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Abstract

Single-crystal silicon is a widely used brittle material in infrared optics and optoelectronics
industries. However, due to its extremely low fracture toughness, it is difficult to obtain deep micro-
structures on single-crystal silicon with ultra-smooth surface quality using previous ductile machining
models based on plunge cutting, diamond milling and grinding. Current methods to enhance the
machinability of silicon include laser-assisted machining, ion implantation modification and vibration-
assisted machining. However, the increase of the ductile machining depth using these methods is still
very small in the fabrication of deep micro-structures with a depth over tens of micrometers on silicon.
This paper proposes a novel ductile machining model for ultra-precision fly cutting (UPFC) to efficiently
fabricate deep micro-structures on silicon. The modeling results show that through configuring a large
swing radius, much deeper ductile machining depth can be reached by UPFC. To confirm this proposed
model, micro-grooves with different depths were machined, and the surface micro-topographies, form
error, tool wear patterns and material phase transformation were analyzed and compared with that
acquired by diamond sculpturing method. The experimental results demonstrated that much deeper
micro-grooves (over tens of micrometers) with better surface quality were acquired by UPFC. Moreover,
compared with the sculpturing method, UPFC prolonged the tool life, and generated less amorphous
silicon on the machined surface.
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1. Introduction

The manufacture of micro-structures on single-crystal silicon has attracted widespread attention for
various applications in the advanced infrared (IR) optics, solar cells and photoelectricity industry, due to
its unique optical functions, excellent light-trapping performance and improvement of photoelectric

conversion efficiency [1-3]. For example, micro-structured surfaces of silicon highly enhance the
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photoelectric conversion efficiency of solar cells, compared with smooth surfaces [4]. Micro-lens array
of silicon can achieve the integration and minimization of advanced IR optical systems [5]. However, the
inherent low fracture toughness of single-crystal silicon significantly limits the attainable depth of the
silicon micro-structures without brittle fractures. The ductile machining depth of silicon generally ranges
from 90 nm to less than 200 nm [6], so severe brittle fractures and micro-cracks can propagate into the
finished surfaces when adopting a large cutting depth. Besides, the original surface of an unprocessed
silicon wafer is generally in the shape of plane, which greatly increases the material removal amount for
deep micro-structures. Even though both traditional and non-traditional machining methods have been
proposed for processing silicon, it is still a difficult task to acquire deep micro-structures on silicon with
optically qualified form accuracy.

A few technologies based on the etching process, such as laser-assisted etching and lithography,
have been used for the fabrication of silicon micro-structures [7-9]. For example, a type of dry etching
method based on the femtosecond laser modification was proposed by Liu et al. [10], to fabricate three
dimensional micro-structures on silicon wafers, such as micro gears. However, due to the low machining
efficiency and the insufficient machining accuracy, it is difficult for these non-traditional methods to
generate deep micro-microstructures on silicon with a sub-micrometric form accuracy and nanometric
surface roughness. Further, the geometries and shapes possible to be fabricated by etching methods are
very limited.

Ultra-precision mechanical machining technologies, dominated by micro-grinding and diamond
cutting technologies, are widely considered to be more promising for the effective generation of micro-
structures on brittle materials [11-13]. Through adopting a small depth of cut, ultra-smooth surfaces with
high form accuracy can be generated on silicon using ultra-precision machining technologies [14].
However, if the depth of cut is larger than a critical value, the finished surfaces can be very rough due to
the propagation of brittle fractures. For example, a set of deep micro-grooves and micro pyramid-
structured surfaces were successfully fabricated on silicon by single-point diamond micro-grinding
technology [15, 16]. Nevertheless, the surface roughness acquired by this abrasive method is very high
at about 200 to 300 nm. More importantly, the abrasive method is quite time-consuming, and the
unavoidable subsurface damage induced by the dynamic pressure of the diamond grits highly restrict its
practical application on the fabrication of micro-structures on single-crystal silicon.

In contrast, diamond cutting technologies, such as diamond milling, diamond sculpturing and fast



and slow tool serve (FTS/STS), is more flexible in the ductile machining of brittle materials for freeform
surfaces and micro-structures [17-20]. By means of slow tool servo, 5.5 um deep micro-lens arrays were
machined on single-crystal silicon by Mukaida et al. [17]. They demonstrated that smooth surfaces with
a surface roughness of 4 nm Sa can be achieved under a very small feed rate. After configuring an
appropriate title angle of the silicon wafer with respect to the micro-milling tool, Arif et al. [21]
successfully fabricated micro-grooves with a depth of 15 pm using end-milling technology. Nevertheless,
the surface roughness of these silicon micro-grooves is over 80 nm. As learned from the ductile
machining models for milling and slow tool servo, small feed rates and depths of cut need to be carefully
selected to suppress the propagation of micro-cracks and brittle fractures onto the finished surfaces [19,
22], which greatly restrict the depth of the micro-structures fabricated on silicon. Consequently, even
though smooth surfaces with high form accuracy can be achieved by diamond milling and slow tool
servo under a small depth of cut, it is difficult for these methods to fabricate deep micro-structures
without brittle fractures on silicon.

Diamond sculpturing method was successfully applied in the manufacture of micro-structures on
silicon by restricting the instantaneous cutting depth within the critical depth of cut (DoC) of silicon. The
major advantage of sculpturing method is its feasibility of fabricating micro-structures with very high
resolution. By means of sculpturing method, 0.1 pm deep micro-grooves with a 11 nm roughness were
obtained by Chen et al. [23]. However, due to the extremely small critical DoC of silicon (normally
ranging from 100 nm to 200 nm [24]), it is difficult for diamond sculpturing method to generate deep
microstructures with a depth over tens of micrometers. To enhance the machinability of single-crystal
silicon, a few technologies, such as laser-assisted cutting [25], ion implantation modification [6] and
vibration-assisted machining [26, 27], were successfully integrated into the diamond sculpturing method
by increasing the critical DoC. Assisted by ultrasonic elliptical vibration, the ductile machining depth of
the micro-structures was increased to 1 um by Zhang et al. [28] with better surface quality. In addition,
as reported by Xiao et al. [6], higher critical DoC of silicon (2 um) was observed after modifying the
silicon surface by ion implantation, which is beneficial to the ductile machining micro-grooves. However,
the increase of the ductile machining depth by these methods is still very small for deep micro-structures
with a depth over tens of micrometers. Up to date, very little research focuses on the ductile machining
of silicon for micro-structures with a depth over 20 pm.

Ultra-precision fly cutting (UPFC) is a very flexible machining technology for micro-structures with



intricated shapes [29, 30]. Because of its unique cutting process, the ductile machining model for UPFC
is totally different from that of diamond milling, diamond sculpturing and FTS/STS. Previous
investigation on UPFC of brittle materials mostly performed under a very small depth of cut (less than
10 um) [31, 32]. Nevertheless, literature on the ductile machining of silicon using UPFC under large
depths of cut is very limited. More importantly, the feasibility of UPFC in fabricating deep micro-
structures (over tens of micrometers) in ductile mode on brittle materials was not yet well demonstrated.
This study theoretically and experimentally demonstrates the feasibility of UPFC in fabricating deep
micro-structures on silicon in ductile mode. The effects of machining parameters (i.e., feed rate and depth
of cut) on the ductile machining depth of UPFC were discussed. This research result offers a feasible
solution for the ductile machining of single-crystal silicon or other hard and brittle materials for deep

micro-structures.
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Fig. 1. Hardware configuration of the (a) diamond sculpturing method and (b) UPFC.

2. Experimental setup

A set of taper grooves with increasing cutting depth were fabricated on single-crystal silicon using
UPFC and sculpturing, respectively. The tilt angle of each taper groove was fixed at 0.1°, and both <110>
and <100> directions were selected. As shown in Fig. 1 (a), an ultra-precision freeform machining system
(Moore Nanotech 350FG) with three linear axes and an air bearing spindle was used for the diamond
sculpturing method. The diamond tool was configured on the z-axis, and the silicon wafer was fixed on
the spindle by a fixture. Through feeding the diamond tool upwards with a title angel, taper grooves with

increasing cutting depth can be generated on the wafer. As shown in Fig. 1 (b), a 5-axes freeform milling



system (Precitech 705G) was applied in UPFC of taper grooves on silicon. The silicon wafer glued on a
fixture was fixed on the b-axis, and a diamond tool was mounted on the high-speed spindle. The taper
grooves were machined by the horizontally feeding motion of the spindle for UPFC. Table 1. shows the

machining parameters for diamond sculpturing and UPFC in the machining of taper grooves.

Table 1. Machining parameters for diamond sculpturing and UPFC.

Machining parameters UPFC Diamond sculpturing
Swing radius (mm) 40.5 none

Cutting speed (m/s) 8.4 0.004
Spindle rotation (rpm) 2000 none

Feed rate (um/r) 3 none

Feed directions <110>, <100> <110>, <100>
Atmosphere Dry Dry

Table 2. Machining parameters in UPFC of micro-grooves.

Machining parameters UPFC Diamond sculpturing
Swing radius (mm) 40.5 none
Cutting speed (m/s) 12.6 0.004
Spindle rotation (rpm) 3000 none

Feed rate (um/r) 3 none

Depth of cut (um) 10, 20, 30 3,6,9

Feed directions <100> <100>
Atmosphere Dry Dry

In addition, micro-grooves of different depths were fabricated in the <100> direction of single-
crystal silicon by UPFC and sculpturing method, respectively. The machining parameters is shown in
Table 2. The machining strategy of UPFC is illustrated in Fig. 2, in which the rotating spindle carries the
diamond tool, feeding in x direction with the presetting depth of cut, so arc-shaped micro-grooves are
formed due to the imprint of the diamond tool profile. It worth to note that the cutting direction of UPFC
remains constant in relation to the crystallization direction of single-crystal silicon. For sculpturing
method, deep micro-grooves cannot be directly fabricated using large depths of cut. Thus, deep micro-
grooves were generated using the periodical sculpturing operation of the workpiece surface, with each
single cutting cycle performed under a depth of cut of about 100 nm, until reaching the desired depth, to
suppress the propagation of micro-cracks.

Two diamond tools with the same round nose radius of 0.5 mm were used in the experiments of



sculpturing and UPFC. The rake angle of the diamond tool is -25°, while the clearance angle is 10°. An
optical microscope BX60 provided by Olympus corporation was used to acquire the microscopies of the
micro-grooves. Further, a three-dimensional non-contact optical measurement system provided by Zygo
Corporation was applied to capture the corresponding micro-topographies. A scanning electron
microscope was used to observe the tool wear patterns. A LabRAM 800 Raman Spectrometer was used

to analysis the material phase transformation of the finished surfaces.
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Fig. 2. Schematic illustration of machining principle in UPFC of micro-grooves.

3. Ductile machining model

The machining principle of UPFC for micro-grooves is illustrated in Fig. 2. A diamond tool is fixed
on the high-speed spindle with a specific swing radius (S,,) that is defined as the maximum distance
between the tool tip and the rotational central line of the spindle. During the machining process, the
rotating spindle horizontally feeds in the x direction, and the diamond tool intermittently cuts into and
out of the workpiece surface with a specific depth of cut (dy). Then, a micro-groove can be formed on
the workpiece surface with its cross-sectional profile totally the same as the geometrical shape of the tool
edge. It worth to note that more complicated micro-structures, such as micro-pyramid arrays, can be
acquired by UPFC through adding another rotational axis on the workpiece. Due to this unique cutting
process of UPFC, its ductile machining mechanism is different from that of milling, grinding and

FTS/STS.



The schematic of the 3D chip morphology in fly grooving is shown in Fig. 3. In fly grooving, each
chip is generated by the two intermittent cutting steps, namely previous rotary cutting and current rotary
cutting. Therefore, the chips are enveloped by the initial surface of the workpiece, the top surface
formed by previous rotary cutting and the bottom surface formed by current rotary cutting, as shown in
Fig. 3. As there is no step movement in fly grooving, the chips are axisymmetric. The point a is the
midpoint of line de, while points b and ¢ are the peak point of the curves che and dce, respectively.
Actually, the chip morphology is axisymmetric in the step direction, the points a, b and ¢ are the
intersection points between the central plane and the enveloped surfaces of the chip, as denoted by the
yellow lines in Fig. 3. From the geometric knowledge, it is known that even though the chip thickness
changes in both the feed and step directions, the thickest chip thickness is distributed in the central plane

of the chips.
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Fig. 3. Schematic illustration of the chip morphology for UPFC and TTSD.

In order to obtain ultra-smooth surfaces on both the sides and the bottom of the micro-grooves, no
brittle fractures are allowed to be generated during the whole chip formation duration. It is known that
brittle fractures generate and propagate on the condition that the instantaneous chip thickness exceeds
the critical depth of cut of silicon [33]. Thus, based on the schematic 3D chip morphology of UPFC, as
shown in Fig. 3, it is learned that even though the chip thickness changes in both the feed and step
directions, the thickest thickness in the step direction (TTSD), distributed in the central plane of the chips,
plays a crucial role on the first occurrence of brittle fractures.

It is learned from Fig. 4 that the TTSD values change in the feed direction with tool rotation.

Therefore, in order to the learn the ductile machining mechanism for UPFC, the TTSD values at different



rotation angles, denoted as hg, need to be calculated. As shown in Fig. 4, a system of rectangular
coordinates (0-xyz) is defined at the crossing point of the diamond tool holder and the spindle rotational
axis, with the x axis coincident with the feed direction. As the chip formation duration is extremely short

in UPFC, it is assumed that the spindle is stationary in the chip formation duration when calculating

TTSDs.
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Fig. 4. Schematic of UPFC viewed along the y direction.
For the curve formed by the previous rotary cutting, its boundary points include points a and ¢,
whose mathematical expression is given by
(D

(x+f)?+2z*=5,°

where f, denotes the feed rate in mm/r.
For the curve generated by the current rotary cutting, its boundary points include points a and b,

whose mathematical expression is given by
¥ 472 =5, @)
For the curve describing the original surface, its boundary points include points b and ¢, which can
be expressed as
z=3S, —d, 3)
where d,, is the depth of cut equal to the depth of the machined micro-groove.
Based on the geometry relation, point a is located in the middle of the two consecutive rotational

centers, as shown in Fig. 4. Thus, according to Eq. (1), the coordinate components of point a can be



expressed as

fe
X, = ——
a 2
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Points b and c are located at the original surface, as shown in Fig. 4. For point b, according to Eq.

(2) and (3), its coordinate components can be expressed as

Xp = \/Swz - (Sw— dO)Z - fe (5)

szsw—do

Similarly, for point c, its coordinate components can be expressed as

Xe = \/Sw2 = (Sw — dp)? (6)

ZC = SW - do
Therefore, using Eq. (1), Eq. (4) and Eq. (6), any point (x, z,) on the curve formed by the previous

rotary cutting can be denoted as follows:

Xg < Xo < X¢
7
f0= Su? = (L) 7
According to Eq. (3), Eq. (4) and Eq. (6), any point (x,, Z,) on the curve generated by the current

rotary cutting is denoted as follows:

Xe < Xo < Xp
{Zo =Sy —dy ®
The line passing through the point (xg, z,) and the origin point (0, 0) of the defined coordinate

system o-xyz can be expressed as
x
—== ©
Because of the rotational trajectory of the diamond tool, TTSDs refer to the distance from the point

(x0, 7o) to the intersection point (x;, z;) between the line expressed in Eq. (9) and the curve expressed in

Eq. (2), which can be given as

_ XOZ'SWZ
X1 = 2 2
Xo“+2zg

5 = 202'5w2
k 17 x02+202
0 0

(10)

In total, the TTSD value (hg) at a rotation angle () is essentially equal to the distance between the

point (x,, Zy) and point (x;, z;), which can be calculated as



hg =/ (X1 — x0)? + (21 — 20)? (11)

Therefore, from the expression of hg, it is learned that TTSD is not only influenced by the depth of

cut (dy), but also is a function of the configured swing radius (S,,). This special mathematical relation
leads to an extremely small chip thickness under a large swing radius in UPFC, even when machining
with large feed rates and cutting depths, accordingly ensuring the ductile machining of deep micro-

grooves on single-crystal silicon.

4. Results and discussion
4.1 Effect of machining parameters on ductile-brittle transition in UPFC

As learned from the model, ductile-brittle transition happens at the points where the TTSD values
exceeds the critical depth of cut (DoC) of silicon. Thus, in order to acquire a smooth surface in UPFC,
TTSD values need to be lower than the critical DoC to ensure the ductile material removal of silicon.
Fig. 5 (a) and (b) show the variations of TTSDs with tool rotation at different feed rates and depths of
cut. For each tool rotation cycle, TTSDs firstly increase and then decrease after reaching the highest point
(the maximum chip thickness). This varying trend exactly reflects the chip formation process of UPFC
within each tool rotation, as illustrated in Fig. 4. More specifically, the chip thickness approaches zero at
the tool entering point (point a), and after increasing to the maximum chip thickness at point c, it reduces
back to zero again at the tool departing point (point b). As a result, if the maximum chip thickness at

point ¢ is lower than the critical DoC of silicon, no brittle fractures will generate in the cutting process.
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Fig. 5. Variation of TTSD values under (a) different depths of cut and (b) feed rates.
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Fig. 6. Maximum chip thickness under different (a) depths of cut and (b) feed rates.

The changes of the maximum chip thickness with increasing depths of cut is illustrated in Fig. 6 (a).
The maximum chip thickness with a cutting depth of 30 um is calculated at nearly 76 nm, which is much
less that the critical DoC of silicon at 100~182 nm [6]. Meanwhile, the maximum chip thickness with
the feed rates of 3 um/r and 5 pum/r (calculated at 66 nm and 110 nm) are still less than the critical DoC
of'silicon, as shown in Fig. 6 (b). As learned from the proposed model, the extremely small chip thickness
of UPFC, even under large depths of cut and feed rates, majorly results from the unique machining
strategy of UPFC, in which the diamond tool rotates with a large swing radius in the normal plane of the
workpiece surface. This unique cutting trajectory leads to the inverse proportional relation between the
chip thickness and the swing radius, as expressed in Eq. (11). Based on this mathematical relation, it is
found that through configuring a large swing radius in UPFC, the chip thickness will be reduced to an
extremely small value even under large feed rates and depths of cut, thereby ensuring the ductile
machining of silicon for deep micro-structures without brittle fractures. In contrast, the instantaneous
chip thickness of diamond sculpturing is nearly equivalent to the depth of cut, as the schematic of the
sculpturing method shown in Fig. 7. Consequently, the depth of cut for diamond sculpturing operation
needs to be restricted within the critical DoC of silicon, to avoid the occurrence of brittle fractures. Deep

micro-structures can be obtained by periodically plunge cutting operation, as shown in Fig. 7.
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Fig. 7. Schematic illustration of the sculpturing machining process.



4.2 Taper grooves

To validate the advantage of UPFC in achieving deep ductile machining depth on silicon, taper
micro-grooves with increasing depth were fabricated by UPFC and diamond sculpturing method,
respectively, on single-crystal silicon in the <100> crystal direction. The surface topographies of the taper
grooves are shown in Fig. 8. Clear ductile-brittle transitional boundaries can be observed on the optical
microscopy and 3D topography of the taper grooves generated by the sculpturing method, as shown in
Fig. 8 (a) and (c). The ductile-cut region of diamond sculpturing is quite smooth, while the brittle-cut
region presents an obvious rough appearance with bulk cleavages and random fractures. The depth of the
transitional point is measured at 148 nm, as illustrated in Fig. 8 (e). This is because the instantaneous
chip thickness of diamond sculpturing is nearly equivalent to the depth of cut, so brittle fractures generate
at the locations where the depth of cut exceeds the critical DoC of silicon. As a result, the instantaneous
cutting depth of sculpturing method need to be lower than the critical DoC of silicon when machining
micro-structures, in order to obtain smooth surfaces without brittle fractures on silicon. Nevertheless,
due to the extremely low critical DoC of silicon, it is difficult to fabricate deep micro-structures with a

depth over tens of micrometers using this method.
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Fig. 8. The optical microscopy, 3D topography and the central profile of the taper groove in <100>
direction fabricated by sculpturing method with (a), (c) and (e) and by UPFC with (b), (d) and (f).



In contrast, as shown in Fig. 8 (b) and (d), only smooth surface without cleavages or fractures was
observed on the taper groove generated by UPFC, indicating the ductile material removal in UPFC.
Besides, the central line profile of the taper groove generated by UPFC is even smoother than that
acquired by the sculpturing method, as shown in Fig. 8 (e) and (f). As learned from the ductile machining
model for UPFC, this deeper and smoother ductile-cut region generated by UPFC majorly results from
its unique rotational cutting trajectory with a large swing radius, which leads to an extremely small chip
thickness even under a large depth of cut. Taking advantage of this unique cutting operation of UPFC,
ductile material removal of silicon can be ensured despite of the increasing depth of cut. Without loss of
generality, similar experiments were conducted in another crystal direction <100>, as shown in Fig. 9.
Similar to the results in <100> direction, smoother surface quality as well as deeper ductile cut region

are achieved by fly cutting compared with sculpturing, as shown in Fig. 9 (d) and (f).
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Fig. 9. The optical microscopy, 3D topography and the central profile of the taper groove in <110>
direction fabricated by sculpturing method with (a), (c) and (e) and by UPFC with (b), (d) and (f).
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Fig. 10. The bottom-surface micro-topographies of the (a) 3 um, (c¢) 6 um and (e) 9 um deep
micro-grooves machined by sculpturing method, and (b) 10 um, (d) 20 pm and (f) 30 um deep
micro-grooves machined by UPFC.

4.3 Micro-grooves

The micro-topographies of the micro-grooves generated by sculpturing and UPFC at different
depths are shown in Fig. 10. For the sculpturing method, a smooth surface coupled with parallel tool
marks in the feed direction was observed on the finished surface of the 3 pm deep micro-groove, as
shown in Fig. 10 (a), indicating the ductile material removal process. No brittle fractures were generated
in this case due to the periodical plunge operations with each single cutting cycle conducted under a
cutting depth of 100 nm, as schematically illustrated in Fig. 7. Nevertheless, when the depth of the
sculptured micro-grooves reached 6 um, intensive micro-cracks were generated along the center line, as
shown in Fig. 10 (c). Furthermore, these micro-cracks increased in number and propagated into nearly
the whole finished surface of the 9 um deep micro-groove, as shown in Fig. 10 (e), indicating the
dominance of the brittle machining model in this case. This can be more clearly seen from the 3D
topography and the cross-sectional profile of the 9 pm deep sculptured micro-groove, as shown in Fig.
11 (a). The increasing propagation of the micro-cracks at deeper micro-grooves generated by the

sculpturing method is attributed to the dislocations of the subsurface damage and the micro-cracks



induced by the repetitious plunge cutting operations [33]. Therefore, the experimental results indicate
that it is difficult to obtain deep micro-structures without fractures on silicon by diamond sculpturing

method.
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Fig. 11. 3D topography and the corresponding cross-sectional profile of (a) the 9 um deep sculptured

micro-groove and (b) 30 um deep micro-groove machined by UPFC.

For UPFC, the micro-topographies of the micro-grooves are characterized as stripe patterns that are
vertical in relation to the feed direction, which results from the tool residual marks. Interestingly, different
from the sculpturing results, no brittle factures or cracks were generated in UPFC even under a much
larger cutting depth, from 10 um to 30 pm, as shown in Fig. 10 (b), (d) and (e). Moreover, for UPFC, the
surface roughness at different cutting depths almost remains constant, ranging from 2 nm Sa to 4 nm Sa.
This is because the influence of the increasing depth of cut on the maximum chip thickness of UPFC is
very small, as illustrated in Fig. 3. For example, the increased value of the maximum chip thickness for
UPFC with the cutting depth changing from 10 pm to 30 um is less than 20 nm, which can be neglected
in comparison with the depth of cut. The 3D topography of the 30 pm deep micro-grooves with a smooth
arc-shaped cross-sectional profile is shown in Fig. 11 (b), so UPFC is more feasible for the ductile

machining of deep micro-grooves with smooth surface quality.
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Fig. 12. 15 um deep micro-raster composed by arc-shaped micro-grooves in <100> direction: (a) 3D
surface topography, (b) cross-sectional profile, (c) optical microscope, (d) planarized surface

topography and (e) bottom surface profile along feed direction.

Fig. 12 (a) and (b) illustrate the 3D topography and the cross-sectional profile of the optical micro-
raster composed of 15 pum deep arc-shaped micro-grooves fabricated by UPFC on single-crystal
silicon. From the optical microscopy shown in Fig. 12 (c), an ultra-smooth finished surface can be
observed. To validate the IR optical performance, surface roughness and form error were further
analyzed as follows. According to Harvey et al. [34], the surface roughness of an optical component
is associated with the index named total integrated scattering (TIS), which is necessarily smaller

than 0.01 for most IR optical systems. TIS can be expressed as [34]:

)
TIS~ (‘%)2 (11)

where A is the incident light wavelength and ¢ denotes the RMS surface roughness Rq. As single-
crystal silicon is normally used in IR optical area that transmits the light with wavelength ranging
from 1.2 um to 6 um, the surface roughness is required to less than 10 nm Rq. To simplify the
calculation, the required Ra is estimated as 0.8 that of Rq, so surface roughness lower than 8 nm Ra
is required for the IR optical components made by single-crystal silicon. The surface roughness of

the raster is measured at 4 nm Ra, as shown in Fig. 12 (e), fulfilling the highest requirement of IR

application.



To fulfill the optical application, the maximum allowable form error of an optical element is
M4 of the transmitted light [35]. As a result, the required form error for a silicon micro-groove needs
to be less than 300 nm PV for a 1.2 um wavelength, in order to avoid the distortion of the gathered
profile. Even though the finished surface of UPFC is characterized with stipe patterns, as shown in
Fig. 12 (d), the form error fulfils the requirement of silicon optical components for IR applications

over the whole range of infrared wavelengths.
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Fig. 13. The 15 um deep micro-groove machined by fly cutting with a swing radius of 11.4 mm: (a) 3D
topography, (b) planarized surface topography and (c) bottom surface profile along feed direction.

According to the proposed model, through configuring a large swing radius for fly cutting,
the chip thickness will be reduced to an extremely small value even under large feed rates and
depths of cut, thereby ensuring the ductile material removal of silicon for deep micro-structures.
To further determine the effect of the swing radius on the ductile cutting performance of fly
cutting, a much smaller swing radius of 10.4 mm is adopted in fly cutting of micro-grooves, and
the results is shown in Fig. 13. As shown in Fig. 13 (a) and (b), intensive brittle fractures and
micro-cracks can be observed on both the 3D surface topography and the planarized surface
of the micro-groove generated by fly cutting with small swing radius. These brittle fractures
are induced by the large chip thickness under small swing radius. Specifically, with the same
feed rate and depth of cut, the maximum chip thickness for 40.5 mm swing radius is only 81
nm, while the maximum chip thickness for 10.4 mm swing radius is over 189 nm. These
brittle fractures highly destroy the finished surface quality and lead to the very rugged surface

profile as shown in Fig. 13 (c). The



surface roughness and the form error of the micro-groove are measured at 24 nm and 245
nm, respectively, which are also much higher than that acquired by fly cutting with larger swing
radius as shown in Fig. 12 (e). Overall, through comparing the results acquired by fly cutting with
different swing radiuses, it is validated that better ductile cutting performance is achieved by

larger swing radius, which is well accordance with the results of the proposed model.
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Fig. 14. Raman spectrum of the micro-grooves fabricated using (a) sculpturing method (b) and UPFC
with different cutting depths.
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Fig. 15. Raman spectrum of the chips generated by sculpturing and fly cutting.

4.4 Material phase transformation

In the ductile machining of silicon by diamond tools, the high pressure phase transformation (HPPT)
inevitably leads to the metallization of brittle materials [33]. For silicon, it has been reported that Si-I
(brittle) will transform to Si-II (ductile) under the loading process, then further transform to an
amorphous state during the rapid uploading operation [14]. As amorphous silicon influences the
performance of the IR components [17], the material phase transformation of silicon should be analyzed
for both sculpturing method and UPFC, respectively.

Fig. 14 (a) shows the Raman spectrum of the finished surfaces acquired by the sculpturing method
at different depths. A large amount of amorphous silicon was detected on the finished surface at 3 um,
while, interestingly, the ratio of the amorphous silicon was obviously reduced for 6 um and 9 pm deep

micro-grooves. According to Yan et al. [28, 36], the Raman intensity ratio of amorphous silicon is defined



as 1./I., where 1, is the total Raman intensity of amorphous silicon and /. is the total Raman intensity of
crystalline silicon. The value of the Raman intensity ratio can be calculated by integrating method based

on the acquired Raman spectrum [36]. In the revised manuscript, the definition of the Raman intensity

ratio of amorphous silicon is added. This lower ratio of amorphous silicon at large depth of cut indicates
the increasingly dominant brittle material removal mechanism. This observation is well in accordance
with the increasing number of micro-cracks observed on the finished surface at higher cutting depths by
the sculpturing method, as shown in Fig. 10 (a), (c¢) and (e). Actually, based on multiple sculpturing

experiments, it is difficult to acquire totally fracture-free micro-grooves with a depth of 6 um on single-

crystal silicon by the diamond sculpturing method.

For UPFC, the ratio of the amorphous silicon is much lower than that of sculpturing, as shown in
Fig. 14 (b), even under much larger depths of cut from 10 pm to 20 um. The smoother surface quality as
well as less amorphous silicon left on the finished surface by UPFC indicates better optical performance
[17]. Furthermore, the ratio of the amorphous silicon is almost unchanged from 5 um to 10 um, because
the change of the chip thickness, less than 25 nm, is very small at lower cutting depths. However, this
ratio significantly increased at the 15 um deep micro-groove. This increased ratio is probably induced
by the large increase of the cutting force as well as the increase of the contacting region between the
diamond tool and the silicon in this case. The analysis of the material transformation suggests the
advantages of UPFC in obtaining deep arc-shaped grooves with smooth surfaces and with less amorphous
silicon.

As known from previous studies, ductile mode cutting of single-crystal silicon is associated with
phase transformation caused by high pressure in the cutting region [28]. In diamond sculpturing of
silicon, the diamond tool remains in contact with the workpiece surface, so the generated amorphous
silicon tends to be left on the finished surfaces and form an amorphous layer. In this case, a broadband
peak near 470 cm™! can be observed on the Raman spectrum for 3 um deep micro-grooves, as shown in
Fig. 14 (a). With increasing depth of cut for sculpturing, the material removal mechanism transforms
from ductile to brittle, so the peak near 470 cm™ disappears for deep micro-grooves and intensive brittle
fractures can be observed on the finished surfaces.

Different from sculpturing, fly cutting removes the material in an intermittently way. Due to the
rotary cutting trajectory of the diamond tool, the generated amorphous silicon is more easily to be

removed in the form of chips. Accordingly, less amorphous silicon is left on the finished surface even



though machining in ductile mode. This can be validated by the Raman spectrum of the chips generated
in fly cutting of 5 um deep micro-grooves, as shown in Fig. 15. As shown in Fig. 15, the broadband
peak near 470 cm’! indicates the existence of amorphous silicon on the chips. Thus, even though less or
no amorphous silicon is observed on the finished surfaces in fly cutting, the amorphous silicon
observed on the chips also demonstrates the ductile material removal mode in fly cutting. In contrast, as
shown in Fig. 14 (a) and Fig. 15, no amorphous silicon can be observed on both finished surfaces and
generated chips in sculpturing of 9 um deep micro-grooves, indicating the totally brittle material

removal mode of sculpturing.
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Fig. 16. Tool wear patterns after a cutting distance of (a) 200 m for sculpturing method and (b) 700 m
for UPFC.

4.5 Tool wear

Fig. 16 (a) and (b) compare the different tool wear patterns for the diamond sculpturing method
and UPFC under dry cutting operation on single-crystal silicon. In the tool wear test for
sculpturing, the cutting depth was fixed at 100 nm. After sculpturing the silicon wafer for 200 m
with a fixed cutting depth of 100 nm, the tool rake face was observed by SEM, as shown in Fig. 16 (a).
The main reason for setting the cutting depth at 100 nm is to suppress the propagation of brittle
fractures. It is known that brittle fractures can extensively generate and destroy the finished surfaces
when the cutting depth reaches the critical depth of cut of silicon (~120 nm) [6]. As shown in Fig. 16
(a), obvious micro-chipping was formed on the apex of the diamond tool after cutting about 200 m
using diamond sculpturing. The earlier occurrence of the micro-chipping on the tool apex majorly result
from the frequent brittle impact on the apex of the diamond tool, As the brittle machining mode is
dominant during sculpturing of deep grooves on silicon. In addition, this micro-chipping can imprint

on the finished surface during the machining



process, and results in ‘bridge marks’ on the bottom surface of the micro-grooves along the cutting

direction, as shown in Fig. 17 (a).
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Fig. 17. The damage of the finished surface caused by tool wear for (a) sculpturing and (b) UPFC.

In the tool wear test for fly cutting, the cutting depth and the cutting distance were set at 9 um and
700 m, respectively. Namely, the tool wear pattern of fly cutting was observed after cutting a distance
of 700 m with a fixed cutting depth of 9 um, as shown in Fig. 16 (b). UPFC presents another kind of
tool wear pattern characterized as micro-ruggedness of the cutting edge after a much longer cutting
distance of about 700 m compared with the sculpting method. The different tool wear patterns between
diamond sculpturing and UPFC majorly results from the different cutting mechanisms dominated in the
cutting process. More specifically, in UPFC, silicon is mostly removed in a ductile model due to the
extremely low uncut chip thickness, so the thermal chemical reactions between the diamond tool and
the silicon under the high hydrostatic pressure lead to micro-ruggedness of diamond tools. In contrast,
the dominant cutting mechanisms in diamond sculpturing is majorly dominated by brittle mode, so the
periodic impacts on the apex of the diamond tool highly shorten the tool life and induce the early
occurrence of the micro-chipping. Similar results were acquired in slow tool servo of single-crystal
silicon [37, 38] and other brittle materials like silicon carbide [39]. Furthermore, the existence of micro-
ruggedness increases the sharpness of the diamond tool, accordingly damaging the finished surface with
unwanted brittle fractures, as shown in Fig. 17 (b).

It is worth to note that even though the cutting conditions for these two methods are different in
the tests, the much deeper cutting depth and the much longer cutting distance adopted in testing of fly
cutting indicate more material removal volume. The experiment results demonstrate that compared
with the conventional sculpturing method, less tool wear can be achieved by fly cutting even after

removing more



material. The enhanced tool life of fly cutting is mainly attributed to its intermittent cutting process with
good less heat accumulation in the cutting region as well as less brittle impact on the tool tip.

To further validate superiorities of fly cutting in processing silicon, the SEM images of the tool
clearance faces are also measured and shown in Fig. 18. It is observed that obvious nano-grooves are
formed on the tool clearance face for sculpturing, as shown in Fig. 18 (a), which is attributed to the
abrasive effects of the silicon carbide particles generated by the tribo-chemical reaction between the
diamond and silicon [40, 41]. Similar results were also observed in diamond turning of silicon [40]. In
comparison, no obvious destruction can be observed on the tool clearance face for fly cutting at this
stage, as shown in Fig. 18 (b). Thus, it is learned that the intermittent cutting process of fly cutting is

beneficial to enhance tool life in processing brittle materials.

@ [
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Fig. 18. Tool clearance face for (a) sculpturing and (b) fly cutting.

5. Conclusions

Due to the low fracture toughness of single-crystal silicon, it is a great challenge to effectively obtain
deep micro-structures with ultra-smooth surfaces on silicon. Previous research works majorly focus on
the fabrication of micro-structures with a small depth (less than 15 pm), but literature on the ductile
machining of silicon for deep micro-structures is very limited. In this paper, the feasibility of ultra-
precision fly cutting (UPFC) in fabricating deep micro-structures on silicon is demonstrated through
modeling and experiments. A novel ductile machining model is first proposed to explain why UPFC can
achieve a deep ductile machining depth on silicon, and experimental validation was conducted by
fabricating micro-grooves with different depths. The key conclusions are as follows:
(1) The modeling results show that in UPFC, the maximum chip thickness is inversely proportional to

the swing radius. Thus, through configuring a large swing radius, the chip thickness will be reduced



to an extremely small value even under large feed rates and depths of cut, thereby ensuring the
ductile material removal of silicon for deep micro-structures.

(2) 30 pm deep micro-grooves with a surface roughness of 4 nm Sa were successfully generated by
UPFC. In addition, a 15 pm deep micro-raster was also fabricated by UPFC, with a surface
roughness of 4 nm Ra and form error of 14 nm PV, fulfilling the requirements for IR applications.

(3) Compared with sculpturing method, much lower ratio of the amorphous silicon was generated by
UPFC. Besides, the ratio of the amorphous silicon is not obviously changed in UPFC with increasing
depth of cut, due to the small change of the maximum chip thickness in UPFC at different cutting
depths.

(4) The maintenance of the ductile machining mechanism in UPFC can prolong the tool life. The tool
wear pattern for UPFC shows micro-ruggedness of the tool edge, while the tool wear pattern for

sculpturing shows micro-chipping distributed on the tool apex induced by the frequent brittle impact.
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