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In this work, (100) oriented monocrystalline silicon samples were single point diamond turned under
conditions that led to a ductile and brittle regime. Raman spectroscopy results showed that the ductile regime
diamond turning of silicon surfaces induced amorphization and, on the contrary, in the brittle mode machining
condition this amorphous layer does not exist. Ductile machined surface was found to be a mixture of crystalline
and amorphous phases probed by (macro)-Raman spectroscopy. Transmission Electron Microscopy (TEM)
analyses were then carried out in order to characterize the structural alteration in the machined surface and chips.
The electron diffraction pattern of the machined surface detected a crystalline phase along with the amorphous
silicon confirming the former results. The mechanism of material removal is widely discussed based upon the

results presented here.
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1. Introduction

Monocrystalline semiconductors are normally considered to
be fragile and exhibit brittle response under conventional machin-
ing conditions. Furthermore, under particular critical conditions of
depth and/or thickness of cut, it is possible to achieve the ductile
mode material removal so as to generate a crack free surface. Plastic
deformation during machining of crystalline brittle materials occurs
by shear involving mechanisms of slip system activation and disloca-
tion movement. Although it is well established that monocrystalline
silicon exhibits limited dislocation mobility and, consequently, brittle
behavior below 650 °C', the anomalous plastic behavior of silicon
during machining experiments at room temperature has prompted
new researches on this subject.

Results from high hydrostatic pressure*?, microindentation*?
and microscratching®”!® experiments have demonstrated that dia-
mond-cubic silicon transforms to the denser metallic B-tin structure
at room temperature. Upon release of the pressure, a reversion to an
amorphous semiconductor phase, with a cubic structure has been
reported!!. Based on these facts, new hypotheses were proposed in the
debate on the mechanism responsible for material removal in ductile
regime diamond turning of semiconductor crystals. According to some
reported results, it has been asserted that the ductile behavior has its
origin attributed to this phase transformation induced by pressure/
stress'?. Cross-section studies carried out on a surface after diamond
turning of silicon'>'* indicates an amorphous phase in the outer most
surface, providing support to this hypothesis of phase transformation.
However, nothing was mentioned about the presence of crystalline
phase immersed in an amorphous medium in silicon. This fact can
be important for the optical fabrication of semiconductor crystals by
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means of mechanical grinding since this amorphous surface phase has
to be considered as a barrier layer with a different refractive index
from that of the substrate'.

Raman scattering can be considered a powerful characterization
technique to evidence structural alteration in semicondutors materials
because the vibrational spectrum of the material is greatly influenced
by disorder and residual strains. These lead to changes in phonon
frequencies, broadening of Raman peaks and breakdown of Raman
selection rules'®. For bulk crystalline Si (c-Si), the triple degenerated
optical phonons display in the first-order Raman spectrum one sharp
peak at 521 cm™. Due to the positive phonon deformation potentials
of Si, compressive (tensile) strains lead to a positive (or negative)
frequency shift. On the other hand, due to the loss of phonon cor-
relation length and the consequent breakdown of the q = 0 Raman
selection rules (q is the phonon wave vector), disorder effects can lead
to an asymmetric broadening and shifting of Raman peaks compatible
with the dispersion relation of the material'’. In the silicon case, the
frequency and asymmetry point to lower values because the disper-
sion relationship presents decreasing optical frequencies, increasing
phonon wave vectors. At maximum disorder (amorphous material,
a-Si), the first-order Raman spectrum reflects the phonon density of
states: it presents two broad bands centered at about 100 cm™! (acoustic
band) and 470 cm™! (optical band)'®.

Recently, new information has been added to discussion on the
multiple phase found in silicon after mechanical deformation by
microindentation with spherical indenter'*?. The microstructure
of transformed materials after cyclic microindentations, probed by
Raman spectroscopy and cross-section transmission electron micro-
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scopy, consisted of specific phases of silicon which were formed in
the second and subsequent indentation cycles under low loads'*.
An increase of the maximum load causes changes in subsequent
indentation cycles making phase transformation events to occur ear-
lier on both loading and unloading?'. It was also reported that when
the maximum load increases a crystalline phase of high pressure of
body centered-cubic (named Si-III) and rhombohedral (Si-XII) can
appear?. Furthermore, different amorphous structures have been
induced in monocrystalline silicon by high pressure in indentation
and polishing®. Transmission electron microscopy and nanodiffrac-
tion study of the indentations and polished samples showed that the
structures of silicon formed at slow and fast loading/unloading rates
are dissimilar and inherit the nearest-neighbor distance of the crystal
which are formed (idem). These results are concerned with spherical
indenters. Ge and collaborators have also made interesting finding
in this area using nanoindentation with Berkovich indenter**?. The
authors proposed that a mechanism of dislocation-induced lattice
rotation that leads to phase transition and distortion-induced amor-
phization during nanoindentation. Furthermore they used Raman
spectroscopy and transmission electron microscopy to investigate
the temperature effects on the stability of metastable silicon phases
(Si-III and Si-XII) produced by nanoindentation. It was found that
the thickness of the specimen beneath the residual imprint plays an
important role in the phase transformation sequence during heating
up to 200 °C>.

Gogotsi et al. (2001) probing wear debris generated by scratching
silicon with indenters of different geometries also detected polic-
rystalinity. Besides amorphous silicon, they found Si-III, Si-XII and
Si-IV?. This is an important finding since during scratching there is
a dynamic component which is similar to machining process. More
recently, Zarudi et al.”’ have shown that the size of the amorphous
transformation zone and the depth of slip penetration in sample
subsurface were mainly dependent on the stress field applied in
scratching monocrystalline silicon. They reported an investigation
on the effect of temperature and stress on plastic deformation in
scratching using dry air, coolant, and liquid nitrogen. The influence
of the temperature variation of - 196 °C was surprisingly small and
the low temperature did not suppress the phase transformation and
dislocation activity?.

Despite of all efforts to investigate the effects of diamond turning
upon the machined surface, there are still some aspects to be inves-
tigated. The machined surface is not totally amorphous as reported
before. Amorphous phase along with remnant crystalline phase should
be expected based upon evidences with other semiconductors. The
mechanism involved with material removal may not rely only upon
total phase transformation of the material removed. These aspects
will be discussed in this paper.

In this work, an original (macro)-Raman investigation of single
point diamond turned monocrystalline silicon (100) oriented samples
machined in ductile and brittle modes is presented. All measurements
were performed at room temeperature, with special care taken to
avoid overheating the samples. Transmission Electron Microscopy
(TEM) planar and cross-section view analyses were also carried out
after machining in order to characterize the structural alteration in
the machined surface and chips.

2. Experimental Details

Ductile regime diamond turning tests were carried out on a
commercially available diamond turning machine. Facing cuts were
performed on monocrystalline silicon polished samples (10 X 10 mm?)
and 500 pum thick with (100) surface orientation. The cutting condi-
tions were 2.5 and 8.0 um/rev feed rate and 5 wm nominal depth
of cut. The crossfeed direction was from outside to inside. These
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conditions provided ductile and brittle modes during machining,
with mirror-like and opaque surface finish. A scanning electron mi-
croscope Zeiss, model DSM 960, operated with an electron beam of
20 kV was used for the observations of the chips. Figure 1 gives the
schematic diagram illustrating the machining geometry with round
nose tool. Only fresh diamond tools were used to perform the cutting
tests. The single point tools used in this work were round nose single
crystal diamond tools (Contour Fine Tooling). Table 1 describes the
experimental conditions and tool geometry used in the cutting test.
Synthetic water soluble oil was used as lubricant and coolant during
turning. Atomic force microscopy (AFM) was used in order to probe
the surface machined in the ductile regime. It was operated with a
standard 50-60° conical silicon nitride stylus of 15-20 nm radius tip,
with cantilever spring constant of ~ 0.06 N/m. Conventional contact
mode was employed where the stylus is scanned raster style over,
with contact forces of typically 10-100 nN.

The Raman measurements were performed using a U1000
Jobin-Yvon spectrometer. To probe the depth profile of disorder ef-
fects, the 457.9, 488.0 and 514.5 nm lines of an argon ion laser were
used. For these lines, the penetration depth is about 140, 270 and
340 nm for c-Si, respectively. The laser power was kept low at about
200 mW, in order to avoid heating effects and a cylindrical lens was
used. For amorphous silicon (a-Si), the optical absorption coeficient
can reach one order of magnitude higher, leading to penetration depths
of about tenths of nanometers, depending on the degree of amorphiza-
tion?*?. The machined sample was annealed in a LINKAN TS 1500
micro furnace attached to a Micro Raman spectrometer.

A Transmission Electron Microscope, operated at 200 kV was used
to conduct the observation of chips and surface. The chips observed
were those left on the machined surface after the cutting tests. The
silicon chips were suspended in isopropyl alcohol, and the mixture
was then deposited onto a copper TEM grid (Formvar support or lacey
carbon film). The silicon machined sample was cut into 2 mm? squares

Diamond Tool
~—a =
Cutting direction

Feed direction

f- feed rate

d, - depth of cut
R,, - tool nose radius
tax - Maximum chip
thickness

Workpiece

Figure 1. Schematic diagram illustrating machining geometry with round
nose tool.

Table 1. Tool geometry and cutting conditions used in the cutting tests.

Tool Geometry Dimensions
Tool nose radius (mm) 0.65
Rake angle (°) -25
Clearance angle (°) 12
Spindle speed (rpm) 1000
Feed rate (Wm/min) 2.5 and 8.0
Depth of cut (um) 5




Characterization of Structural Alteration in Diamond Turned Silicon Crystal by

\ol. 8, No 3, 2005

and lapped and polished (with 5 um and 1 um SiC abrasive) from the
unmachined surface to a thickness of < 50 um. The sample was then
affixed to a copper-slotted TEM grid using epoxy and dimpled via
argon ion milling to provide an electron-transparent central area.

3. Results

Three-dimensional AFM images of the surfaces diamond turned
in the ductile and brittle modes are shown in Figure 2. In Figure 2a,
the cross-feed of the cutting tool is 2.5 wm rev'. The cut grooves can

40 x 10,000 pm

wm z

500,000 nm

40 x 10,000 um

um z 1000,000 nm
si81.001

(b)

Figure 2. Typical three-dimensional surface finish of the single-point diamond
turned specimen obtained by atomic force microscope. The surface finish is
smooth and damage-free. a) The cut grooves can be clearly seen, regularly
spaced and running parallel with cutting direction which confirms the ab-
sence of chatter vibration; b) Examination of the machined surface under
brittle regime shows that microcracks are present. The cutting conditions
f=2.5/8.0 um rev™ (respectively) and d_ = 5 um, and the tool has 0.65 mm
nose radius and - 25° rake angle.
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be clearly seen, regularly spaced and running parallel with cutting
direction which confirms the absence of chatter vibration. The surface
roughness is 1.6 nm Ra. In this case single point diamond turning has
achieved fully ductile material removal. A closer examination of the
machined surface in Figure 2b (f = 8.0 um/rev) indicates that micro-
cracks are present and brittle mode prevailed. The surface roughness
measured is 91.25 nm Ra. Figure 3 presents a SEM photomicrograph
of typical silicon chips removed in the ductile mode.

Figure 4a shows the characteristic Raman peak of crystalline Si
at 521.6 cm! from the sample before the cutting tests, and Figures 4b

Figure 3. Scanning electron micrography of a chip left on the surface of the
machined silicon sample in the ductile regime. The ribbon-like chips indicate
a plastic flow characteristic of ductile mode.

Intensity (a.u.)

a)
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Figure 4. a) Raman spectra (performed with the 488.0 nm exciting light) of
the silicon sample: a) before machining; b) surface machined in brittle regime;
and c) surface machined in the ductile regime.
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and 4c show the Raman spectrum of the machined sample in the
ductile and brittle modes, respectively. In both cases 488.0 nm
exciting light was used. Compared with Figure 4c, Figure 4b shows
the severe intesity reduction of the crystalline silicon (c- Si) Raman
peak at 521.6 cm™ (linewidth of 4.8 cm™) by a factor of about 60 and
the presence of a new broad band centered at about 470 cm™' can
be noticed, which can be atributed to the optical band of a-Si. It is
interesting to observe that, except for the reduction of the intesity
by a factor of about five (Figure 4c), the frequencies and linewidths
(4.3 an 4.6 cm™, respectively) are within the experimental resolution,
indicating that the machining in brittle mode does not cause short
range structural disorder or residual strains in the Si lattice. Moreover,
the lack of any feature at about 470 cm™ is indicative of the absence
of an amorphous phase.

The spectrum shown in Figure 4b could result from a thin
amorphous layer at the machined surface of the sample, with thick-
ness smaller than the penetration depth of the light, or a thick layer
composed of microcrystallites immersed in an amorphous media,
with a thickness greater than the penetration depth of the light. In
the latter or former case, it is expected that the intensity ratio of
the amorphous-to-crystalline Raman peaks be independent of (or
dependent) on the penetration depth of the light. To probe these
two possibilities, Raman measurements were performed using three
different wavelengths of exciting light, having different penetration
depths, as described previously. Comparing the results shown in
Figures 5a-5c it can be seen that the intensity ratios (amorphous and
crystalline) are about the same, thus indicating the region sampled
by the light is composed of microcrystallites within an amorphous
medium. However, the spectra do not show any signs of metastable
phases such as those found in the literature'*-2.

In order to characterize the structure of both surface and chips
after machining, TEM analyses were carried out. Figure 6 shows a
bright-field TEM image of a small part of a ribbon-like chip. The
left portion of the chip displays the electron diffraction pattern from
the chip which shows clearly a diffuse halo ring (Figure 6b) mean-
while the right region displays both halo rings and diffraction spots
(Figure 6¢). The electron diffraction pattern on the left means that this

Intensity (a.u.)

T T T
440 480 520
Raman Shift (cm™)

Figure 5. Raman spectra of silicon sample machined in ductile regime for
exciting lines: a) 488.0 nm; b) 457.9 nm; and c) 514.5 nm wavelengths.
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part of the chip is amorphous and the electron diffraction on the right
is indicating that remnant crystalline phase is still present immersed
in an amorphous medium.

Figure 7 shows a TEM image of the surface and the diffraction
pattern. Figure 7a displays a bright field TEM micrograph showing
a general view of the machined surface with the equally spaced cut-
ting grooves generated on silicon (100). No signs of dislocation and
microcracks are seen to be developed within the cutting grooves. The
electron diffraction pattern from this the selected area (in Figure 7a)
shows both halo rings and diffraction spots is shown in Figure 7b. This
area can be considered the thinner edge of the electron-transparent
central area. However, in the diffraction pattern it can be seen that halo
rings are superposed on the diffraction spots of the crystalline Si.

Figure 8 shows a cross sectional TEM image of the turned
sample perpendicular to the cutting direction and the correspondent
diffraction pattern. This bright field cross section TEM micrograph
shows dislocations and microcracks as can be seen underneath the
dark gray outmost layer which was identified as the amorphous

1 um
16.5 K
(a)
Figure 6. a) Bright-field TEM image of a part of a ductile chip; b) electron
diffraction pattern which indicates that the structure of chip is amorphous;
¢) electron diffraction pattern which indicates that the structure of chip is
amorphous and crystalline.

M744 S5

(b)

(a)
Figure 7. a) Plan-view TEM micrograph of a diamond turned region on the
(001) Si surface and; b) electron diffraction pattern from the selected area
(corresponding to the thinner edge of the electron-transparent central area).
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layer formed after machining. This assert is based on the diffraction
pattern from this area which contains both halo rings and diffraction
spots as shown in the detail in Figure 8. The diffraction spots of the
crystalline Si is from the portion of material underneath and within
the amorphous layer. The amorphous layer is estimated to be in the
range of 50 nm.

Figures 9a-9d show Raman spectra obtained during annealing of
the machined sample with in situ analysis in a microfurnace, under
annealing temperature of 200 °C, 400 °C and 600 °C, respectively. It
is worth mentioning that in Figure 9a both amorphous and crystalline

200 nm

Glue

Machined Surface

Dislocations

Figure 8. TEM cross sectional image of the machined sample and the dif-
fraction pattern respectively.
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Figure 9. Raman spectra of the silicon (100): a) monocrystalline silicon
after machining at room temperature of 20 °C; b) machined surface during
annealing (200 °C); c¢) machined surface during annealing (400 °C); and d)
machined surface during annealing (600 °C).
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phase are present. The spectra depict an expected shift of the Raman
peak to lower frequencies due to the softening caused by the increase
in temperature. Meanwhile, the amorphous phase clearly decreases
with temperature. The absence of any feature about 470 cm™ in Fig-
ure 9d is indicative of the crystalline recovery. After annealing, the
crystalline phase is recovered and is characterized by the repositioning
of the silicon peak (521.6 cm™) (Figure 10).

Figure 11 shows a comparative section analysis of the surface
machined and annealed by heat treatment. The surface finish is
slightly different in the heat-treated surface, i.e., the peak-to-valley
surface roughness increased with the heat treatment. This can be
better evaluated by means of the Rmax parameter which estimate
the peak-to-valley height. The value of Rmax was increased from
24.78 nm (after machining) to 39.88 nm in the heat-treated sample.
The same trend was noticed in the Ra value. The value of Ra increased
from 1.6 nm to 2.2 nm after annealing. This increase in the height
parameter does not find any explanation in the literature.

4. Discussion

The ductile regime was achieved under the cutting conditions
applied in the cutting tests. This was clearly shown by the regular-
ity of the cutting grooves and formation of ribbon-like chips. The
mechanism responsible for chip formation process, in the ductile
mode, might be the same for metals. A lamellar structure is formed
in the free surface of the chip resembling those formed when ductile
metals are machined. This anomalous plasticity is recognized to
be resultant from the intermediate pressure/stress metallic phase
transformed material.

The Raman scattering results demonstrated that ductile diamond
turned silicon surfaces lead to amorphization. On the contrary, brittle
regime machining does not generate amorphization within the surface.
The Raman spectrum of the outmost layer of the sample machined
in the ductile mode was found to be a mixture of crystalline and
amorphous phases. Comparing the Raman spectra from brittle mode
conditions, it is clear that tool-workpiece interaction is insufficient to
produce amorphization. It is important that the machining parameters
remain within certain conditions: the machining condition must lead
to the phase trasnformation and consequently to the ductile mode of
machining.
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Figure 10. Raman spectra of the silicon (100): a) machined surface at at an-
nealing temperature of 600 °C; b) machined surface after annealing at room
temperature 20 °C.
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Figure 11. Images made by AFM of section analysis of the ductile diamond turned silicon surfaces: a) machined surface without heat treatment; and b) ma-
chined surface after annealing.
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TEM analyses of the chips have not shown any signs of disloca-
tion activity and sharp striations parallel to the machining direction.
This can be attributed to the interaction between the cutting edge
imperfections with material. However, crystalline and amorphous
phase were detected in opposite positions of the same chip. The
amorphous character of the chip was probed by electron diffraction
pattern showing only diffuse halo rings is likely to be formed closely
to the tool center where the pressure and stress are more intensive
during machining (Figure 1). The different electron diffraction pat-
tern with halo rings and diffraction spots present in the chip may
be attributed to the fact that the chip may undergo a decompression
along the width of cut (Figure 1) so as the pressure is not high enough
to induce full phase transformation in this portion of the chip. The
diffraction pattern of the machined surface indicates that remnant
crystalline silicon is embedded in an amorphous Si phase. This result
corroborates well with that of Suzuki and Ohmura' which demon-
strated that this detected amorphization has to be considered on a
diffraction scale and possibly it can be considered to be a polycrystal
formed by nanocrystals.

The heat treatment proceeded showed that the surface crystallin-
ity was recovered but the microtopography of the machined surface
undergone an expansion. This is might be an expected result since
that contrary was the most unlikely to occur. It is known that when the
intermediate 3-Sn (Si-II) structure forms from the diamond structure
(Si-I) there is volume decrease of 22% (denser phase) and when the
pressure is released the amorphous phase is still with 8% decrease in
volume. Consequently, it would be expected that after the annealing
there would be a volume recovery and a surface roughness increase.
Itis worth mentioning that the crystal phase recovery with annealing
heat treatment is important to the fabrication of high quality compo-
nents as it was shown in this paper.

5. Conclusions

This paper showed that silicon can be machined in the ductile
mode at room temperature when appropriate cutting conditions are
used. Ribbon-like chips are formed during cutting in the same way
as is observed when ductile metals are cut. On the contrary when the
cutting conditions are above the critical conditions, the brittle failure
is the predominant mode.

Raman spectra results called the attention to the presence of a
crystalline phase in an amorphous medium. However, the crystalline
peak (at 521 cm™), could be attributed to the fact that 488.0 nm lines
of an argon laser, used as an exciting light, can probe the depth profile
of disorder effects up to 270 nm for crystalline silicon and some tenths
of nanometers in amorphous silicon. Based on this assumption it is
possible that Raman scattering is probing also a crystalline phase
from underneath the surface vicinity.

TEM planar and cross sectional views were also conducted
and diffraction pattern indicated that remnant crystalline silicon is
embedded in amorphous Si phase in the planar view. Structural and
morphological TEM analyses of both chip and surface produced in
ductile regime diamond turning were also carried out. No sign of
dislocations was detected in the electron diffraction pattern of some
portion of the chip. The chip is partially amorphous and since the
electron diffraction is carried out in the opposite side of the chip, a
mixture of crystalline and amorphous phase is detected. This dif-
ference is attributed to a pressure decrease along the width of cut
during machining.

The heat treatment carried out showed that it is possible to recover
the crystalline phase of the transformed surface layer.

The use of two different characterization techniques, Raman
spectroscopy along with microscopy, demonstrated a powerful tool
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to investigate surface and subsurface integrity of diamond turned
semiconductors single crystals.
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