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Abstract

Depth-sensing nanoindentation tests were made on single-crystal silicon wafers at various loads using a sharp Berkovich indenter, and the
resulting indents were studied using transmission electron microscope and selected area diffraction techniques. The results indicated that the shape
of the unloading parts of the load—displacement curves was affected by indentation load. The geometry and the size of the phase transformation
region were also dependent on the indentation load. A strong correlation between the indentation load and the microstructure change of silicon was
confirmed. A small load (~20 mN) leads to a complete amorphous indent after unloading, whereas a big load (~50 mN) produces a mixture of
amorphous and nano-crystalline structure around the indent. The critical load for this transition to occur was approximately 30 mN. These results
provide information for ductile regime machining technologies of silicon parts.
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1. Introduction

Single-crystal silicon (Si) is the principal material used for
solid-state electronics and infrared optical technologies. Over
the recent decades, many stable and metastable solid phases of
silicon have been observed in pure hydrostatic pressure tests and
other deviatoric tests such as micro/nanoindentations. It has been
shown that in indentation tests, a pressure-induced phase trans-
formation occurs to silicon and the material directly underneath
the indenter first transforms to a metallic state during loading;
upon unloading, it transforms to an amorphous structure or other
metastable phases [1-6]. The metallic phase having the -tin
structure is sufficiently ductile to sustain plastic flow, which pro-
vides the possibility of ductile regime machining of silicon parts
[7].

Due to the fact that the mechanical contact conditions in
an indentation test is geometrically akin to that in micro-nano
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level machining processes such as single-point diamond turning
[7,8], the understanding of the indentation-induced deformation,
fracture and microstructure change can provide useful infor-
mation for improving the mechanical, optical and electronic
performances of silicon products by eliminating the machining
damages [9]. Previous workers have found that the phase trans-
formation mechanisms during indentation tests depend on the
indenter shape, loading/unloading rate and other factors [10-14].
These results are useful for the selection of machining conditions
since the indenter shape corresponds to the tool geometry, and
the loading/unloading rate corresponds to the machining speed
in a machining process.

In the present paper, we explored the effect of the indentation
load on the phase transformation of silicon. The indentation load
corresponds to the machining scale, namely, the depth of cut or
undeformed chip thickness, in machining processes. Previous
authors have investigated the load effects during indentations
with blunt spherical indenters [11-13]. In this paper, we used
a sharp Berkovich indenter and examined the indents at various
loads using a transmission electron microscope and selected
area diffraction (SAD) techniques. The effects of maximum
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indentation load on the loading—unloading characteristics, the
depth of the phase transformation region and the microstructure
change of silicon were examined.

2. Experimental

Indenter shape has a strong effect on the indentation behav-
ior. Usually, pyramidal indenters such as Vickers, Berkovich
and Knoop indenters are typically classified as sharp, whereas
spherical indenters are characterized as blunt. To simulate an
ultraprecision machining process a sharp indenter is much more
suitable than a blunt one, due to the fact that in ultrapreci-
sion machining processes, extremely sharp tools are always
used.

A nanoindentation tester, ENT-1100a, produced by Elionix
Co. Ltd., was used for the experiments. Tests were performed
using a Berkovich indenter made of single crystalline diamond.
The tip radius of the indenter was estimated to be ~20 nm. The
circumferential orientation of the silicon wafer to the indenter
was adjusted to make the orientation flat [1 1 0] parallel to one
face of the indenter. The maximum load was varied in the range
of 1-200 mN. The time for loading and unloading was the same
and fixed to 5 s; thus, the loading/unloading rate changed in the
range of 0.2-40 mN/s. Ten indentation tests were made for each
experimental condition.

Device grade p-type single-crystal silicon wafers having a
doping level of 1.33 x 10'* atoms/cm® were used as specimens.
The surface orientation of these silicon wafers is (001).
These wafers are 0.725mm in thickness and obtained with
chemomechanical polished finishes. Thin-foil specimens for
cross-sectional transmission electron microscopy (XTEM)
were prepared using a focus ion beam (FIB) apparatus in such
a way that the specimen contains the loading direction and
the center of the indent. These specimens were then examined
using a high resolution TEM (HRTEM), Hitachi H-OO0ONAR,
at an accelerating voltage of 300 kV. The maximum direct mag-
nification was 400,000 times and an extension magnification of
5 times was used, leading to a total magnification of 2,000,000
times.

3. Results
3.1. Load-displacement characteristics

The load—displacement curves of silicon indentation tests
have been the main interest for previous studies [10,12]. Some
observed a distinct displacement discontinuity in loading, called
pop-in; but others additionally recorded well-defined transition
steps only in unloading, called pop-out. These features on the
loading—unloading curves are considered to be related to the
density change of silicon caused by the high pressure phase
transformations. In loading, diamond cubic silicon transforms
to the denser phase and thus the pop-in appears due to a sudden
volumetric reduction. In contrast, in unloading the transition is
to a lower density structure associated with a volumetric expan-
sion, and consequently the pop-out occurs. Moreover, these
features on the loading—unloading curves were also found to
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Fig. 1. Typical load—displacement curves during the indentations at various
loads: (a) 10mN and (b) 50 mN, showing different features on the unloading
part.

be dependant on the indenter geometry and loading/unloading
rates [10,14].

In the present experiments, when the maximum load was var-
ied in the range of 1-200 mN, no pop-in events were found for
all the conditions. However, apparent different features were
confirmed on the unloading curves for various loads. Typi-
cal load—displacement curves are shown in Fig. 1. When the
maximum indentation load was 10 mN, a slight elbow (gradual
change in slop) can be seen on the unloading part of the curves, as
in Fig. 1(a). This is similar to previous results under fast unload-
ing conditions, indicating a transformation from diamond cubic
structure to amorphous [10]. In contrast, at the maximum inden-
tation load of 50 mN, a well-defined pop-out appeared on the
unloading part of the curve, as shown in Fig. 1(b). The critical
load for the occurrence of pop-out was found to around 30 mN.
These results imply the possible differences in phase transfor-
mation mechanism under various indentation loads even for the
same indenter shape.
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Fig. 2. Cross-sectional TEM image of an indent obtained at a load of 20 mN.

3.2. XTEM observation

Fig. 2 is a bright field XTEM micrograph of an indent
made at a maximum load of 20 mN. The dotted line abc shows
the indent surface after unloading. Just below the indent sur-
face, a light grey region indicated by abcd can be identified.
The material within the region abcd has a uniform microstruc-
ture and there can be seen a clear boundary between this
region and its surrounding area. This region, as known from
the high resolution observation results in Fig. 5 which will
be shown later, is a phase transformation region. The depth
of the phase transformation region (655 nm) is approximately
4.8 times that of the residual depth of the indent (136 nm),
and 2.3 times the maximum indentation depth (280 nm) iden-
tified from the corresponding load—displacement curve. The
long stripes shown out of the abcd region are interference
fringes caused by the bending of the TEM sample due to FIB
processing.

Fig. 3 is an XTEM micrograph of an indent made at a
maximum load of 50 mN. Similarly to Fig. 2, a phase transfor-

Fig. 3. Cross-sectional TEM image of an indent obtained at a load of 50 mN.

mation region indicated by dotted line abcd can be identified.
However, what to note is that the microstructure of the phase
transformation region is distinctly different from that shown in
Fig. 2. Numerous dark spots can be observed in the central lower
region of the indent, though the upper regions on the two sides
were similar to the phase transformation region in Fig. 2. The
depth of the phase transformation region in Fig. 3 is approx-
imately 1036 nm, 3.8 times that of the residual depth of the
indent (273 nm) and 2.2 times the maximum indentation depth
(475 nm).

(b}

Fig. 4. HRTEM image (a) and SAD pattern (b) of the region indicated by square
A in Fig. 3.
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The results in Figs. 2 and 3 indicate that as the maximum load
increases, the ratio of the phase transformation region depth to
the maximum indentation depth maintains constant; while the
ratio of the phase transformation region depth to the residual
indent depth decreases. In other words, the phase transformation
mechanism during loading is independent of the maximum load;
while during unloading, the phase transformation mechanism is
maximum load dependent. Therefore, the results demonstrate
that different metastable phases of silicon were generated during
unloading at various maximum loads. Furthermore, it is also

(b)

Fig. 5. HRTEM image (a) and SAD pattern (b) of the region indicated by square
B in Fig. 2.

assumable that the metastable phase generated at a maximum
load of 50 mN has much higher density than the amorphous
phase produced at 20 mN.

Another thing to note in Fig. 3 is that a median crack is extend-
ing downward from the bottom of the phase transformation
region, which indicates that the critical load for micro-fracture
initiation has been exceeded. This situation corresponds to the
size effect of the ductile—brittle transition of a machining process

[8].
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Fig. 6. HRTEM image (a) and SAD pattern (b) of the region indicated by square
Cin Fig. 3.
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3.3. HRTEM and SAD analysis

Fig. 4 is the HRTEM image and SAD pattern of the region
marked by square A in Fig. 3, which is located outside the
indent. In Fig. 4(a), silicon atoms are arranged in regular lattice
structures, and only diffraction spots of [1 1 0] incidence can
be seen in Fig. 4(b). These results indicate a perfect diamond
cubic single-crystalline structure without any phase transforma-
tion and damages.

Fig. 5 is the results of the region indicated by square B in
Fig. 2, which is located inside the indent obtained at the maxi-
mum load of 20 mN. In Fig. 5(a), silicon atoms are distributed
randomly, without any visible lattice structure. In Fig. 5(b), only
halo rings can be seen, indicating a complete amorphous state.

Fig. 6 shows the results of the region marked by square
C in Fig. 3, which is located inside the indent at the maxi-
mum load of 50 mN. As enclosed by dotted lines in Fig. 6(a),
extremely small crystalline grains (c-Si) of nanolevel size are
surrounded by the amorphous phase (a-Si). The nano-crystalline
grains are irregular in shape and size. The lattice orientations of
these grains were different from the diamond cubic substrate,
indicating that the nano-crystalline grains have been rotated
within amorphous phase due to the indentation deformation. In
Fig. 6(b), both halo rings and diffraction spots can be confirmed,
which also indicates a mixture of amorphous state and crystalline
state.

4. Discussion

It has been known from previous works that during unload-
ing of an indenter, the B-tin silicon transforms through the
metastable silicon (R8) to body-centered cubic (bcc), or directly
to amorphous silicon, depending on the unloading rates [12].
The results from this study revealed that the phase transforma-
tion mechanism also depends on the maximum load. This effect
might be due to the changes in the hydrostatic pressure and/or
the deviatoric shearing stress/strain conditions under various
maximum loads. The load-effect has also been found in ductile
machining processes as size-effects. One of the present authors
(J.Y.) examined the single-pointed diamond machined silicon
substrates using laser micro-Raman and found that the extent
of subsurface amorphization in diamond turning depends sig-
nificantly on the undeformed chip thickness [15]. An extremely
small undeformed chip thickness leads to ductile regime machin-
ing and causing an amorphous subsurface layer; whereas a large
undeformed chip thickness causes brittle regime machining and

causes a damaged subsurface layer containing crystalline phase.
The trend in machining was well consistent with the load effects
in indentation tests reported in this paper.

5. Conclusions

Nanoindentation tests were made on single-crystal silicon
wafers at various loads using a Berkovich indenter, and the
indents were studied using TEM and SAD techniques. The mate-
rial beneath the indenter undergoes phase transformation after
unloading, and the microstructure change mechanism depends
on the maximum indentation load. An extremely small inden-
tation load (~20mN) leads to a complete amorphous region,
whereas a big load (~50mN) gives rise to a mixture of amor-
phous and nano-crystalline structure. The depth of the phase
transition region is a few times that of the residual indent
depth, and their ratio decreases as the maximum indentation
load increases. A median crack was found to be initiated earlier
than any other types of cracks under aload of 50 mN. The results
from this paper also confirmed that the load-dependent nature
of the unloading curves, namely pop-out events, is related to the
different phase transformation mechanisms at various indenta-
tion loads.
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