations. For in-
stance, the continuous slope change during loading indicates the
pressure-induced phase transformation is, in fact, occurring even
at relatively low loadings in the present case. Moreover, as indi-
cated by the arrows depicted as “pop-ins”, there are some plastic
flow events simultaneously prevailing in the system after some
of the materials underneath the indenter tip has transformed to
more deformable phase of Si-II It is noted that the “pop-in” events
have also been alternatively interpreted by attributing to the large
volume change (~22%) associated with the onset of Si-I — Si-II
phase transformation, which is also expected to result in very dif-
ferent microstructure as compared to that described above
[5,12,13,23]. Indeed, it has been argued [12] that at higher loads
the initiation of slip, which primarily takes place on the {111}
planes of the Si-I phase, may be terminated when a catastrophic
pop-in (Si-I — Si-1I) phase transformation occurs. In order to fur-
ther explore this issue, we re-plot the indentation load shown in
Fig. 1(a) with average contact pressure (Fig. 1(b)). The average con-
tact pressure originally rapidly decreases during the first loading
cycle with the penetration displacement then quickly reaches a
more or less constant value of about 9 GPa. This behavior is consis-
tent with those observed by Gototsi et al. [24] in (0 0 1)-Si, albeit
the “saturated” average pressure value is about 3-4 GPa lower. It
is also evident that during the first cycle the pop-in (the disconti-
nuity on the upper-left corner) occurs at an average pressure of
about 13 GPa, which is consistent with the transformation pressure
of Si-I1 — Si-I (11.2-12 GPa) [1]. It is also noted that there are addi-
tional pop-ins occurring at an average contact pressure of about 7
GPa on all of the subsequent re-loading segments. Since it is appar-
ently well below the threshold pressure of Si-I — Si-II, it might be
resulting from different origins. However, whether these are due to
other phase transformation-induced volume change or are related
to plastic flow phenomena will need further discussions. The fact,
that the pop-ins (discontinuities on the re-loading curves) and
the pop-outs or elbows on the unloading segments are occurring
at close range of contact pressures (6-7 GPa) suggests that these
events are likely relevant to the reversible Si-XII/Si-IIl < Si-II trans-
formations, which has been found to occurring around 8 GPa in
(001)-Si [24]. As indicated by Gerbig et al. [10], the deviatoric
stress distribution, especially the shear stress, resulting from the
Berkovich indentation would tend to lower the contact pressures
at which the phase transformations take place in (11 0)-Si and
(11 1)-Si than in (0 0 1)-Si. Alternatively, it is immediately sugges-
tive from the scanning electron microscope (SEM) image displayed
in the insert of Fig. 1(a) that the major subsequent pop-in occurs
during the indentation loading curve might be associated with
the cracking events along the corner of residual indentation [25].
However, as pointed out by Morris et al. [25], the fracture at the
indentation site is not a sufficient condition for changing the
unloading behavior and probably will not significantly alter the
general features of phase transformations being discussed here. It
is thus very interesting to investigate directly from the microstruc-
ture analysis to clarify whether the pop-ins are relating to the Si-
[ — Si-II phase transition or it is simply a manifestation of the sud-
den extrusion of highly plastic transformed materials from under-
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neath the indenter, or even just being due to the initiation of
cracks. Furthermore, it is also interesting to know whether or not
the nanoindentation-induced generation and propagation of dislo-
cations observed in III-V semiconductors [20-22] occurring in this
system, as well.

Before getting into the microstructure analysis, the marked fea-
tures seen in unloading segments of the load-displacement curve
ought to be discussed in some details. As seen in Fig. 1, in addition
to the issues of the pop-ins and the average contact pressure values
(Fig. 1(b)) discussed above, in Fig. 1(a) the pop-out feature with dP/
dh ~0 characterizing the Si-Il — Si-XII phase transformation ap-
pears to happening only at lower loadings, whereas, at higher load-
ings, the pop-out features are primarily characterized by a finite
dP/dh, implying an amorphization dominating process. In general,
this agrees with the results reported in previous studies [26-28].
In that, upon unloading, the formation of mixture phases of Si-III
and Si-XII is evidenced by pop-out event and the phase character-
izations carried out by using micro-Raman spectroscopy [15,27]

bend:

ntour

and TEM [12,18,19] within the residual indents. Thus, these phases
and possibly the amorphous regions should the major residual
phases expected in the following XTEM analyses.

A XTEM bright-field image, demonstrating the resultant mor-
phology and microstructure of the transformation zone after sub-
jected to an indentation load of 150 mN is shown in Fig. 2(a). The
insert to the main panel shows the selected area diffraction (SAD)
indicating the complex crystalline phases existing and possibly
amorphous characteristics of the resultant material inside the de-
formed zone. The XTEM image displayed in the main panel of
Fig. 2(a) shows that the transformation zone has a nearly pyramidal
shape with a maximum penetration depth of ~600 nm. The slip
bands running along the direction inclining at an angle of ~45° with
respect to the indentation direction are also evident in Fig. 2(a). Since
the substrate is of (1 1 0) orientation, such slip bands are parallel to
the {1 1 1} planes. It is noted that the slip bands, similar to those re-
ported by Haq and Munroe [23] are activated in the region outside
the transformation zone and are distributing rather asymmetrically.

Fig. 2. (a) The bright-field XTEM image in the vicinity immediately under the Berkovich indent applied on single-crystal Si(1 1 0) with an indentation load of 150 mN. A
residual indentation of ~150 nm deep is evident on Si surface upon which the indenter impressed, indicating a significantly plastic deformation; insert: SAD of transformed
zone Il is shown. Right hand side: HRTEM images of the transformed zones III and IV. (b) Magnified HRTEM image obtained from the transformed zone II and, insert: the

corresponding FFT-simulated diffraction pattern.
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It appears that the slip bands are concentrating near the tip edge
while directly beneath the tip the dense contour in the XTEM image
suggest severe deformation. Also, unlike that observed in (1 1 1)-Si
by Haq and Munroe [23] where slip was found on {3 1 1} planes,
we only observe the {1 1 1} slip bands. The asymmetric distribution
of crystalline defects is believed to originate from the stress distribu-
tion caused by the Berkovich indenter. Indeed, Zarudi et al. [16] has
simulated the stress distribution and found that the highest hydro-
static stress in the substrate under the Berkovich indenteris right be-
neath the tip, while for the octahedral (shear) stress the highest
stress is distributed adjacent to the edges near the tip. The slip bands
active region seen on the upper left hand side of Fig. 2(a), thus are
likely to result from highly concentrated shear stress existent in that
region. We note that both the present results and that reported in
Ref. [23] are consistent with the predicted ones. Furthermore, it is
likely that the median crack is initiated at the intersection of the slip
bands and the boundary between the primary deformation zone and
the untransformed Si-I region due to the significant pile-up of slip
bands. The fact that there is also a sharp boundary between the shear
stress driving slip region and the marked dislocation activity phe-
nomena observed immediately beneath the transformation zone
could also reflect the different natures of the dominant stress in
the respective regions. As the slip bands intersect at the boundary
of the two regions, it can act as barrier obstructing further disloca-
tion gliding leading to the rapid stress accumulation and subsequent
formation of median crack [23]. It is noted that similar observations
were made in nanoscratch experiments performed on Si, as well
[19].1tis interesting to note that in the present case the median crack
is formed at a location about 1 pm below the bottom of the transfor-
mation zone and somewhat away from the line extending from the
tip center, which is very different from that obtained from the
(0 0 1)-Si substrates by either the spherical indenter [12] or the Ber-
kovich indenter. In that the median cracks were evidently observed
right at the tip beneath the transformation zone. The formation of
the median crack beneath the slip band apex indicates that the rapid
accumulation of induced stress in this local region. As a result, the
differences in the median crack formation observed in substrates
with different crystallographic orientations might be originated
from the detailed distribution of contact pressure and the active dis-
location slip systems driven by these stresses. Finally, it is also noted
that material from the transformation zone appears to have ex-
truded into the regions with marked dislocation slip activities result-
ing in the rather irregular boundary between the transformation
zone and the untransformed regions. It is consistent with the
“bumps” exhibited near the maximum contact pressure on the re-
loading cycles seenin Fig. 1(b), which has been indentified as the sig-
nature of the significant plastic flow prevailing in the ductile metallic
Si-Il phase under contact loading [24,29,30]. In other words, the cur-
rent results indicate that during the later load-unload cycles, the
reversible transformations between Si-II and the high-pressure Si-
XII and Si-III are probably the primary process accompanied by sig-
nificant dislocation activities.

Next, we turn to discuss the detailed microstructures within the
transformation zone. The observed amorphous phase in the upper
part of the transformed zone (region I) agrees with the previous
XTEM studies by Bradby et al. [12,13] who reported that, in rela-
tively large spherical indentations on Si, evidence of amorphous
silicon can be found at the centre of indentation near the material
surface. However, any surface asperities on the indenter tip could
generate large shear stresses close to the surface and, therefore,
generate the amorphous silicon in this local region. A reasonable
explanation for such phase distribution is that the surface layer
is less constrained than the deeper region and, thus has no enough
time to rearrange into another crystalline phase from the high-
pressure phase Si-II during pressure release. We note that this is
also consistent with the results reported by Zarudi et al. [16]

wherein, for Berkovich indenter-induced transformation, near the
surface of the transformation zone is dominated by a-Si and in
the deeper region of the zone mixture of Si-XII and Si-III are evi-
dently identified, whereas, for spherical indenter, the Si-XII and
Si-IIl are found only in the center of the transformation zone with
all the surrounding regions being a-Si.

High resolution TEM (HRTEM) images of the transformation
zone locating near the crack apex and the pyramidal side area, such
as the regions Il and IV indicated in Fig. 2(a), are displayed in the
right hand side pictures, respectively. It is noted that near the prox-
imity region toward region II appears to be irregular along the
boundary. On the other hand, in region IV, mostly amorphous
phase is observed. In the present case, since it takes four cycles
to reach to the 150 mN loading condition for the sample under
XTEM examination, the structures, as discussed above, might have
experienced several cycles of Si-II < Si-XII/Si-III transformations.
Indeed, as revealed in Fig. 2(b), the seemingly amorphous region
I indicated in Fig. 2(a) actually is composed of many nanocrystals
of high-pressure phases embedded in the amorphous matrix (see
below). The detailed phases and their distributions within the
transformation zone in the current study, thus, may not directly
comparable to those revealed in the previous studies
[16,17,23,30], in that, most results were obtained by single-cycle
indentation test. Nevertheless, the observations consistently indi-
cate that boundary structure and the detailed stress distribution
are playing the primary role in determining the resultant phases
and their distribution within the transformation zone in the con-
tact-induced phase transformation of Si. Being the source of de-
fects and the stress concentrator, the boundary between the
transformation zone and the untransformed bulk can act as the pri-
mary nucleation sites of the new phases or as the sites for initiating
the amorphous phase transformation due to the accumulated
stress near the slip bands intersects. Moreover, it is likely that
the energetic crack tip progresses straight down into the crystal
immediately after its formation could also release significant
amount of energy along the propagation and influences the struc-
ture of the adjacent material. This may also explain why markedly
different microstructure are present in region IIl and region IV, de-
spite both are about the same position from the indenter tip.

Complementary to the SAD technique, HR-image observations
provide additional structural information to reveal lattice struc-
tures of different phases formed during nanoindentation and are
of indispensable importance in helping understand the prevailing
mechanisms involved in phase transformations, especially for
phases such as Si-IIl and Si-XII which are structurally similar. For
instance, in the apparently unsmooth region II indicated in
Fig. 2(a), the HR image (Fig. 2(b)) evidently displays features show-
ing that the ordered crystalline lattice was broken into nano-sized
grains with different crystalline orientations. This indicates that in
this region the lattice are significantly distorted when subjected to
Berkovich nanoindentation. With the aid of the fast Fourier trans-
formation (FFT) method, the diffraction pattern of HRTEM image of
region Il is simulated, as shown in the inset of Fig. 2(b). By measur-
ing the interplanar angles from the simulated FFT diffraction pat-
tern, the structural characteristics of Si-Ill and Si-XII in the centre
part of the transformed zone are evidently identified. Namely,
the results indicate that the diffraction pattern is in fact an over-
lapped result of two phases; the one with 90° interplanar angle
is from the cubic Si-III, whereas the phase with 86° interplanar an-
gle is Si-XII. The results thus imply that the transformation from Si-
Il to Si-XII/Si-III may have occurred simultaneously by random
nucleation and growth during unloading. However, depending on
the stress distribution and the detailed unloading conditions, the
more ordered crystalline regions can also nucleate near the bound-
ary between the transformation zone and untransformed bulk, as
has been pointed out by Ruffel et al. [17] and others [16,23,30].
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5. Conclusions

In summary, we investigated the contact-induced phase
transformation in Si(110) single-crystals by combining tech-
niques of Berkovich nanoindentation, FIB and TEM observations.
The load-displacement curves obtained from the Berkovich
indentation test displayed distinct features of stress-induced
and afterward unloading phase transformations as previously
anticipated, albeit at lower loads than that observed in
Si(0 0 1) crystals. The structural analyses carried out in the resid-
ual indentation regions immediately beneath the indenter tip
confirmed the presence of metastable phases in the course Ber-
kovich nanoindentation-induced phase transformations in
Si(1 1 0) single-crystals. Median cracking and dislocation genera-
tion are also observed around the transformation zone. As evi-
dent from XTEM results, two structurally similar metastable
phases, Si-IIl and Si-XII, and amorphous phase, have been distin-
guished by electron diffraction and their spatial distribution
within residual Berkovich nanoindentation were examined. The
results from this study should be helpful to clarify the deforma-
tion mechanisms and the subsurface damage mechanisms of Si
when subjected to nanometer-scale mechanical contacts.
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