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Abstract

In this work the critical chip thickness for ductile regime machining of monocrystalline, electronic-grade silicon is measured as a function
of crystallographic orientation on the (00 1) cubic face. A single-point diamond flycutting setup allows sub-micrometer, non-overlapping
cuts in any direction while minimizing tool track length and sensitivity to workpiece flatness. Cutting tests are performed using chemically
faceted—45° rake angle diamond tools at cutting speeds of 1400 and 5600 mm/s. Inspection of the machined silicon workpiece using optical
microscopy allows calculation of the critical chip thickness as a function of crystallographic orientation for different cutting conditions
and workpiece orientations. Results show that the critical chip thickness in silicon for ductile material removal reaches a maximum of
120nm in the [10 0] direction and a minimum of 40 nm in the [1 1 0] direction. These results agree with the more qualitative results of
many previous efforts.
© 2004 Elsevier Inc. All rights reserved.
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1. Introduction pendent behavior including preferred orientations for best
results with various material removal procesfgss]. For

Hard, brittle materials such as silicon are commonly used example, Wilks and Wilks showed that diamond polishing
in infrared optics and semiconductor-based products; how- rates vary when working the crystal in different directions
ever, machining of these low fracture toughness materials is[6]. Furthermore, silicon turned with single point tools can
complicated by stringent requirements on form accuracy, sur- show radial spokes of damage in the directions predicted to
face finish and subsurface damage. Grinding and polishingbe the most difficult by Wilks and Wilks. Blackley and Scat-
are used to meet these challenges, but are widely recognizedergod explained the orientation dependent machining dam-
to be decidedly slow and costly in most applications. As are- age in silicon by examining the variation in resolved tensile
sult, there is a continuing motivation to use diamond turning stress on th¢1 1 1} slip planeq7]. Shibata et. al. observed
to eliminate at least some of the steps. The literature includesthe same pitting damage when turning silicon and qualita-
many works devoted to making cost effective and high qual- tively explained the direction-dependent damage effects by
ity silicon components with single point diamond tools. the use of a slip mod¢B]. Recent studies have shown that

Silicon is nominally diamond turnable based upon its silicon transforms to a metallic phagg-{in) under the com-
chemical composition, but it causes significant tool wear pressive loading of the cutting tof,10]. If the depth of cut
resulting in a steady deterioration of surface finish and an is less than the depth of the transformed metallic phase, the
increase of subsurface damddé. Furthermore, relatively  material removal process will behave as expected for a duc-
small depths of cut and feed rates are required for materialtile material. However, if the depth of cut is too aggressive
removal in the ductile regime. and exceeds the dimension of the metallic phase, then the

The literature documents a comprehensive exploration of material will be removed by brittle fractufé1].
the properties and behavior of silicon and crystallographi- The crystal structure of silicon (diamond cubic at room
cally similar diamond. Both materials show directionally de- temperature) is shown iRig. 1 The structure of the crys-

tal lattice and atomic arrangement are extremely important
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Fig. 1. Diamond cubic crystal structure of silicon.

Fig. 3. Elastic modulus anisotropy of silicon.

The mechanical anisotropy is especially influential on the
orientation-dependent results obtained when machining sil-
icon. The silicon crystal atomic structure viewed from the plane, a4-lobed pattern emerges in the elastic modulus varia-
[100] direction is shown itFig. 2 with the darkened atoms  tion. This variation mirrors the atomic structure on the (001)
representing silicon atoms on a single atomic plane. crystal face shownikig. 2 and a pattern repeating every’90

One example of the anisotropy in the mechanical propertiesis evident. As expected, the direction with the highest atomic
of silicon is found in the elastic modulus variation. The elastic density yields the highest elastic modulus.

modulus for a cubic crystal can be represented as Since silicon is macroscopically brittle, other material
properties such as fracture toughness and hardness can influ-

ence material removal as suggested by Bifano ¢8hlThe
nature of hardness anisotropy in crystals is governed by the
(1) atomic structure of the material and the primary slip systems
that aid dislocation motion during indentati¢h3]. It has
wheres; 1, 12, andsy are the elastic compliance constants been found that the crystallographic directions correspond-
andly, I2, andlz are the direction cosines relative to the cubic ing to minimum values of the effective resolved shear stress
crystal axe$12]. Fig. 3shows the elastic modulus of silicon  are those of maximum hardness. Brookes and Burifib4id
as a function of crystal orientation. For a purely isotropic give the effective resolved shear stress in a material as
material the elastic modulus in three-dimensional space is
spherical. Te = — (COSY + Siny) COSx COSA (2)
The variation of the elastic modulus on individual crys- 24
tal planes is found by taking slices of the three-dimensional whereF is the applied load s the projected area supporting
surface through the origin of the crystal axegy. 4 shows the loady) is the angle between each face of the indenter and
the elastic modulus variation on the cubic face of monocrys- the axis of rotation for the slip systemis the angle between
talline silicon as calculated usiiigy). (1) Onthe cubiccrystal  each face of the indenter and the slip directioris the angle
between the axis of the applied load and the normal vector
—) — to the slip plane, and is the angle between the axis of the
X / \ / applied load and the slip direction.
The recent work in nanoindentation of silicon has not yet
\ ‘ explored hardness variations as a function of indenter orien-
@ 10 panc 100 tation[9,10,15] However, there are published Knoop hard-
Not in plane (100) ness values for single crystal diamond, as showreinle 1
Fracture toughness is also important in understanding the

/ X machining process of silicon. For silicon, the fracture tough-

0.384 nm Table 1
(1107 Knoop indentation hardness with 1 kg load in diamond (dft&f)

1
El=51-2 (Sll — 512 — §S44> (l%l% + lzl 3)

0.543 nm

Crystal plane Direction Hardness (kg/rfm

[100} (001) [110] 6900
(001) [100] 9600

Fig. 2. Silicon crystal lattice viewed from the [1 0 O] direction.
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Fig. 4. Variation of the elastic modulus around the (00 1) crystal plane of silicon. The elastic modulii in the [1 0 0] and [1 1 0] directions are 13GRad 170
respectively.

ness is found to vary with the crystal plane orientation. Chen information about the ductile to brittle transition (critical chip
and Leipold give the values of fracture toughness in certain thickness) and machining force in a specific crystallographic
crystal plane$16] as shown irfable 2 Although no infor- direction.
mation is available about the fracture toughness for differ- It is important to note that this cutting geometry is fun-
ent crystallographic orientations within a given plane, the damentally different from conventional turning. In turning,
tabulated values indicate the amount of variation within the some amount of damage may be left behind as the tool passes,
crystal. but as long as the damage does not propagate below the depth
The ductile regime machining behavior of silicon varies as of cut, the finished surface will appear to be cut in the ductile
a function of crystallographic orientation with trends similar regime. In the interrupted flycutting geometry, the cuts do not
to the variation in material properties. To further explore how overlap, so any brittle fracture is detectable. As a result of
these material properties affect the machining behavior we this distinction, the critical chip thicknesses reported in this
ran an experimentusing two spindles (aflycutter spindle and awork may prove to be somewhat conservative if applied to a
work spindle) to make interrupted, non-overlapping cuts over turning process.
the entire crystal face. The advantage of using a two-spindle  All tests were performed on the (001) cubic face. The
flycutting approach is that tool track length is minimized to experimental setup is described along with details on the
reduce or eliminate tool wear over the course of a single test.calculation of the critical chip thickness using reflected-
By making non-overlapping cuts, there is no damage from light optical microscopy. An uncertainty analysis is then
previous tool passes in the machined workpiece. As a result,presented that estimates the effects of the major error
the grooves cut by each pass of the diamond tool provide components involved in the measurement. Finally, the
crystallographic-dependence of the critical chip thickness

Table 2 and sample force data are presented.
Fracture toughness variation in silicon after Chen and Leifid

Crystal plane Fracture toughness (MP4 2. Experimental setup
(100) 0.95
812; g.gg The silicon flycutting tests were performed on a hydro-

static diamond turning lathe (Moore Nanotechnology Sys-
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Flycutter spindle The first resonance of the dynamometer, with the chuck
and workpiece, is 3600 Hz. Although the force data is ana-
log anti-alias filtered and then sampled at 51.2 kHz, a digital
lowpass filter is applied in post-processing with a cutoff of
1000 Hz to remove the spectral components outside the linear
response of the instrument. This raises an interesting issue
because the spinning diamond tool is only in contact with the
workpiece for a few milli-seconds, even at relatively low cut-

Z ting speeds. At higher spindle speeds the duration of cutting

_ exceeds the bandwidth of the dynamometer. Therefore, the

5 measured force is useful only at a qualitative level because the
Y

Work spindle

cutting dynamics are too fast to accurately resolve the differ-
ent regimes of material response (initial contact with elastic
recovery, ductile regime cutting, transition to brittle fracture,

all brittle).
Fig. 7 shows a close-up view of the flycutter air bearing
Fig. 5. Experimental setup for silicon flycutting. spindle (Professional Instruments AC Foot/Flange), flycut-

ter head, and diamond tool. A capacitance probe (Lion Pre-

tems 150AG) with a programmable resolution of 10nmin X cision DMT-10 C1-C) targets the back of the flycutter and
and Z and 1.6 arc-seconds on the C axis. A solid model of thetriggers the data acquisition for the force measurement. By
machine and its two air bearing spindles is showRim 5. selectively triggering the data acquisition, the data file size

A three-axis dynamometer (Kistler MiniDyn 9256A2), can be kept manageable by capturing the force only when the
an acoustic emission sensor (Kistler 8152B2), and a customtool is cutting.
workpiece chuck are mounted on the vertical C-axis work Itis well known in machining brittle materials that a large
spindle (Professional Instruments Twin-Mount). The alu- negative rake angle is beneficial due to its mitigating effects
minum workpiece chuck is diamond-turned in assembly to on fracture[2-5,7,8] The synthetic, monocrystalline dia-
achieve a mounting surface flatness of better thauth2 mond tools used in the flycutting experiments a#5° rake
The acoustic emission sensor is mounted to the chuck andangle,—10° clearance angle, and 1.5 mm nose radius (Edge
is used with an oscilloscope to detect tool-workpiece con- Technologies, Inc). The tool edge radius, which may be mea-

tact and to monitor the cutting process real-tinféy. 6 sured in a low voltage SEM (without a graphite or gold vac-
shows a picture of the work spindle and instrumentation uum deposition coating) or by AFM, is less than 50 fim].
layout. The tools are chemically faceted on the rake and nose facets

Silicon
workpiece

Aluminum
chuck

Acoustic
emission sensor

3 component
dynamometer

Work spindle

Fig. 6. The work spindle with dynamometer, AE sensor, chuck, and silicon workpiece.
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Fig. 7. The flycutter spindle, diamond tool, and workpiece.

to remove surface and subsurface damage from the tool edge. The tool path is an arc so the chip thickness varies pre-
No coolant was used during testing. dictably within each individual cut. This allows the critical
The experimental setup allows for small, non-overlapping chip thickness of the ductile to brittle transition to be cal-
cuts to be made in any direction on a given plane, in this culated from visually identifiable features left behind in the
case the cubic plane. Brinksmeier et al. used a similar setupsurface of the elliptical groove.
in work exploring the ductile/brittle transition with silicon Since the axis of rotation of the flycutter and the axis of
[18]. Because of the relatively high diamond tool wear rate in rotation of the work spindle are offset by a distargehe
silicon, we added a second axis of rotation to the Brinksmeier cuts are made in a circular pattern around the crystal face.
configuration to conveniently test many crystal orientations The ratio of flycutter spindle speed to work spindle speed is
with the lowest possible track length on the single point tool. chosen such that a cut is made evety Buring the course
Fig. 8illustrates the geometry and kinematics of the machine of each test, the work spindle is rotated 350 that defined

layout and tool/workpiece interaction during cutting. starting and stopping fiducial marks remain on the machined
“«— ¢ —I-|
mm()l (Lx
7 ,’ Axis of rotation of
/ flycutter spindle

/
7"‘: Flycutter radius
/

X
B e ——
Diamond tool
~,
1 \"'- //
| = —
\ . Tool path
Silicon workpiece (O s P

Axis of rotation
— of work spindle

Fig. 8. Schematic of the flycutter and workpiece geometry.
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Fig. 9. Example of cuts made on the (00 1) crystal face of monocrystalline silicon.

workpiece and can be later correlated to specific crystallo- wherel, = L1 — d; — dp. Substituting the expression fog
graphic directionsFig. 9 shows an example of a machined into Eq. (3)yields an expression for critical chip thickness
workpiece. based on the measured quantitiesd;, dp, andR.
This geometry reduces the total tool track length to less 2 2
than 50 mm and minimizes the effect of tool wear during the 7, — 2(Lady + Lad — dadp) — df — d; (4)
test. In addition, the flycutting tests are insensitive to work- 8R
piece flatness because the groove left behind in each individ-A reflected-light optical microscope (Olympus BX60 No-
ual cut leaves an accurate record of depth of cut as well asmarski) with a high-resolution digital camera is used to
the ductile to brittle transition. capture images of each cut with 20and 50« objectives.
A silicon artifact with 10Qum wide etched lines is used as
the calibration standard for each magnification. The digital
3. Workpiece metrology images are imported into a MATLAB script file and the
relevant dimensions of the cuty, d;, andd,) are measured
After some exploration using SEM and AFM, the work- to calculate the critical chip thickness usifig|. (4) This
pieces were found to be best measured using differentialProcess is repeated for each groove in the workpiece.
interference contrast (Nomarski) optical microscopy to mea-
sure each cut on the (001) crystal face. For the purpose3.1. Uncertainty analysis
of this analysis, the critical chip thickness is defined as the
depth of cut where a noticeable Change in surface topogra- This section describes an analysis to estimate the uncer-
phy starts to occur as the tool cuts deeper into the silicon ontainty in the calculation of critical chip thicknefk9]. For a
its circular pathFig. 10shows an individual cut made in a  functionf of N uncorrelated input estimates the variance

silicon workpiece. of fis:

With the knowledge of the flycutter radifisand by mea- N N/ ar\2
suring the length of the cut; and the lengths from the be-  ,2(f) = Z”t‘z(f) = Z <_f> u?(x;) (5)
ginning and end of the cut to the start of the damaged region, i—1 o \0xi

di1 andd,, respectively, the critical chip thicknegds calcu-

lated: whereu?(x;) is the variance of the input estimate The

5 5 combined standard uncertainty of the functfde u(f). The

A (3  varianceofcritical chip thicknessis found by usinggs. (4)
8R and (5)

dl L2 sz

Li

Fig. 10. The geometry of an individual cut made in a silicon workpiece.
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Table 3
Uncertainty analysis for the critical chip thickness calculation based on nominal valugs-0f.0 mm,R= 110 mm,d; = d; = 25pm
Source of uncertainty Measurement Standard uncertainty Sensitivity
interval (wm) U; (te) (pm)
Measurement off ; 7.0 4.0 (B) 1.1x 1074
Measurement ofi 2.8 1.6 (B) 2.2x 1073
Measurement of; 2.8 1.6 (B) 2.2x 1073
Measurement oR 250 140 (A) —1.0x 1076
Combined standard uncertainigtc) 5.0nm
Expanded uncertaintk & 2) 10.0nm
2 2 4. Results
ot ot
2 c c
W)= —— ) W@+ |1 ) w’(d)
oL1 ody . . . . .
) 5 A distinct crystallographic orientation dependence is
+ A W2(dy) + e W2(R) ©6) found in the experimental results. The cutting forces, critical
ad> oR chip thickness, and machining damage vary in a cyclical

pattern that repeats every 9QQust as the crystal structure

For the purpose of estimating the uncertainty of the mea- repeats every 30on the cubic plane. The force data over two
surement, it is assumed that the lengths measured usingonsecutive 90sections of the (00 1) workpiece are shown
optical microscopy I(1, di, anddy) are evenly distributed  in Fig. 12 (1400 mm/s cutting velocity). The force data are
(uniform distribution) within the range of recorded values. normalized by the maximum chip area of each individual cut,
The half-width of the measurement range is taken to be the effectively eliminating variations in force due to workpiece
length of 25 pixels (equivalent topdm at 50x) in the digital flatness. However, it must be kept in mind that these values
imaging system; the probability of the actual value lying are limited by the bandwidth of the measurement, which is
outside of this interval is small (Type B evaluation). The fea- fairly low with respect to the duration of the cut. This lim-
ture lengths were measured such that no visibly detectableitation effectively averages the actual cutting forces into a
damage was contained with the distandgandd,. The un- representative value for each crystallographic orientation in
certainty in the flycutter radiuR is evaluated using a series  which the forces of both the ductile and brittle regimes are
of observations (Type A evaluation) with a normal distri- smeared together. As expected, the data show that the forces
bution. Table 3tabulates the uncertainty components in the are generally higher in the more ductile [1 0 0] direction.

critical chip thickness calculatiofrig. 11shows sample cuts Fig. 13shows the variation in critical chip thickness mea-
made in silicon with a-45° rake toolinthe [L00]and [110]  sured with 5600 mm/s cutting velocity and-#5° rake tool
directions. as a function of orientation. The calculated value for critical

(a) (b)

Fig. 11. Example of cuts made in a silicon workpiece with46° rake tool in the (a) [1 0 0] direction and (b) [1 1 0] direction ([0 0 1] crystal plane).
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Fig. 13. Calculated critical chip thickness as a function of crystal orientation with¥ rake angle tool (00 1) silicon, and 5600 mm/s cutting velocity.

chip thickness varies by as much as a factor of three with between the easy [100] and hard [1 1 0] directions, which
the most favorable cutting occurring in the [1 0 0] direction. is consistent with qualitative work done by previous re-
Although Wilks and Wilks do not provide directly compa- searchers. If a diamond turning operation were configured
rable results for chemically similar diamond, their pioneer- such that the critical chip thickness were somewhere be-
ing work shows similar trends in both polishing and grinding tween the [110] direction limit of 40nm and the [100]
tests where the [100] direction is much easier to machine direction limit of 120 nm, the familiar four-lobed star dam-

than in the [1 1 0] directiof6]. age pattern would be plainly visible in the finished work-
piece.
This critical chip thickness variation has major impli-
5. Conclusions cations for the production of plano silicon components by

single-point diamond machining. For example, if a plano
In this work, silicon flycutting experiments were per- optic is turned on a rotating spindle, the tool will explore

formed to quantify the critical chip thickness at which the entire crystallographic structure in each revolution of the
ductile material removal gives way to brittle fracture in spindle. As a result, the maximum material removal rate is
non-overlapping cuts. Representative values were also measestricted by the critical chip thickness in the hard machining
sured for the machining force variation around the (001) directions on a given plane of the crystal. If the same plano
cubic face of monocrystalline silicon. Using-a45° rake optic can be made by flycutting, then it should be oriented
tool, the critical chip thickness varies by a factor of three such that the spinning tool explores only a small arc of the
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