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Nanoindentation tests were performed on ultraprecision diamond-turned silicon wafers and the
results were compared with those of pristine silicon wafers. Remarkable differences were found
between the two kinds of test results in terms of load-displacement characteristics and indent
topologies. The machining-induced amorphous layer was found to have significantly higher
microplasticity and lower hardness than pristine silicon. When machining silicon in the ductile
mode, we are in essence always machining amorphous silicon left behind by the preceding tool pass;
thus, it is the amorphous phase that dominates the machining performance. This work indicated the
feasibility of detecting the presence and the mechanical properties of the machining-induced
amorphous layers by nanoindentation. ©2005 American Institute of Physics.
fDOI: 10.1063/1.1924895g

Silicon is not only a dominant substrate material for the
fabrication of microelectronic and micromechanical compo-
nents but also an important infrared optical material.1,2 The
manufacturing of large-diameter silicon wafers by ultrapre-
cision ductile machining technology has become a subject of
concentrated research interests.3–6 A bottleneck for ductile
machining processes is the machining-induced subsurface
damages to silicon substrates, which involve dislocations and
phase transformations. A number of previous studies have
confirmed the presence of amorphous phase within the near-
surface layer of ductile-machined silicon wafers.7–11

The subsurface damages, especially the amorphous
layer, will significantly influence the mechanical, optical, and
electrical functions of silicon parts. Virtually all studies of
machined silicon surfaces involve the evaluation of this
amorphous layer by default, even if the investigators did not
realize it or explain this phenomenon. For example, when
considering micromechanical applications where surface
contacts and/or frictions exist, the mechanical properties of
the amorphous layer, such as hardness, elasticity, and plas-
ticity, become very important. The subsurface damages also
influence the subsequent wafer manufacturing processes.
That is, a machining operation always involves multiple tool
passes due to the cross feed; thus, with the exception of the
first cut, all subsequent cuts are made upon an amorphous
material and not the starting crystalline material. From this
point of view, it is essential to clarify the mechanical prop-
erties of this amorphous layer. However, to date, most silicon
machining processes are based on the properties of the
diamond-cubic single-crystalline phase, and little effort has
been placed on the machining-induced amorphous phase.

During the past decades, response of single-crystal sili-
con to micro/nanolevel indentation has received extensive

attention.12–23 Unlike other materials, silicon often shows
characteristic features in indentation depth in the unloading
part of the load-displacement curve, namely, pop out or el-
bow, depending on the unloading rate, angle of the indenter,
maximum load, or indentation depth.19–21 These interesting
phenomena are believed to be related to high-pressure phase
transformations occurring beneath the indenter, which are ac-
companied by a significant volume change, and the extrusion
selbowd or containmentspop outd of the high pressure phase.

In this article, we report the results of nanoindentation
tests performed on ultraprecision ductile-machined silicon
wafers. When performing nanoindentation on machined sili-
con wafers, the indentation behavior will be dominated by
the machining-induced amorphous layer for low loads and
shallow depths. This situation can be simply considered as a
thin film of amorphous silicon formed on a pristine crystal-
line substrate. Therefore, if a suitable indentation load is
used, it may be possible to detect the presence and the me-
chanical property of this amorphous layer by nanoindenta-
tion.

In our experiments, electric device gradep-type single-
crystal silicon s100d wafers having a doping level of 1.33
31014 atoms/cm3, were used as specimens. These wafers
are 25.4 mm in diameter, 0.725 mm in thickness, and ob-
tained with chemomechanical polished finishes. The wafers
were fixed to a hydrostatic spindle by heat-softened wax and
were machined by fly-cutting using a straight-nosed diamond
cutting tool24 on an ultraprecision diamond lathe, Toyoda
AHP 20-25N. We used a cutting tool with a −60° rake angle
and a 6° relief angle for experiment. The tool rake angle was
set to more negative than the practically used toolss−20–
−40°d, for the purpose of generating a thicker subsurface
damage layer.25 Other machining conditions were unde-
formed chip thickness 100 nm, tool feed 14mm/rev, cutting
edge angle 0.4°, depth of cut 2mm, and cutting speed
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15–18 m/s. Dry cutting was performed without any cutting
fluid to avoid possible chemical effects.

One of these diamond-machined silicon wafers was used
for preparing transmission electron microscopesTEMd
samples by focused ion beam technique. The cross-sectional
TEM micrographs of the machined silicon wafer showed that
a 150 nm-thick amorphous layer was generated during ma-
chining, below which is a crystalline region with a few dis-
locations. The details of TEM observation will be addressed
in another paper, together with selected area diffraction
analysis.

A nanoindentation tester, ENT-1100a, produced by
Elionix Co. Ltd. sTokyo, Japand was used for the present
experiments. Tests were performed using a Berkovich-type
diamond indenter. The circumferential orientation of the sili-
con wafer to the indenter was adjusted to make the orienta-
tion flat f110g parallel to one face of the indenter. The maxi-
mum load was varied in the range of 0.1–100 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
0.02–20 mN/s. Ten indentation tests were made for each ex-
perimental condition.

Typical load-displacement curves obtained in the experi-
ments are shown in Fig. 1, where the maximum indentation
load was 0.6 mN. During the indentation of pristine silicon,
only elbows appeared on the unloading parts of the curves,
as in Fig. 1sad. This is similar to previous results under fast
unloading conditions, indicating a transformation from dia-
mond cubic structure to amorphous.19,20 However, for the
machined silicon wafers under the same conditions, apart
from elbows, pop outs were frequently observed during un-
loading, as shown in Fig. 1sbd. Furthermore, on the loading

parts of the load-displacement curves, pop-in phenomena
were also observed.

At present, the physics governing the pop in and pop out
in Fig. 1sbd is not yet clear. One of the possible factors might
be the further phase transformations of the amorphous sili-
con, where further investigation is required to reach defini-
tive conclusions.

Figure 2 is a comparison of measured hardness between
the pristine silicon wafer and the machined silicon wafer. No
remarkable difference was found when the maximum inden-
tation load was larger than 0.6 mN. However, when the
maximum load is smaller than 0.6 mN, the hardness of the
diamond-turned silicon wafer becomes distinctly lower than
that of the pristine silicon. At a sufficiently small load, the
indentation response will be mainly due to the amorphous
layer; thus, it can be concluded from these results that the
machining-induced amorphous silicon is softer than
diamond-cubic silicon. This surface-softening phenomenon
is very different from conventional metal machining, where
the near-surface layer always becomes harder due to the
work-hardening effects. The work-hardening effect of metal
is due to dislocation activities; while the surface-softening
effect during silicon machining is caused by phase transfor-
mation.

Figure 3 is a comparison of indentation depth ratio be-
tween the pristine silicon wafer and the machined silicon
wafer. Here we define the indentation depth ratior as the
ratio between the residual depth of the indentdres and the
maximum indentation displacementdmax. It is clear that the
indentation depth ratio of the diamond-turned silicon wafer
is higher than that of the pristine silicon, and this trend be-

FIG. 2. Comparison of measured hardness between the pristine silicon
wafer and the machined silicon wafer.

FIG. 3. Comparison of indentation depth ratio between the pristine silicon
wafer and the machined silicon wafer.

FIG. 4. AFM topographies and cross-sectional profiles of indents generated
on sad pristine silicon wafer andsbd machined silicon wafer.

FIG. 1. Typical load-displacement curves in nanoindentation tests ofsad
pristine silicon wafers andsbd machined silicon wafers.
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comes stronger and stronger as the maximum load decreases.
Because the indentation depth ratior represents the degree of
plastic deformation, the results in Fig. 3 indicate that the
machining-induced amorphous silicon has significantly
higher microplasticity than diamond-cubic silicon.

Figure 4 shows atomic force microscopicsAFMd topog-
raphies and cross-sectional profiles of the indents formed on
pristine and machined silicon wafers, at a maximum load of
20 mN. In Fig. 4sad, the indent profile is extremely smooth,
showing no evidence of protrusions. However, in Fig. 4sbd,
there are significant protrusions around the indent, which
demonstrates that the amorphous layer has been subjected to
significant plastic flow during indentation.

During loading with a Berkovich indenter on pristine
silicon, the high pressure phase is constrained below the in-
denter by the near-surface diamond-cubic phase and cannot
escape to the free surface to generate protrusions. Whereas
when loading on the amorphous silicon, its random atom
distribution would be easier to rearrange; thus, the high pres-
sure phase can extend to the free surface allowing a pathway
to extrude out from under the indenter.

As mentioned in the beginning, when machining silicon
we are always working on an amorphous material as the
preceding pass left behind in its wake an amorphous surface
layer that the subsequent pass will encounter. Therefore, it is
the microplascitity of the amorphous phase that in effect
dominates the ductile machinability of silicon. From this as-
pect, we can say that when dealing with ductile machining
technology the mechanical properties of the amorphous layer
should be considered. This amorphous layer, if not com-
pletely removed, will also influence the surface function of
produced silicon parts.
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