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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.2@05 American Institute of Physics
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Silicon is not only a dominant substrate material for theattention™2® Unlike other materials, silicon often shows
fabrication of microelectronic and micromechanical compo-characteristic features in indentation depth in the unloading
nents but also an important infrared optical materfalhe part of the load-displacement curve, namely, pop out or el-
manufacturing of large-diameter silicon wafers by ultrapre-how, depending on the unloading rate, angle of the indenter,
cision ductile machining technology has become a subject dhaximum load, or indentation deptf?* These interesting
concentrated research intereSSA bottleneck for ductile  phenomena are believed to be related to high-pressure phase
machining processes is the machining-induced subsurfage;nsformations occurring beneath the indenter, which are ac-
damages to silicon substrates, which involve dislocations angompanied by a significant volume change, and the extrusion
phas_e transformations. A number of previous _stl_Jdies hav Ibow) or containmentpop ouj of the high pressure phase.
confirmed the presence of amorpho_gs phase thhm the near- In this article, we report the results of nanoindentation
surface layer of ductile-machined silicon waférs - . i .

The subsurface damages, especially the amorphodgSts performed on uI_trapreC|s_|on duc_tlle-machlnec_zl 5|I|c<_)_n

wafers. When performing nanoindentation on machined sili-

layer, will significantly influence the mechanical, optical, and ; ) i ) )
electrical functions of silicon parts. Virtually all studies of ¢ON wafers, the indentation behavior will be dominated by

machined silicon surfaces involve the evaluation of thisth® machining-induced amorphous layer for low loads and
amorphous layer by default, even if the investigators did noghallow depths. This situation can be simply considered as a
realize it or explain this phenomenon. For example, wherthin film of amorphous silicon formed on a pristine crystal-
considering micromechanical applications where surfacdéine substrate. Therefore, if a suitable indentation load is
contacts and/or frictions exist, the mechanical properties ofised, it may be possible to detect the presence and the me-
the amorphous layer, such as hardness, elasticity, and plashanical property of this amorphous layer by nanoindenta-
ticity, become very important. The subsurface damages alsidon.

influence the subsequent wafer manufacturing processes. In our experiments, electric device gragdype single-
That is, a machining operation always involves multiple toolcrystal silicon(100) wafers having a doping level of 1.33
passes due to the cross feed; thus, with the exception of thg 1014 gtoms/c, were used as specimens. These wafers
first cut, all subsequent cuts are made upon an amorphoyge 25 4 mm in diameter, 0.725 mm in thickness, and ob-
ma}terial e'md UOF the starFing crystglline material..From thistained with chemomechanical polished finishes. The wafers
point of view, itis essential to clarify the mechanical PrOP- \ere fixed to a hydrostatic spindle by heat-softened wax and
ertles_o_f this amorphous layer. However, to date, most SIIICor\]/vere machined by fly-cutting using a straight-nosed diamond
machining processes are based on the properties of the

. 4 .. .
diamond-cubic single-crystalline phase, and little effort hasClJttIng toof* on an ultraprecision diamond lathe, Toyoda

been placed on the machining-induced amorphous phase. AHP 20-25N. We used a cutting tool with a ~60° rake angle

During the past decades, response of single-crystal sili"fmd a 6° relief angle for experiment. The tool rake angle was

con to micro/nanolevel indentation has received extensiv&€t 10 more negative than the practically used tdets0-
—-40°), for the purpose of generating a thicker subsurface

dpresent address: Department of Nanomechanics, Tohoku University, Aralfjamage Iaye%? Other maChmmg conditions were unde-

maki Aoba 6-6-01, Aoba-ku, Sendai, 980-8579, Japan; electronic mailiormed chip thickness 100 nm, tool feed ﬂ‘m/reY1 cutting
yanjw@pm.mech.tohoku.ac.jp edge angle 0.4°, depth of cut@n, and cutting speed
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FIG. 1. Typical load-displacement curves in nanoindentation test®)of

pristine silicon wafers antb) machined silicon wafers. FIG. 3. Comparison of indentation depth ratio between the pristine silicon

wafer and the machined silicon wafer.

15-18 m/s. Dry cutting was performed without any cutting

fluid to avoid possible chemical effects. parts of the load-displacement curves, pop-in phenomena
One of these diamond-machined silicon wafers was use@ere also observed. _ _
for preparing transmission electron microscogEEM) At present, the physics governing the pop in and pop out

samples by focused ion beam technique. The cross-sectionfl Fig. 1(b) is not yet clear. One of the possible factors might
TEM micrographs of the machined silicon wafer showed thate the further phase transformations of the amorphous sili-
a 150 nm-thick amorphous layer was generated during ma°™ where further investigation is required to reach defini-
chining, below which is a crystalline region with a few dis- V€ conclusions.

locations. The details of TEM observation will be addressedh Flgu_re 2 'IIS a comfarlsog (r)]f meashu_re(ilj hz_a;_rdness ?etV\’/\(leen
in another paper, together with selected area diffractio]® Pristine silicon wafer and the machined silicon wafer. No
analysis. remarkable difference was found when the maximum inden-

A nanoindentaton tester, ENT-L100a, produced by B PR BAS IRRSL AR o T B ness of the
Elionix Co. Ltd. (Tokyo, Japahwas used for the present i '

experiments. Tests were performed using a Berkovich-t diamond-turned silicon wafer becomes distinctly lower than
XP Y > P . gat YPthat of the pristine silicon. At a sufficiently small load, the
diamond indenter. The circumferential orientation of the sili-

.~ indentation response will be mainly due to the amorphous

. . .a}éyer; thus, it can be concluded from these results that the
tion flat[110] parallel to one face of the indenter. The maxi- machining-induced amorphous silicon is softer than

mum load was varied in the range of 0.1-100 mN. The timeUliamond-cubic silicon. This surface-softening phenomenon

for loading and unloading was the same and fixed 10 5 Sig yery different from conventional metal machining, where

thus, the loading/unloading rate changed in the range ohe near-surface layer always becomes harder due to the
0.02-20 mN/s. Ten indentation tests were made for each exyork-hardening effects. The work-hardening effect of metal
perimental condition. o ‘is due to dislocation activities; while the surface-softening
Typical load-displacement curves obtained in the experieffect during silicon machining is caused by phase transfor-
ments are shown in Fig. 1, where the maximum indentatiofnation.
load was 0.6 mN. DUring the indentation of pristine Silicon, Figure 3is a Comparison of indentation depth ratio be-
only elbows appeared on the unloading parts of the curvesween the pristine silicon wafer and the machined silicon
as in Fig. 1a). This is similar to previous results under fast wafer. Here we define the indentation depth ratias the
unloading conditions, indicating a transformation from dia-ratio between the residual depth of the indept and the
mond cubic structure to amorphot’s® However, for the  maximum indentation displacemed,, It is clear that the
machined silicon wafers under the same conditions, apaihdentation depth ratio of the diamond-turned silicon wafer
from elbows, pop outs were frequently observed during unis higher than that of the pristine silicon, and this trend be-
loading, as shown in Fig.(h). Furthermore, on the loading
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FIG. 2. Comparison of measured hardness between the pristine silicoRIG. 4. AFM topographies and cross-sectional profiles of indents generated

wafer and the machined silicon wafer. on (a) pristine silicon wafer andb) machined silicon wafer.
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