Mechanical Deformation of Crystalline Silicon During Nanoindentation
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ABSTRACT

Deformation during spherical and pointed indentation in (100) crystalline silicon using
a UMIS-2000 nanoindenter has been studied using cross-sectional transmission electron
microscopy (XTEM), atomic force microscopy and Raman microspectroscopy. XTEM
samples were prepared by focused ion beam milling to accurately position the cross-section
through the indentations. Indentation loads were chosen below and above the yield point
for silicon to investigate the modes of plastic deformation. Slip planes are visible in XTEM
micrographs for all indentation loads studied but slip is not the main avenue for plastic
deformation. A thin layer of poly-crystalline material has been identified (indexed as Si-XII
from diffraction patterns) on the low load indentation, just prior to yield (pop-in during
loading). For loading above the yield point, a large region of amorphous silicon was
observed directly under the indenter when fast unloading conditions were used. The
various microstructures and phases observed below indentations are correlated with
load/unload data.

INTRODUCTION

The response of crystalline silicon to indentation has been a topic of interest for many
years, and it is now well established that this material undergoes a series of hysteretic
phase changes when subjected to high pressures [1-5]. Diamond anvil techniques have been
used to study these high-pressure phases under hydrostatic loading conditions. Diamond
cubic Si-I transforms to the metallic 8 — Sn phase, Si-II, involving a 22% increase in
density at a pressure of 11.3 - 12.5 GPa [6]. At higher pressures, Si undergoes further
transformations forming a primitive hexagonal phase at ~ 16 GPa. Work by Gilman [7],
indicating shear stress can lower transformation thresholds, is especially significant for
indentation loading where high shear stresses can be present [8]. Upon pressure release
rhombohedral (r8) Si-XII, body-centered-cubic (bc8) Si-III, and the amorphous phase have
all been reported to form [9,10].

Transmission electron microscopy (TEM) studies of indentations in crystalline silicon
have shown transformed regions in indents made by pointed and spherical indenters in
both plan-view and cross-section samples [5,11-13]. A number of authors have reported
large regions of amorphous silicon (a-Si) located directly under the residual indent
impression [11,13,14]. Small polycrystalline regions have also been observed in plan view
from indentations made with pointed indenters and more recently by spherical indentations
in cross-section [3,11]. Slip induced by indentation along the {111} planes is clearly seen in
cross-sectional transmission electron microscopy (XTEM) [11,15].

Raman spectroscopy has been used for the analysis of indentation-induced
transformations in a number of semiconductor materials [16,17]. Studies of the Raman
spectra from indentation in silicon by pointed indenters have reported a number of phases
such as Si-XII, Si-III, and a-Si to be present in the center of indentations [10]. This work
has also highlighted the significance of the loading and unloading rates with a-Si found to



form upon rapid pressure release, whereas for indentation formed by slow pressure release,
a mixture of Si-XII and Si-IIT was detected. Recently a strong correlation in the shape of
the unloading curve with the structural changes induced by pointed indentation has been
reported [18]. This work demonstrated the pop-out on unloading to be an indicator of the
presence of Si-XII and Si-IIT while the appearance of an elbow on unloading suggests the

formation of a-Si.

In this paper, we report on the mechanical deformation of crystalline silicon by
indentation. We discuss how the deformation microstructures correlate with the
indentation loading conditions using a combination of cross-section transmission electron
microscopy (XTEM), atomic force microscopy (AFM) and Raman spectroscopy.

EXPERIMENT

A series of indentations were made on (100) crystalline silicon with both a spherical
and pointed indenter at loads of up to 250 mN. All indentations were made with an
Ultra-Micro Indentation System-2000 (UMIS) at ambient pressure and room temperature.
The radius of the spherical indenter used throughout this study is ~ 4.2 ym. Scanning
electron microscopy was used to characterize both the spherical and the pointed
(Berkovich) tip. The UMIS and indenter tips were carefully calibrated using fused silica of
known material properties.

A Nanoscope IIT AFM in contact mode was used to image a series of residual indent
impressions. Raman spectra were also taken from the indentations with a Renishaw 2000
Raman Imaging Microscope using the 632.8 nm and 647.1 nm excitation lines of a
helium-neon laser and the krypton laser respectively. The instrument was calibrated to + 2
cm~!. A spot size in the order of ~ 1 — 2 um was used and as the indentations studied are
a similar size, contributions from the pristine region of the silicon sample were often
recorded. Any laser-induced phase changes were avoided by keeping the laser intensity low.

Samples were prepared for XTEM analysis by generating a large array of indentations
using the same loading conditions. These samples were then mechanically polished to a
thickness of ~ 60 ym ensuring the array of indentations remained as central in the sample
as possible. Further thinning was achieved using an FEIxP200 focused ion beam (FIB)
system using Ga ions at 30 keV to accurately position electron transparent sections in the
region of an indentation. This technique has been used previously to create XTEM samples
of pointed indentations in silicon [15]. To protect the surface of the indentations from
ion-induced damage during the ion milling process a 2 pm thick layer of platinum was
deposited on the surface of the indents using the FIB instrument. The TEM used in this
study was a Philips EM 430 operated at an accelerating voltage of 300 kV.

RESULTS AND DISCUSSION

Shown in Fig. 1 (a) is a load-unload curve from a spherical indentation at a maximum
load of 20 mN. This figure shows a predominantly elastic response below the pop-in
threshold with only a small degree of plastic deformation. The dark field XTEM
micrograph of an indent loaded to 20 mN, made with a diffraction spot from a high
pressure phase of Si (indexed as Si-XII), is shown in Fig. 1 (b). This highlights the thin
layer of polycrystalline transformed material on the surface of the indent. The formation of
a region of transformed material directly under the surface of the indenter corresponds
with the area of greatest hydrostatic pressure caused by spherical loading [2]. Slip bands
can be clearly seen in this micrograph oriented at an angle of 54° to the (100) surface
indicating they are aligned along the {111} planes. As the slip bands extend into the bulk
of the sample they intersect and act as respective barriers. This halts any further extension
into the bulk and gives the characteristic ‘V’ shape shown. The full mechanism for the
mechanical deformation of crystalline Si will be discussed elsewhere.
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Figure 2 (a) shows a typical load-unload curve above the pop-in threshold using the
spherical indenter at a maximum load of 80 mN . The ‘pop-in’ and ‘pop-out’ can be clearly
seen as discontinuities in the loading and unloading curves respectively. A XTEM
micrograph of an indentation made with the same experimental parameters is shown in Fig
2 (b). The region of transformed material is an expansion of the thin layer shown in the
low-load indent [Fig.1 (b)]. This polycrystalline material most likely contains a mixture of
the high-pressure phases Si-XII and Si-III. Diffraction and dark field TEM studies show
only a small volume of diamond cubic Si-I phase in this region. Due to the similarity in the
unit cell dimensions of Si-XII (5.712 ) and Si-III (5.716 ) at low pressures, identification
of the phases through diffraction pattern indexing is di cult [9].

AFM analysis of the residual indent impression made at loads up to 80 mN is shown in
Fig. 3 (a) and displayed no visible cracking. Extruded material can be observed on one
side of the indent. The ow of extuded material around the indenter during indentation is
believed to be indictative of the metallic 5 — Sn phase, Si-II. No evidence of slip can be
seen in the AFM images due to the layer of transformed material on the surface of the
indent. Raman spectroscopy of an indent made at loads up to 80 mN is shown in 3 (b).
The bands at 350 and 394 cm ! have been assigned to Si-XII and the bands at 382 and 433
cm ! to Si-III. Unstressed diamond cubic Si-I is reported to have a Raman band at 521
cm™!. Shifts in this Raman band have been reported to be an indicator of residual stresses
in the Si surrounding the indentation [19]. Small shifts were observed in the Si-I band. The
extra Raman bands from the Si- XII and Si-III phases are clearly visible in this spectrum
and absent in a spectrum from virgin Si [10].

Figure 4 (a) shows a bright field micrograph of an indentation made with a Berkovich
indenter at a maximum load of 250 mN with a fast loading and unloading rate of ~ 25
mN /sec. Selected area diffraction studies showed the deformation microstructure formed
by this fast loading rate to be amorphous and the Raman spectrum of an indentation made
with the same loading conditions is shown in Fig 4 (b). The broad bands characteristic of
amorphous Si can clearly be seen in this figure. The XTEM micrograph shows a large
pyramid shaped region of a-Si directly under the indenter with lateral cracks from the
indent radiating outward. The lateral cracks are nucleated on unloading due to residual
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tensile fields formed near the base of the deformed zone [20]. Although the deformation is
severe slip bands were also observed in these samples.

CONCLUSIONS

In conclusion the mechanical deformation of Si by indentation has been studied using
a combination of XTEM, AFM and Raman spectroscopy. XTEM of a spherical indent
made below the threshold for plastic deformation shows significant mechanical
deformation. Slip is observed along the {111} planes and a thin layer of transformed
material (Si-XII) is found directly beneath the surface. nce loads exceed the pop-in
threshold, the main avenue for further mechanical deformation appears to be phase
transformation of the material directly under the indenter. Indents formed at loads of up
to 80 mN gave rise to a deformation micro-structure consisting of a mixture of
polycrystalline Si-XII and Si-III, as characterized with XTEM and Raman spectroscopy.
Si-XII can be seen to exist alongside Si-IIT suggesting residual stresses present in and
around the indentation. The transformed region corresponds with the area of greatest
hydrostatic pressure. Slip is not observed with AFM due to the fact that the slip lines are
hidden below the transformed layer at the surface. Amorphous Si was observed in
indentations formed using Berkovich indenters at a fast loading and unloading rate and
these samples showed large deformed regions and cracking.
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