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a b s t r a c t

Single crystalline silicon was plunge-cut using diamond tools at a low speed. Cross-sectional transmission

electron microscopy and laser micro-Raman spectroscopy were used to examine the subsurface structure

of the machined sample. The results showed that the thickness of the machining-induced amorphous layer

strongly depends on the tool rake angle and depth of cut, and fluctuates synchronously with surface wavi-

ness. Dislocation activity was observed below the amorphous layers in all instances, where the dislocation

density depended on the cutting conditions. The machining pressure was estimated from the micro-

cutting forces, and a subsurface damage model was proposed by considering the phase transformation

and dislocation behavior of silicon under high-pressure conditions.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

Precision machining of single-crystal silicon has become

tremendously important both technologically and economically in

microelectronic, micromechanical and optical element manufac-

turing. As the line widths of the integrated circuits become finer

and finer, approaching several tens of nanometers, extremely flat

and smooth silicon substrates are required. Therefore, the improve-

ment of the “surface integrity” of silicon has been a focused research

topic during the past decade. The topic of “subsurface integrity” has

recently gained importance as well. Since all mechanical machining

processes involving tool-workpiece contacts inevitably cause sub-

surface damage, the depth and structure of the near-surface layer

will influence the mechanical, optical and electronic performance

of silicon products. However, to date, the subsurface damage mech-

anism of silicon has remained unclear and many aspects related

to this issue are still controversial. The lack of literature in this

area is primarily due to technological difficulties in precise char-

acterization of the subsurface damage, which is invisible from the

surface.

A number of researchers have used cross-sectional transmission

electron microscopy (TEM) to observe the subsurface structure of

machined silicon wafers. For example, TEM studies on diamond-
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turned silicon surfaces by Shibata et al. revealed that machining

led to the formation of a 150-nm-thick amorphous layer above a

2–3 �m deep crystalline region with dislocation loops [1]. Jeynes et

al. showed that a 110-nm-thick amorphous layer was formed above

a ∼260-nm-deep dislocated crystalline region during diamond

turning [2]. Puttick et al. demonstrated that the total depth of the

subsurface damage, including amorphous layers and dislocations,

was in the 100–400 nm range for both diamond turned and ground

silicon [3]. Zarudi and Zhang investigated the grinding-induced

damage to silicon using TEM and energy dispersive spectroscopy

(EDS) [4]. A few other studies on machining damage in silicon

via X-ray diffraction [5], Raman scattering [6], micro laser Raman

[7,8], and a combination of laser Raman and chemical etching [9]

have also been reported. However, to date, no systematic study

on the relationship between subsurface damage and machining

conditions can be found in the literature. For manufacturing engi-

neers, finding the optimum machining conditions that produce

minimum subsurface damage in silicon wafers remains a difficult

issue.

The objective of the present study is to investigate the subsur-

face damage mechanism in silicon and to establish its relationship

to machining conditions. We used two different methods to char-

acterize subsurface damage: laser micro-Raman spectroscopy and

cross-sectional TEM. Laser micro-Raman spectroscopy is a pow-

erful method for materials characterizations. In a previous paper

[10], we proposed a method to quantitatively measure the depth of

the machining-induced amorphous layer by analyzing the Raman
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intensity data. We found that there was a close correlation between

the Raman intensity ratio and the depth of the amorphous layer,

which can be used to measure the subsurface damage depth of

silicon quickly and in a nondestructive manner.

To prepare the experimental samples, we used the plunge-

cutting method. In plunge-cutting, individual cuts are made on

pristine single crystalline silicon without preexisting defects. It

is different from diamond turning, where due to the cross feeds

of the tool, all cuts except the first are made on a subsurface-

damaged material and not on the starting crystalline material [8,11].

Also, in plunge cuts, micromachining forces can be measured pre-

cisely without the influence of dynamical disturbances. Moreover,

thermal effects can be neglected when the cutting speed is low.

Furthermore, the tool geometry used for plunge-cutting is well-

defined, and a continuous change in depth of cut can be easily

achieved in a single cut. The results obtained from plunge-cutting

can be used to understand the subsurface damage mechanism in

abrasive machining processes, such as grinding, lapping and pol-

ishing, where the definition of cutting edge geometry and depth of

cut is difficult.

2. Experimental

As shown in Fig. 1, a diamond-cutting tool is subjected to a

transverse feed in the x direction while the depth of cut changes

continuously in the z direction. In this way, a microgroove with

varying depth (schematized in Fig. 2) can be obtained during a

single cut. Machining tests were conducted with an ultrapreci-

sion lathe (Toyoda AHN-05, JTEKT Corporation, Japan), whose tables

have the capability to move under four-axis (XYZB) numerical con-

trol at a stepping resolution of 1 nm. Fig. 3 is a photograph of

the main section of the machine. A piezoelectric dynamometer

(Kistler 9256A) was mounted below the workpiece to measure

micro-cutting forces during the cutting tests.

The cutting tool is made of single-crystal diamond and has a

nose radius (Rn) of 10 mm. The edge radius Re was estimated to be

around 50 nm by the diamond tool manufacturer using a special

scanning electron microscope (SEM) having two electron detec-

tors [12]. The tool rake angle 
 was changed from −15◦ to −60◦

by adjusting the B-axis rotary table on which the diamond tool was

fixed. The relief angle was changed accordingly (from 21◦ to 66◦).

Depth of cut d was changed from 0 to 500 nm at a constant cut-

ting speed of 500 mm/min (0.0083 m/s), far lower than that of fly

cutting (15–18 m/s) [13] and diamond turning processes. At such

a low cutting speed, the effects of cutting heat generation will be

insignificant. As lubricant and coolant, the cutting oil Bluebe #LB10

was used in the form of mist jet.

Fig. 1. Schematic of plunge-cutting experiment.

Fig. 2. Schematic model of a microgroove plunge-cut with a round-nosed tool.

As workpiece, an electric-device-grade n-type single-crystal sili-

con (1 0 0) wafer was machined. The wafer was 150 mm in diameter,

550 �m in thickness and obtained with a chemomechanical polish

finish. In this paper, we report results for cutting tests performed

along the [1 1 0] direction, which is perpendicular to the orienta-

tion flat of the wafer. The effect of crystallographic orientation on

the subsurface damage mechanism is another complex issue, which

will be reported in detail in a future paper.

The machined samples were first observed by a Nomarski micro-

scope, and then their three-dimensional surface topographies were

measured using a white-light interferometer (NewView-5000, Zygo

Corporation, USA). A laser micro-Raman spectrometer (NRS-3100,

JASCO Corporation, Japan) was used to characterize the material

structural changes. The laser wavelength was 532 nm and the out-

put laser power was 10 mW. A 100× objective lens with a numerical

aperture (NA) of 0.95 was used so that the focused laser spot size

was 1 �m, which enables the laser spot to be directed to any loca-

tion within the machined microgrooves. To minimize experimental

error, all measurements were performed under the same strictly

controlled conditions at room temperature.

In order to examine the subsurface structure of machined sam-

ples in detail, we also performed cross-sectional TEM (H-9000NAR,

Hitachi Ltd., Japan). The TEM samples were cut out from the cen-

ter of the microgroove bottom and thinned to about 100 nm by the

focused ion beam (FIB) technique to enable electron transmission.

The acceleration voltage used was 300 kV. To protect from possible

damage from the FIB, carbon (C) and tungsten (W) coatings were

deposited on the samples.

Fig. 3. Photograph of the main section of the experimental setup.
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Fig. 4. Micrograph of a plunge-cut microgroove on silicon wafer.

3. Results

3.1. Surface topography

Fig. 4 is a micrograph of a microgroove on the silicon wafer

plunge-cut using a −30◦ rake angle tool. From the right to the left

of the figure, as the depth of cut increases, the microgroove is grad-

ually broadened. At a critical depth of cut, microfractures begin to

form, and the density of microfractures increases with the depth of

cut. It can be seen that the microfractures are concentrated along

the center of the groove bottom, while areas near the fringes of the

microgroove where the local depth of cut is shallow are smooth.

Hence, a clear brittle-ductile transition boundary can be identified

on the groove surface.

Fig. 5 shows three-dimensional topographies of the microgroove

generated at various depths of cut. In the beginning of the cut

(Fig. 5(a)) and the ductile cut at a larger depth (Fig. 5(b)), the groove

surface is very smooth without any pileups and visible damage,

indicating an excellent geometrical transferability between the dia-

mond tool and silicon. The nanometer-level waviness observed on

the groove surface might have been caused by extremely small-

amplitude vibrations between the cutting tool and the workpiece.

As the depth of cut is further increased, numerous microfractures

begin to form on the bottom of the groove while the area near the

fringe remains smooth (see Fig. 5(c)).

Next, we measured the critical depth of cut from the

cross-sectional profiles of the microgrooves where brittle-ductile

transition occurred. Five cuts were made at each tool rake angle and

the average critical depths of cut were 109 nm, 146 nm, and 110 nm

for the −15◦, −30◦ and −45◦ tool rake angles, respectively. It should

be mentioned that when the tool rake angle was set to −60◦, the

critical depth of cut showed a large divergence. For a few cuts, sig-

nificant material swelling occurred on the groove bottom, which

made it difficult to measure the critical depth of cut accurately. The

swelling was presumably caused by the downward flow and sub-

sequent recovery of the material under highly negative rake angles

[14]. The present results indicate that a moderate tool rake angle of

around −30◦ can achieve the best cutting performance in plunge-

cut tests, which is slightly different from the results of diamond

turning, where the maximum critical depth of cut was achieved

around a tool rake angle of −40◦ [14]. This difference is presumably

caused by two factors: (i) since diamond turning involves tool cross-

feed, subsequent cuts are actually made on a subsurface-damaged

material formed by previous cuts; (ii) the effect of tool relief angle.

In previous diamond turning tests, diamond tools of the same relief

angles were used.

3.2. Raman spectroscopy

Laser micro-Raman tests were conducted at different points

within the ductile-cut microgrooves. Fig. 6(a) shows the Raman

spectrum of a sample machined at a depth of cut of 5 nm with

the −30◦ rake angle tool. There is only a sharp peak at 521 cm−1;

responses at other Raman shifts are vanishingly weak. This indi-

cates that the structural change in the single crystalline silicon

under these conditions is so insignificant that it cannot be detected

by the present laser Raman system. Fig. 6(b) is the Raman spectrum

of a sample machined at a depth of cut of 120 nm. There are two

characteristic peaks in the spectrum: a sharp peak at 521 cm−1 and

a broadband peak centered at 470 cm−1. This is the typical Raman

spectrum for diamond-machined silicon, which demonstrates that

a thin layer of silicon has been transformed into the amorphous

state (a-Si), with the bulk region remaining crystalline (c-Si) [8,10].

Fig. 7 shows the variation in the thickness of the a-Si layer with

depth of cut and tool rake angle in the ductile-cut regions. The thick-

ness of the a-Si layer in the figure was calculated from the Raman

intensity ratio r by the method reported in Ref. [10]. The Raman

intensity ratio r is defined as

r =
Ia
Ic

(1)

Fig. 5. Three-dimensional topographies of a microgroove plunge-cut at different

depths of cut: (a) 0–40 nm, (b) 100–140 nm, (c) 320–360 nm.
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Fig. 6. Raman spectrum of surfaces machined at depths of cut of (a) 10 nm and (b)

140 nm.

where Ia is the total Raman intensity of the amorphous silicon, and

Ic is the total Raman intensity of the crystalline silicon. The values of

Ia and Ic were obtained by integrating, respectively, the Gauss- and

Lorenz-fitted curves of the a-Si and c-Si peaks in the Raman spectra

with respect to the Raman shift. It has been verified that there is a

linear relationship between the Raman intensity ratio and the depth

of the amorphous layer within an effective measurement range of

10–150 nm [10].

It can be seen that for tool rake angles −15◦ and −30◦, the a-Si

layer depth increases gradually with the depth of cut at the begin-

ning of the cut (shallow region) and then tends to remain constant

as the depth of cut increases further (deep region). A similar trend

is observed for the −45◦ rake angle, but the slope of the a-Si layer

depth increase at the beginning of the cut is distinctly steeper than

those of −15◦ and −30◦. However, when cutting with the −60◦ rake

angle tool, the thickness of amorphous silicon increases in propor-

tion to the depth of cut. As a result, a very thick amorphous layer is

formed at large depths of cut.

Fig. 7. Variation of the amorphous silicon layer thickness with depth of cut and tool

rake angle.

Fig. 8. Variations of the principal and thrust cutting forces during a single plunge

cut.

3.3. Cutting force and machining pressure

The phase transformation of silicon during machining is pre-

sumably related to the high contact pressure between the diamond

tool and the workpiece. To examine the contact pressure, we mea-

sured the micro-cutting forces during all cuts. As an example, Fig. 8

presents the changes in principal force and thrust force in a single

plunge cut with a −30◦ rake angle tool. During this cut, at a depth

of cut of 130 nm, microfractures began to form at the bottom of the

groove, thus the machining mode switches into a partially brittle

mode. As the depth of cut increases, both the principal force and

the thrust force increase, but the slope of the force increase in the

partially brittle region is remarkably smaller than that in the ductile

region. We also note that in the ductile-cut region, the thrust force

is larger than the principal force (depth of cut <120 nm), whereas

in the partially brittle region, the principal force becomes predomi-

nant (depth of cut >150 nm). Similar phenomena were observed for

the other cutting tests.

Next, we estimated the machining pressure, p, namely, the aver-

age contact pressure between the tool and the workpiece, based on

a simplified tool-workpiece contact model (see Fig. 9). The pressure

p was calculated from the resultant cutting force F, which is synthe-

sized from the measured thrust force and principal force, and the

effective contact area Seq perpendicular to the force F. The detailed

calculation procedures of the machining pressure are given in the

appendix of this paper. Fig. 10 shows the variation in machining

pressure with tool rake angle and depth of cut. In this figure, the data

for the cut-in region was omitted because in this region, the calcu-

lation results showed significant fluctuation due to the force signal

noise. We can see that the machining pressure decreases gradually

with increasing depth of cut for each tool rake angle. There was no

sudden drop in machining pressure after the microfractures began

to form because the fringe regions of the machined microgroove

Fig. 9. Simplified model for estimating machining pressure from cutting force.
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Fig. 10. Variation of machining pressure with tool rake angle and depth of cut.

were still under ductile cut. Fig. 10 also indicates that the higher

the negative rake angle is, the higher the pressure is. For all tool

rake angles, the machining pressure in the ductile regime is over

10 GPa.

3.4. TEM observation results

Fig. 11 shows a TEM micrograph of the uncut region of the sil-

icon wafer. It can be seen that even at as high a magnification as

500,000, no subsurface defects can be identified. Fig. 12 is a TEM

micrograph of the region cut at a depth of 30 nm with a −30◦ rake

angle tool. Clearly, a thin grey layer was generated just beneath the

cut surface. This layer, according to selected area diffraction analysis

as described in our previous study [10], is amorphous silicon. The

average thickness of the layer is approximately 31 nm. However, the

thickness of the grey layer is clearly not uniform. A few thick amor-

phous regions are found at A–A′, B–B′ and C–C′. Near points A, B, and

C, the top surface of the a-Si layer is higher than the surrounding

region, forming small surface peaks, whereas the bottom surface

of the a-Si layer at points A′, B′, and C′ is lower than neighboring

regions, leading to small valleys in the crystalline region. Thus, the

thickness of the a-Si layer shows synchronic fluctuation with sur-

face waviness. After careful observation, we find that the bottom

surface valleys are always on the left side of the surface peaks of the

a-Si layer, i.e., there is a waviness shift along the cutting direction

(leftwards in the figure).

In Fig. 12, in the crystalline region below the amorphous layer,

dislocations can be clearly seen. The dislocation density near

Fig. 11. Cross-sectional TEM micrograph of the uncut region.

Fig. 12. Cross-sectional TEM micrograph of a region cut at a depth of 30 nm with a

−30◦ rake angle tool.

the amorphous-crystalline interface is higher than that in deeper

regions. The thickness of the dislocated layer, namely, the distance

from the amorphous-crystalline boundary to the deepest disloca-

tion, is approximately 165 nm. The dislocations are oriented along

the [1 1 0] directions (theoretically 54.74◦ from the cut surface). Also

worth noting is the fact that at point A′, there is a sharp protrusion

of the amorphous phase into the crystalline region. This protru-

sion may result from the instable flow of amorphous silicon into a

potential microcrack under high pressure. The material around the

potential crack exhibits a high dislocation density.

Fig. 13 shows a TEM micrograph of a region cut at a depth of

50 nm with a −45◦ rake angle tool. Compared to that in Fig. 12, the

a-Si layer was thicker, and the thickness variation was more signif-

icant. However, between points D–D′, E–E′ and F–F′, the synchronic

fluctuation of the surface peaks and thickness of the amorphous

layer are roughly the same as those in Fig. 12. We also note that,

despite the significantly higher dislocation density compared to

that in Fig. 12, the thickness of the dislocation layer is almost the

same.

Fig. 14 presents TEM micrographs of regions cut with a −60◦

rake angle tool at depths of 60 nm and 120 nm, respectively [10].

Comparison of (a) and (b) in Fig. 14 reveals that as depth of cut

increases, both a-Si layer thickness and dislocation density increase.

Fig. 13. Cross-sectional TEM micrograph of a region cut at a depth of 50 nm with a

−45◦ rake angle tool.
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However, the increase in the dislocation layer thickness is very

small. The thickness of the dislocation layer in Fig. 14 is compa-

rable to those in Figs. 12 and 13. Also clearly visible in Fig. 14 is the

synchronic fluctuation of the amorphous layer thickness with the

surface peaks.

Typical results measured from the TEM micrographs in

Figs. 12–14 are summarized in Table 1. It can be seen that the

average a-Si thicknesses determined by TEM (31 nm for 
 = −30◦,

d = 30 nm; 65 nm for 
 = −45◦, d = 50 nm; 63 nm for 
 = −60◦,

d = 60 nm; 125 nm for 
 = –60◦, d = 120 nm) are generally consis-

tent with those obtained by Raman spectroscopy (Fig. 7). Since it

is difficult to count the number of dislocations and measure their

lengths accurately, we estimated the dislocation density by ana-

lyzing the area and contrast level of dislocation regions. First, we

measured the total area of dislocations (Ad) by mesh-counting the

TEM micrographs, and calculated the dislocation area ratio r by

r =
Ad

A
(2)

where A is the area of the region from the amorphous-crystalline

interface to the deepest dislocation. Second, the contrast level (l) of

the dislocation region in all TEM micrographs was classified into 1, 2,

and 3, where a larger number indicated a higher dislocation density

for a given dislocation area. Then, we defined a new parameter,

namely, relative dislocation density, �:

� = rl (3)

Fig. 14. Cross-sectional TEM micrographs of regions cut with a −60◦ rake angle tool

at depths of (a) 60 nm and (b) 120 nm [10].

Fig. 15. Observation results of chips: (a) SEM micrograph and (b) Raman spectrum.

Table 1 reveals a general trend: dislocation density increases

with depth of cut and changes with tool rake angle. It is worth

noting that the −45◦ rake angle corresponds to the maximum dislo-

cation density, and when the tool rake angle becomes more negative

(−60◦), the dislocation density decreases. Thus, we can say that at

highly negative rake angles, the amorphization of silicon is more

significant than the dislocation activity.

3.5. Microstructure of cutting chips

To examine the microstructure of the cutting chips, a few cut-

ting tests were interrupted in the ductile regime by withdrawing

the tool from the workpiece. Fig. 15(a) is an SEM micrograph of a

chip removed from the workpiece with a −30◦ rake angle tool in

the ductile regime. The chip is long and continuous, and partially

curled at its free end. The other end of the chip is still connected to

the workpiece. Fig. 15(b) is the Raman spectrum of the chip. These

results indicate that the chip is a mixture of amorphous silicon

and polycrystalline (microcrystalline) silicon, of which the former

is dominant.

4. Discussion

Deformation of the silicon crystal has been a topic of intense

research during the past decades. Phase transformation and

dislocation mobility are two possible mechanisms for silicon defor-

mation, of which the former is more widely accepted. An abundance

of literature has demonstrated that silicon undergoes phase trans-

formation in situations where high hydrostatic pressure exists, like

indentation tests [15–27]. It is generally accepted that a structural

change from diamond cubic (Si-I) to a metallic state �-Sn (Si-II)

occurs under the indenter during loading as a result of the high

pressure (10–13 GPa). The material around the indenter would then

become ductile enough to sustain plastic flow. Measurements of

electrical conductivity during indentation close to the indenter on

silicon showed a significant increase in conductivity, from semi-
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Table 1

Summary of TEM results.

TEM figure no. Tool rake

angle 
 (◦)

Depth of

cut d (nm)

Min.–max. a-Si

thickness (nm)

Average a-Si

thickness (nm)

Thickness of

dislocation layer

(nm)

Dislocation area

ratio r (%)

Contrast level l

(arb. unit)

Relative dislocation

density � (arb. unit)

Fig. 12 −30 30 15–70 31 165 32.7 2 2.1

Fig. 13 −45 50 35–120 65 168 74.1 3 7.1

Fig. 14(a) −60 60 45–85 63 119 31.3 1 1.0

Fig. 14(b) −60 120 110–135 125 131 54.9 2 3.5

conducting to highly conducting [15,18], which strongly supports

the idea that a transformation into the metallic state occurs under-

neath the indenter. However, the metallic phase is not stable at

low pressure (∼4 GPa). Hence, after the indenter is unloaded, the

pressure-induced metallic phase does not transform back into the

diamond cubic structure, but instead, changes into an amorphous

phase or other metastable phases [18,21–28]. In silicon cutting, the

machining pressure in the ductile regime is higher than 10 GPa (see

Fig. 10), which is sufficiently high to make silicon undergo phase

transformation.

The topic of silicon dislocations is still controversial. Silicon

has strong directional covalent bonding with a diamond struc-

ture where the predominant slip plane is 〈1 1 0〉 {1 1 1}. Pure edge

dislocations generally do not form in silicon; rather, pure screw

dislocations form with a Burger’s vector parallel to the dislocation

line. At room temperature, the dislocations are relatively immobile.

Dislocation mobility can be induced at higher temperatures and/or

high pressures. For example, it was found that under high pressure,

dislocation mobility can be activated at a relatively low temperature

[17]. Recently, room-temperature dislocation plasticity in silicon

has been confirmed by in situ nanoindentation in a TEM [29]. In

the present study, because the temperature rise is insignificant at

a low cutting speed, the dislocations beneath the amorphous layer

are presumably due to the high pressure and high shear stress. That

is, under the high pressure and high shear stress conditions near

the boundary between the phase-transformed region and the crys-

talline bulk, dislocations are easily initiated. However, the speed

of dislocation motion is by far lower than the cutting speed. For

instance, the dislocation velocity at 100 ◦C and 10 GPa is approx-

imately 8.5 × 10−24 m/s, as estimated from the high-temperature

experimental data by the interpolation technique (see Table 3 and

Eq. (2) in Ref. [30]). Thus, we can say that although dislocations are

an important aspect of subsurface damage, they do not contribute

directly to the ductile mode removal of silicon.

From the viewpoint of both phase transformation and dis-

location, a model of subsurface damage mechanism in ductile

machining of silicon is proposed as schematized in Fig. 16. As soon

as the tool advances into the material (loading), a phase trans-

formation from diamond cubic structure (Si-I) to metallic phase

Fig. 16. Schematic model for subsurface damage mechanism in silicon during duc-

tile machining.

(Si-II) occurs in the material surrounding the tool tip. This part

of the material becomes sufficiently ductile to sustain plastic flow

which facilitates ductile-mode material removal. After the tool has

passed (unloading), the metallic phase does not transform back

into the diamond cubic structure, but rather, changes into an amor-

phous phase. As a result, the final subsurface damage layer contains

an amorphous phase rather than the metallic phase. The metallic

phase does not transform to other metastable phases presumably

because the unloading speed in cutting is by far higher than that

used in the indentation tests. The synchrony between the amor-

phous layer thickness and surface waviness in Figs. 12–14 may be

caused by stick-slips between the diamond tool and the silicon

material, which results in unstable changes in machining pressure.

In Fig. 16, as the distance from the tool tip increases, the pressure

decreases and finally drops below the threshold pressure required

for phase transformation (∼10 GPa). However, the pressure may still

be high enough to facilitate dislocation initiation in silicon if a suf-

ficiently high shear stress exists. As a result, a dislocation layer is

generated beneath the amorphous layer as the tool passes. Under

a negative tool rake angle, as depth of cut increases, the shear

stresses beneath the tool increase due to the downward material

flow, leading to a higher dislocation density. However, the thickness

of dislocation layer does not change significantly with machining

conditions because the distance between the boundary of threshold

pressure for phase transformation and the boundary of threshold

pressure for dislocation initiation is not sensitive to cutting condi-

tions.

Phase transformation also occurs in cutting chips. That is, after

the chip has been separated from the tool (unloading), a phase

transformation from metallic to amorphous takes place in the chip

material near the tool, as shown in Fig. 16. However, because the

pressure in the material near the free surface of the workpiece is

lower than that beneath the tool, the phase transformation in the

chip will be incomplete. As a result, the chip becomes partly amor-

phous and partly crystalline (microcrystalline grains included in

the amorphous phase), as seen in Fig. 15. A similar phenomenon

has been confirmed in machining germanium by Morris et al. [31].

The present study has experimentally revealed the strong

dependence of subsurface structure of machined silicon on tool

geometry and machining conditions. As summarized in Table 2,

when using a tool with a slightly negative rake angle and a sharp

edge, the amorphous layer remains very thin even at a large depth of

cut. This is because most of the deformed material will be removed

as chip, and the downward flow of material is insignificant. How-

ever, when using a highly negative rake angle tool or a blunt tool,

except when the depth of cut is extremely small, a very deep sub-

surface damage layer will be generated. Significant material volume

recovery (swelling) will occur after tool pass due to the severe

downward flow of the deformed material [14], which is similar

to the phenomenon observed in metal cutting [32]. Thus, through

proper design of the tool edge geometry (or the abrasive grain size

in grinding), it should be possible to optimize the stress field ahead

of/beneath the tool (or the grinding wheel), which would not only

enable a high ductile material removal rate but also improve the

subsurface integrity of silicon wafers. The findings from this study

also provide important reference for parameter selection in the
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Table 2

Schematic presentation of subsurface structural changes with tool geometry and depth of cut in ductile machining of silicon.

Small depth of cut Large depth of cut

Slightly negative rake angle

Highly negative rake angle

damage-removing processes, such as chemomechanical polishing

and laser irradiation [33].

5. Conclusions

Plunge-cutting tests have been made on single crystalline silicon

at various depths using diamond tools with different rake angles.

The subsurface structure of silicon after machining was investi-

gated. The main conclusions are as follows:

(1) The machining-induced subsurface damage exhibits two fea-

tures: amorphization and dislocations. The near-surface layer

is transformed into an amorphous phase above a dislocation

layer.

(2) At slightly and moderately negative tool rake angles (between

−15◦ and −45◦), the thickness of the amorphous layer increases

gradually with depth of cut at the beginning of the cut and tends

to approach a constant value as depth of cut increases further. At

highly negative tool rake angles (∼−60◦), the amorphous layer

thickness increases in proportion to depth of cut.

(3) The subsurface damage mechanism in silicon is related

to machining pressure. The estimated machining pressure

(>10 GPa) is sufficiently high to cause phase transformation

in silicon. The higher the negative rake angle, the higher the

machining pressure.

(4) The thickness of the amorphous layer shows synchronous fluc-

tuation with surface waviness, with a spatial shift along the

cutting direction.

(5) The dislocation density depends on depth of cut and tool rake

angle, while the dislocation layer thickness is insensitive to

changes in machining conditions.

(6) Chips removed from the workpiece during cutting are a mixture

of an amorphous phase and a polycrystalline phase.
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Appendix A. Calculation of machining pressure

This appendix will detail the calculation procedure for the

machining pressure p, the results of which have been used in Sec-

tion 3.3. Pressure p can be expressed as

p =
F

Seq
(A.1)

where F is the resultant cutting force, which is derived from the

experimentally measured thrust force and principal force; Seq is

the effective contact area between tool and workpiece, which is

the projected area of the actual tool-workpiece contact area in the

plane perpendicular to F.

The three-dimensional model of the tool-workpiece contact

shown in Fig. 9 can be redrawn into two-dimensional models as

schematized in Fig. A.1(a) and (b). Using these models, the effective

tool-workpiece contact area Seq can be calculated using the depth

of cut d, tool rake angle 
 , edge radius Re and nose radius Rn. In these

models, for simplicity, the tool-workpiece friction was not consid-

ered. We also neglected the contact between the removed chip and

the tool rake face, and the contact between the tool flank face and

the machined surface.

In the calculation, the edge radius Re was set to 50 nm, which

is the same as the experimentally estimated value. The calculation

was performed by assuming that the depth of cut was larger than

Fig. A.1. Schematic model of the contact geometry between diamond tool and work-

piece. (a) View along the cutting direction and (b) view perpendicular to the cutting

direction.
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Fig. A.2. Shapes of the two tool cross-sections used to assist the calculation of the

effective area of the tool-workpiece contact.

the edge radius, i.e., d > Re. To simplify the calculation of Seq, we first

consider two cross-sections of the cutting tool: one intersected by

the plane of the uncut surface, whose area is S1, the other passing

through the lowest point in the tool and also parallel to the tool

rake face, whose area is S2. Fig. A.2 shows the shapes of the two

cross-sections. The curved sections on the two sides of S1 are two

quarters of an ellipse, and the curve on the lower side of S2 is equal

to the tool nose radius Rn. Thus, the length parameters in Fig. A.2

can be expressed as

h1 =
Re

cos 

(1 − sin 
) (A.2)

a1 =
2

cos 


√

2Rn cos 
 d − d2 (A.3)

b1 =
2

cos 


√

2Rn cos 
(d − h1 cos 
) − (d − h1 cos 
)2 (A.4)

h2 =
d

cos 

(A.5)

where d is the depth of cut, 
 is the tool rake angle, Re is the edge

radius and Rn is the nose radius. So, S1 and S2 are given by

S1 = h1b1 + 1
4

�h1(a1 − b1) (A.6)

S2 = R2
n sin−1

(

a1

2Rn

)

−
a1

2
(Rn − h2) (A.7)

The effective contact area Seq can then be calculated from S1 and

S2 by the following equation:

Seq = S1 cos � + S2 cos

(

�

2
− 
 − �

)

(A.8)

where � is the angle between the resultant force F and the verti-

cal direction, which is calculated from the ratio of the thrust force

and principal force. Finally, by substituting Seq into Eq. (A.1), the

machining pressure p can be readily obtained.
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