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Abstract: Hybrid micro-optics of infrared (IR) materials are of great advantage in realizing
the function integration and minimization of advanced IR optical systems. However, due to
the hard-and-brittle nature of IR materials, it is still challenging for both non-mechanical and
mechanical technologies to achieve one-step generation of hybrid infrared micro-optics with
high form accuracy. In the present study, a flexible method, namely ultra-precision side
milling (UPSM), is first introduced to achieve one-step generation of infrared hybrid micro-
optics in ductile mode, and the corresponding reflective diffraction characteristics are
analyzed. In UPSM, the reflective/refractive primary surface of the hybrid micro-optics is
formed via the removal of workpiece material, and the high-frequent secondary diffractive
micro/nanostructures are simultaneously generated by the tool residual marks of cutting
trajectories. With the consideration of the changing curvature of the primary surface, the
optimal toolpath generation strategy is introduced to acquire the desired shapes of the
secondary micro/nanostructures, and the selecting criteria of the machining parameters is
discussed to avoid the brittle fractures of IR materials. In practice, two types of hybrid micro-
optic components, namely hybrid micro-aspheric arrays and sinusoid grid surface with high-
frequent secondary unidirectional phase gratings, are successfully fabricated on single-crystal
silicon to validate the proposed method. The method adopted in this study is very promising
for the deterministic fabrication of hybrid micro-optics on infrared materials.

© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Hybrid micro-optics of infrared (IR) materials has attracted widespread attention for a variety
of applications in advanced IR optical systems, due to its unique advantages for function
integration and minimization [1-3]. For example, hybrid micro-lens arrays with the
imposition of hierarchical nanostructures enable a better antireflective property compared
with conventional ones [3]. Hybrid micro-optics constructed by high-frequent secondary
nanometric phase gratings generally comprise both reflective/refractive as well as high-
frequent diffractive functions, which is helpful for the creation of new optics systems and the
improvement of the optics performance [4]. However, most IR materials, such as silicon and
germanium, are characterized as hard-and-brittle nature with very low fracture toughness,
which imposes great difficulties in the fabrication of infrared optical components with ultra-
smooth surfaces and ultra-precision form accuracy for both non-mechanical and mechanical
technologies. It is known that once the undeformed chip thickness is beyond a critical value,
brittle fractures will vastly generate and severely destroy the finished surfaces of IR materials
[5]. This difficult-to-machine nature of IR materials can be more significant in the fabrication
of hybrid optics with complicated hierarchical micro/nanostructures. Generally, complex
machining technologies that combines multi-step machining processes are required to
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generate hybrid structures on IR materials, which is very low-efficient and difficult to control
form accuracy [6-8].

Various non-mechanical machining methods based on lithographic technologies, such as
electron beam lithography, focused ion bean and laser ablation, have been proposed to
fabricate diffractive micro/nanostructures on IR materials [9—11]. Although these methods
have been demonstrated to be effective for the construction of micro/nanostructures with very
high resolution, they are commonly restricted to planar substrates or simple concave/convex
surfaces with a large radius of curvature [9]. To obtain the hybrid IR micro-optics with
desired shapes, multi-step processes that combines ultra-precision machining and picosecond
laser ablation was normally required [3]. In this case, ultra-precision machining methods are
applied to generate the refractive/reflective primary surface, which is further processed using
the picosecond laser ablation to construct secondary high-frequent diffractive structures.
Nevertheless, this hybrid process not only introduce unnecessary machining errors, but also is
relatively high-cost and low-efficient. Similarly, etching methods, dominated by laser-assed
and chemical etching, are also applied to construct secondary diffractive micro/nanostructures
on the processed primary surfaces to form hybrid IR optical components [12—14]. In practical,
these methods normally require very expensive facilities, and are difficult to generate
complex secondary structures due to the uncontrolled etching direction. Femtosecond laser
polymerization is a promising method to form hybrid structures in a flexible way, but this
method highly restricts to low efficiency and photocurable polymer materials. Therefore, to
achieve one-step generation of hybrid IR freeform micro-optics with high form accuracy as
well as low processing time is still challenging for non-mechanical methods.

Ultra-precision diamond cutting technologies, dominated by fast and slow tool servo
(FTS/STS), vibration-assisted cutting and diamond milling, are more promising for the
deterministic generation of hybrid IR micro-optics with complex shapes, due to their
capability of achieving ultra-smooth surface quality as well as ultra-high from accuracy [15—
17]. Slow tool servo system upgrades from the diamond turning by applying the servo motion
on the spindle. In the machining process, the spindle and the x slide move with a constant
speed, and structured surfaces can be generated with the assistance of the oscillations of the z
slide. The configuration of fast tool servo (FTS) is similar to that of slow tool servo, but FTS
possesses a much higher frequency movement in z direction normally driven by piezoelectric
ceramics or voice-coil motor. By means of FTS/STS, freeform surfaces and some simple
micro-structures, such as Fresnel lens and micro-sphere lens arrays, have been successfully
fabricated on brittle IR materials with high form quality [18,19]. The advantage of FTS/STS
is its flexibility for deterministic generation of microstructures with nanometric surface
roughness and sub-micrometric form accuracy [20]. However, because of the bandwidth
limitation of the servo system, the resolution of the microstructures fabricated using FTS/STS
generally ranges in a few hundred micrometers, which highly restrict the highest attainable
periodicity of the secondary diffractive micro/nanostructures of hybrid micro-optics. Besides,
to avoid brittle fractures, very small machining parameters, i.e. feed rates and depths of cut,
are necessarily adopted in FTS/STS of brittle IR materials, which further limit the achievable
height variation of the generated hybrid IR surfaces [21].

With the assistance of the high-frequent vibration, much higher resolution of secondary
micro/nanostructures can be achieved by ultrasonic vibration-assisted diamond -cutting
(UVAC) [22,23]. In UVAC, the diamond tool normally vibrates elliptically with a very high
frequency in the plane determined by the chip flow direction and the normal cutting direction
[22]. For the hybrid micro-grooves generated by UVAC, the micro-dimples constructed by
the tool residual marks between two connective elliptical loci serve as the hierarchical
structures. In this case, the material is removed in a way similar to plunge cutting, so brittle
fractures will easily generate at a higher depth of cut. Especially, this method is only suitable
for planer surface, and is hard for UVAC to generate the hybrid structures with a freeform
primary surface.
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Compared with FTS/STS and UVAC, diamond milling is more convenient to generate
functional surfaces with uniform surface quality, because of its process consistency and
flexible tool path generation. Diamond milling employs a rotational diamond tool to remove
the material. The different clamped styles of the diamond tool lead to different definitions of
the milling processes. Diamond milling generally can be classified into diamond face milling
and fly cutting. Face milling is characterized as a rotational ball milling tool with its axis
perpendicular to the workpiece. Even though face milling is flexible in the generation of
freeform surface or micro lens arrays, this method cannot be used to fabricated hybrid
structures with high-frequent secondary nanostructures, due to the limitation of size of the
gyration radius. Besides, the commercial ball milling tools used in face milling may not be
able to be designed with a desired negative rake angle, which is easy to cause brittle fractures
in the machining of brittle IR materials [16]. According to zhang et al. [24], fly cutting
generally relate to the rotational diamond tool with a large swing radius (over 30 mm). It has
been demonstrated that the intermittent cutting process of fly cutting is more beneficial to the
ductile machining of IR materials [5]. However, the large swing radius of fly cutting will
easily lead to the interference between tool path and the finished surface, thereby highly
restricting the curvature radius of the primary surface.

For milling, previous toolpath generation strategies designed for continuous freeform
surfaces cannot be directly applied in the fabrication of hybrid optics on infrared materials.
The unique scenarios in the fabrication of hybrid structures should be considered, and new
and special contents in terms of toolpath generation algorithm for hybrid structures need to be
optimized. For example, the size and shape of constructed secondary diffractive
nanostructures need to be uniform for hybrid micro-optics, regardless of the curvature
changes of the reflective/refractive primary surface. Nevertheless, previous strategies
generally neglect the uniformity of tool residual marks, which inevitably induces a non-
uniform secondary nanostructure for hybrid optics. Besides, in order to acquire the desired
hybrid shapes with high form accuracy on infrared materials, the selecting criteria of the
machining parameters, including swing radius and feed rate, is also different from that of
ordinary ones.

Overall, it is still challenging for both non-mechanical and mechanical technologies to
achieve one-step generation of hybrid infrared micro-optics that is characterized as a complex
freeform primary surface with the imposition of high-frequent diffractive secondary
micro/nanostructures. In this paper, a novel ultra-precision side milling (UPSM) method first
adopted for the fabrication of hybrid micro-optics on IR materials in ductile mode. In UPSM,
an insert diamond tool tip is adopted instead of a diamond turning tool or ball milling tool.
Fang et al. [25] made a definition on milling that if the diamond tool is close to the axis of
rotation, this process is commonly referred to as raster milling. Based on this definition, both
the face milling and the proposed UPSM are under the definition of raster milling.
Nevertheless, in face milling using a ball milling tool, the tool rotates along an axis
perpendicular to the workpiece, while the rotational axis of UPSM is parallel to the machined
surface. Due to the unique machining principle of UPSM, the generation mechanism of the
hybrid surfaces is introduced, and the optimal tool path generation strategy is detailed
considering the compensation of the swing radius and tilting geometry of the diamond tool.
Besides, the selecting criteria of the machining parameters is also discussed to ensure the
ductile machining of brittle IR materials. In practical, two types of hybrid micro-optic
components, namely hybrid micro-aspheric arrays and sinusoid grid surface with high-
frequent secondary unidirectional phase gratings, were fabricated on a single-crystal silicon
wafer. The acquired surface quality and the characteristics of the diffractive performances are
further identified and analyzed in this study.
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Fig. 1. Schematic of the machining approach for hybrid surfaces with secondary
micro/nanostructures.

2. Principle for one-step generation of hybrid micro-optics

Hybrid micro-optics are characterized as high-frequent secondary micro/nanostructures
superposed on a low-frequent primary surface with arbitrary shapes. In UPSM, the primary
surface of the hybrid micro-optics is constructed via the removal of workpiece material, and
the high-frequency secondary micro/nanostructures are simultaneously formed by the
interference of the diamond tool edge between two neighboring raster cutting trajectories. The
machining principle of UPSM for hybrid micro-optics is illustrated in Fig. 1. A diamond tool
is fixed on the high-speed spindle with an adjustable swing radius. 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. In the
meantime, the workpiece performs the transitional servo motions in z direction, just like slow
tool servo, so as to deterministically generate the desired primary surface. After finishing one
profile of cutting, a step motion along the raster direction (y direction) is carried out on the
diamond tool, so the whole workpiece can be covered by material removal. In this way,
secondary micro/nanostructures with desired shapes are flexibility generated using the tool
residual marks through actively controlling the step interpolation in the raster direction.

The strategy of UPSM for hybrid micro-optics with desired primary surface and
secondary micro/nanostructures is shown in Fig. 2. To avoid the interference of the cutting
trajectories on the finished surface, the swing radius of the diamond tool should be selected
first according to the smallest curvature radius of the desired primary surface. Then, the step
interpolation of the raster movement is determined according to the desired shape of the
secondary micro/nanostructures. It worth to note that micro/nanostructures with different
cross-sectional profiles (including arc-shape, V-shape and rectangle) can be obtained by
adopting the diamond tools with different edge shapes. By compensating the swing radius and
the geometry tilt of the diamond tool, the toolpath is generated for the desired hybrid surfaces.
To avoid brittle fracturs of IR materials, feed rates need to be carefully selected based on the
ductile machining model for UPSM. Finally, the machined hybrid micro-optics are
characterized by optical surface profiler to evaluate the surface quality and form error. The
diffractive experiments are also conducted to evaluate the reflective diffraction characteristics
of the generated hybrid surfaces.
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Fig. 2. Strategy of UPSM for hybrid micro-optics.

Due to the unique cutting process of UPSM, the following advantages for fabricating
hybrid micro-optics on IR materials can be achieved: (i) the primary surface and the
secondary micro/nanostructures of the desired micro-optics can be simultaneously generated,
without needing complicated machining processes that combines several machining
technologies; (ii) deep ductile machining depth on IR materials can be achieved by the
intermittent material removal process of UPSM, which increases the achievable azimuthal
height variation of IR optical components; (iii) high-frequent diffractive structures with
different shapes are flexibly constructed, which is difficult to be achieved by fast and slow
tool servo due to the restriction of the feeding bandwidth of the hardware servo system; (iv)
the hybrid optical surfaces are generated in a deterministic way, so the form accuracy can be
well guaranteed.
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Fig. 3. Geometrical relation between the diamond tool and the workpiece surface.
3. Optimal toolpath generation for the UPSM

The unique machining principle of UPSM leads to a different toolpath determination strategy
compared with conventional diamond milling. In UPSM, the swing center point (SCP) needs
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to be determined as the toolpath according to the shapes of the desired hybrid optical surfaces.
To determine the appropriate SCPs for the desired hybrid surfaces, the swing radius and the
geometry tilt of the diamond tool should be compensated by the compensation algorithm.
Then, the selecting criteria of the machining parameters are detailed to avoid the brittle
fracturs of IR materials.

3.1 Compensation and determination of toolpath

In UPSM, the toolpath for the desired hybrid surface is decomposed into the 3-axis
transitional servo motions of the milling machine, and hybrid surfaces are generated by the
alternative feed and raster motions of the rotational diamond tool. Thus, the projected
toolpath of UPSM is a set of parallel lines along feed direction with a constant length (L).
Differential approach is adopted to determine the SCPs. The length of the feed motion is
uniformly discretized into (N, + 1) points. As shown in Fig. 3, a coordinate system (0.x..z.)
is built on the cutter contacting point with the x.-axis and z.-axis are parallel to the feed and
raster direction, respectively. For the n-th point of the m-th feed motion cycle, the coordinate

of the cutter contacting point 0", denoted as (x!"", """, z""), can be expressed by:

n
x(m,n) — L

c NS

0 =ms, ()

(m,n) __ (m,n) (m,n)
Z, - F('xc > Ve )

where S, represents the step distance in the raster direction, and F(x, y) is the expression of the
desired primary surface of the hybrid micro-optics. Due to ever-changing topography of the
hybrid surface, the rake face of the diamond tool will always be tilted with respect to the

depth of cut direction (z.-axis) and raster direction (y.-axis) with the tilting angles """ and

(m.,n)
®
(m,n) (m,n)

point for O™, whose coordinate (x"", y!

, respectively. As shown in Fig. 3, Point " is the corresponding the tool nose center

,z"" is denoted as:

x"" = x"" 4 Rsin @
ym =y + Reos 8" sin g 2

(m,n)

z"" =z + Rcos @ cos ¢

where R is the tool nose radius. As shown in Fig. 3, line PK is perpendicular to line KO, and
line KG is perpendicular to line GO,. Based on the geometry relation, the corresponding

tiling angles ™", 8" and ¢ can be acquired as follows:

OF (x"", y"")

(m,n) __
o =—arctan
(m,n)
ox;
aF x(lm,n) (fn,n)
6" =arc tan(‘—’y‘) 3)
ay(m,n)
c

@"" = arctan(cos 8" tan /')

Different from fast and slow tool servo, the tool nose center points cannot be directly used
as the tool path due to the rotation cutting trajectory for UPSM. In contrast, the coordinate of
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SCPs, denoted as (xim’”), yim’”) z"") | is not determined by the rotational angle of the

2%

diamond tool, so SCPs are used as the toolpath for the hybrid surfaces. According to Egs. (1)
and (2), the coordinate of the SCP can be calculated as:

x = x4 Rsin @ + (S, — R)sin /™"

(m,n) — ygm,n) +RCOS e(m,n) Sin ¢)(m,n) (4)

s

2 =z 4 Reos 8" cos " + (S, — R) cos ")

where S, is the swing radius of the diamond tool. Following the aforementioned steps, the
SCPs can be well determined according to the desired primary surface of the hybrid micro-
optics.

Previous step cutting

S,
z (Doc dir) X
Residual tool heighth
v (Raster dir) Currentstep cutting
E———

Fig. 4. Geometrical relation between the residual tool height and the step distance.
3.2 Machining parameters

According to the principle of UPSM, three machining parameters, namely swing radius, step
distance in raster direction and feed rate, need to be determined before conducting the
machining operation. To avoid the interference of the diamond tool, swing radius should be
determined first based on the curvature radius of the desired primary surface. For convex
primary surface, there is no limit on the swing radius, while for concave surface the swing
radius should be less than the minimum curvature radius of the primary surface in feed
direction, which is expressed as follows:

3
oy
S, < min[ 3 ] 5
ox’

As learned from the surface generation principle of UPSM, the size of the secondary
micro/nanostructures is not only determined by the step distance, but also influenced by the
changing curvature of the primary surface. Nevertheless, in the previous toolpath generation
strategies, the uniformity of the tool residual marks is generally neglected by employing
evenly spaced step distance in the raster direction, which inevitably induces the non-uniform
secondary diffractive structures in terms of size with the changing curvature of the primary
surface [26]. Thus, an optimized algorithm with the consideration of the changing curvature is
required to ensure the uniformity and the form accuracy of the secondary diffractive
micro/nanostructures.

The geometrical relation between the height of the secondary micro/nanostructures and
the step distance with the consideration of the changing curvature is shown in Fig. 4. To
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obtain a constant height of the desired secondary micro/nanostructures (%), the step distance
for the n-th point of the m-th feed motion cycle (S,”") is determined by the corresponding

curvature. As the step distance is small in UPSM, the change of curvatures between two
neighboring cutting points is regarded as unchanged in the algorithm. As shown in Fig. 4, an
angle (y) exists between the tangent line of the primary surface and the y-axis, the step
distance in the raster direction can be calculated based on the geometric relation as:

1% JhC2R —h) (6)

where 4 is the height of the desired secondary structures, and R is the tool nose radius which
determines the shape and width of the secondary structures. As a result, the height of
secondary micro/nanostructures can be well controlled by adopting appropriated step distance
calculated by Eq. (6).

S =2 cos|

arc tan(a—F)
dy

x (feed dir.)

Previous cutting trajectory

z (Doc dir.)

Current cutting trajectory

Original surface

Fig. 5. Schematic of UPSM viewed along the y direction.

To avoid the brittle fractures and micro-cracks of IR materials in diamond cutting, the
undeformed chip thickness needs to remain lower the critical depth of cut (DoC) of the IR
material [27-29]. The chips of UPSM are intermittently formed as a result of two consecutive
cutting processes, namely the current rotary cutting and the previous rotary cutting. In order
to acquire a smooth surface, the maximum chip thickness (%,.x) is required to be less than the
critical DoC. As shown in Fig. 5, a tilting angle exits between the finished surface and the
original surface in feed direction due to the curvature of the primary surface. As the space
between two neighboring swing center points is very small in UPSM, the change of the
curvature is neglected in the calculation, and the trochoidal cutting trajectory is equivalent to
separate circles. The chip thickness of UPSM approaches zero at point a, then increases to the
maximum chip thickness at point 5. Based on the geometric relation, the coordinates of point
b (xp, zp) in the o,-x,z, system can be calculated by the follow equations:

x, ==/, +\ISw2 _J’bz

Yy =—aF><xb +S, o @)
ox ' oF ‘
arc tan(—)|)
ox

cos(]
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where fis the feed rate in pum/r and d, denotes the depth of cut. After determining the (x;, z,),
the maximum chip thickness (%,,x) can be obtained by:

hmax = Sw - \/(xb2 + ybz) (8)

Equations (7) and (8) are used to calculate the maximum chip thickness (/,.x) of UPSM
under a specific group of machining parameters, i.e., feed rate and depth of cut. If the
calculated /., is smaller than the critical DoC of silicon, ductile material removal process
can be ensured. For a desired hybrid surfaces, the larger the height variation of its primary
surface, the deeper depth of cut is required in the machining process. It is well known that the
critical depth of cut is determined by the material characteristics [27-29]. As the critical depth
of cut is generally calculated based on the empirical formula [21,30], the result is not quite
accurate. To acquire the accurate critical DoC of silicon, experiment method is applied by
sculpturing silicon for a taper groove with increasing cutting depth in this study. Figure 6
shows the cross-sectional profile of the taper groove in <100> direction. Obvious ductile-
brittle transition can be observed with a depth of 148 nm, which is the critical DoC of the
silicon wafer [31,32]. Thus, according to the critical DoC of silicon and the height variation
of the primary surface, appropriate feed rates can be calculated from Egs. (7) and (8) to
ensure the ductile machining process of UPSM.

0
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148 nm
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-0.1
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Fig. 6. Cross-sectional profile of the taper groove in <100> direction.
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Fig. 7. Schematic of (a) the toolpath and (b) the SCPs in x-y plane.

Figure 7(a) shows the toolpath for a hybrid sinusoid surface with periodicity of 5 mm and
amplitude of about 25 pum. A step distance of 20 pm is adopted in the raster direction. As
shown in Fig. 7(a), the toolpath is smooth and characterized by a set of parallel lines in feed
direction. Thus, this machining strategy offers an unchanged feed direction with respect to the
crystallographic direction of the single-crystal IR materials, such as single-crystal silicon,
which effectively avoid the undesired radial-spoke marks generated in fast and slow tool
servo [18,33]. Besides, the SCPs is not uniformly distributed in the x-y plane, as shown in
Fig. 7(b). This varying distance between two adjacent SCPs in both feed and raster directions
is induced by the varying curvature radius of the primary surface, which indicates the
effectiveness of the compensation algorithm of the swing radius and the tilt of the diamond
tool. More importantly, this unique machining strategy of UPSM makes the generation of the
secondary micro/nanostructures only dependent on the geometry and step distance of the
diamond tool, instead of the dynamic property of the machining system. As a result, hybrid
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micro-optics with high-frequent secondary micro/nanostructures can be deterministically
generated with one step in a much easier way.

Fig. 8. Picture of the milling system.

4. Experimental setup

A five-axis milling machine (Precitech 705G) with two rotational tables and three
translational servo slides was applied in UPSM of hybrid micro-optics on IR materials, as
shown in Fig. 8. The workpiece glued on a fixture was installed on the parallel rotational table
(b-axis). The tilting angle along feed direction can be minimized by carefully turning the
rotation angle of the rotary table. After that the titling angle along raster direction is
minimized by changing the pressing force on the back of the fixture. After the adjustment, the
height variation along both feed and raster direction can be reduced to 1~2 pm with a
sampling length of 10 mm. A commercial single-crystal diamond tool is clamped on the end
of the spindle in z-axis with an adjustable swing radius. The workpiece material is single-
crystal silicon, a typical IR material applied in infrared optics. The Young’s elastic modulus is
160 Gpa, and the hardness is 12 Gpa. A three-dimensional non-contact optical measurement
system provided by Zygo Corporation was then applied to capture the corresponding micro-
topographies with proper magnification. To acquire a large measurement area, a set of small
profiles were pitched together using the analysis software of the Zygo profiler.

To validate the proposed method, two types of hybrid micro-optic components, namely
micro-aspheric arrays and sinusoid grid surface with high-frequent secondary unidirectional
phase gratings, were fabricated on a single-crystal silicon wafer. The pitch and height of the
desired nano-grooves is 24 um and 620 nm, respectively. The shape of the secondary
unidirectional phase gratings is the same with that of tool edge shape. The primary surface of
each micro-aspheric arrays can be expressed by [34]:

sCR)’ _ sCp*(x,)
4+41-(1+K)C°R?  4+4/1-(1+K)C*p*(x,¥)

z(x,y) = ©)

where s is the shape coefficient determining the concave-convex characteristic of the micro-
aspheric surface; k determines the conic constant; C represents the curvature; Ry is the radius
of the micro-aspheric surface. Ordered nano-microgrooves were superimposed on the primary
surface, which serve as the secondary unidirectional phase gratings, the expression of the
primary surface of the sinusoid surface is

2(x,y) = A, sin(2z f.x)+ A, sin(27 £, y) (10)
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where 4, = 4, = 6 um and f, = f, = 0.2 x 10™. Two diamond tools with different nose radius
were applied for the hybrid micro-aspheric arrays and hybrid sinusoid grid surface,
respectively (see Table 1). The adopted diamond tools have a rake angle of —25°, while the
clearance angle is 10°. The machining parameters are detailed in Table 2.

Table 1. Structure parameters used for the primary micro-aspheric surface.

Shape coefficient s -1
Radius of the array R, 0.223 mm
Conic constant k& —0.8
Curvature C 0.2 mm™

Table 2. Machining parameters used for the hybrid micro-aspheric and sinusoid

surfaces.
Machining parameters Hybrid micro-aspheric surface Hybrid sinusoid surface
Swing radius (mm) 5 15.5
Spindle rotation rate (rpm) 7000 4000
Step distance (um) 24 40
Tool nose radius (mm) 0.12 0.27
Material Single-crystal silicon Single-crystal silicon
Cutting direction <100> <100>
Depth of cut (pm) 3 5
Feed rate (upm/r) 2 4

‘)QNQ' -2.9 um
-1 — Exp.
A Des. (C) B
=2
2
-3

-3.4 um 4
100 150 200 250 300 350
um

Fig. 9. Characteristics of the machined hybrid micro-aspheric arrays, (a) a large area view, (b)
for an individual structure and (c) cross-sectional profile.

5. Results and discussion

To validate the feasibility of the proposed UPSM, two types of hybrid micro-optics including
hybrid micro-aspheric arrays and hybrid sinusoid grid surface with high-frequent
unidirectional phase gratings, were fabricated on a single-crystal silicon wafer. The
characteristics of the generated hybrid surfaces are discussed in this section, and the
corresponding reflective diffraction characteristic is also analyzed.

5.1 Micro-aspheric arrays with nano-gratings

Figure 9 illustrates the characteristics of the generated hybrid micro-aspheric arrays. An
overview of the hierarchical surface topographies is shown in Fig. 9(a), which is captured by
the stitched optical images with a 5 times amplification. It can be observed that a total of 10
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hybrid micro-aspheric lens with secondary parallel nano-grooves are uniformly distributed in
two lines. Figure 9(b) further shows an enlarged view of a hybrid micro-aspheric profile,
which is captured by a 20 times amplification. As the secondary nano-grooves are formed by
the periodic raster movement of the diamond tool, these nano-grooves are unidirectionally
distributed with respect to raster direction. As shown in Fig. 9(c), the characteristics of the
hybrid micro-aspheric structure can be more clearly observed by the cross-sectional profile in
raster direction. It is observed that the cross-sectional profile is characterized as a curved
primary surface imposed by a set of high-frequent arc-shaped nanostructures.

As shown in Figs. 10(b) and 10(c), through directly subtracting the secondary nano-
grooves, the hierarchical surface is further divided into the primary aspheric surface and a
nanostructured surface. Moreover, the shapes of the secondary nano-grooves are perfectly in
accordance with the edges of the diamond tool, as shown in Fig. 10(d). The mean value of the
pitch and the height of the nano-grooves is 24.1 pm and 607.5 nm, respectively. In view of
the curvature change of the primary surface, the pitch and height of the desired nano-grooves
is 24 pm and 620 nm, respectively. Thus, the generated height and pitch commonly present a
good agreement with that of desired nano-grooves, with a slight deviation of 2%. This
deviation can be regarded as the form error of the generated hybrid micro-aspheric surfaces,
which might jointly result from the material spring back and kinematic error of the machine
tool. Besides, the green envelop curve of the secondary nanogrooves that is shown in Fig. 9(c)
is in good accordance with the desired primary surface derive from Eq. (9), which strongly
validates the feasibility of the UPSM for deterministic generation of IR hybrid micro-optics
with high form accuracy.

To fulfill the optical application, the maximum allowable form error of an optical element
is M4 of the transmitted light [35]. As single-crystal silicon is normally used in IR optical area
that transmits the light with wavelength ranging from 1.2 pm to 6 pm. 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. The experiment results
validate that the height and pitch of the generated secondary diffractive nanostructures present
a good agreement with that of desired ones, with a form error about 0.1 um, which fulfils the
requirement of IR application.
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Fig. 10. 3D topographies of (a) generated hierarchical micro-aspheric surface, (b) the filter
primary aspheric surface, (c) the extracted secondary nano-grooves and (d) 2D profile in cross-
sectional direction after removing the primary profile.
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Fig. 11. Micro-topography of the generated surface.

Through removing the groove shape from the hybrid micro-aspheric structure in a small
area, the corresponding micro-topography can be acquired, as shown in Fig. 11. Very small
surface roughness value was obtained at Sa = 2 nm, indicating the ductile material removal
without brittle fractures. More importantly, both the acquired 3D surface topographies and the
2D cross-sectional profiles are very smooth, as shown in Fig. 10, which further validate
capability of UPSM in ductile machining of IR materials for desired hybrid micro-optics.
Obviously, the micro-topography of the micro-grooves is characterized as undesired stripe
patterns that is vertical to the feed direction, which should correspond to the tool residual
marks. These marks may be caused by the intermittent cutting operation of UPSM. To
obscure these marks, large swing radius and small feed rates are possibly adopted.

Generally, researcher use an index named total integrated scattering (77S) to evaluate the
optimal performance of an optical component [18,36]. According to Harvey et al. [36], TIS
smaller than 0.01 is acceptable for most optical systems, and TIS can be expressed by

TIS = (4—7[5)2 (11)
A

where 4 is the incident light wavelength and J denotes the RMS surface roughness Rq. As
single-crystal silicon is normally used to transmit the infrared light with wavelength ranging
from 1.2 um to 6 pm, the surface roughness is required to be 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 acquired in the study is 2 nm Sa fulfils the requirement. In the revised manuscript,
the assessment of the finished surface quality from the view of optical performance is added

and highlighted.
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Fig. 12. (a) 3D topography of the generated hybrid sinusoid freeform surface and its cross-
sectional profiles in (b) feed direction and (c) raster direction.

5.2 Sinusoid freeform surface with nano-gratings

To further validate the effectiveness of UPSM, another kind of hybrid micro-optics with
much large height variation, namely hybrid sinusoid surface with secondary diffractive phase
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gratings, is also deigned and machined. The mathematical expression of the primary sinusoid
freeform surface is described by Eq. (10). Figure 12(a) illustrates the 3D topography of the
generated hybrid sinusoid freeform surface, whose largest height variation is about 25 pm. It
is known that due to the hard-and-brittle nature of silicon, it is difficult to fabricate freeform
silicon optical components with large height variation, while guaranteeing ultra-smooth
surface quality by fast and slow tool servo. As shown in Fig. 13, the microscope image of the
generated surface by UPSM is very smooth without brittle fractures. This is majorly attributed
to the intermittent cutting process UPSM, in which way very small chip thickness can be
generated even under large depth of cut. Thus, UPSM is more superior to generate IR optics
with large variation for a variety of shapes.

Fig. 13. Microscope image of the generated sinusoid freeform surface in a small zone.
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Fig. 14. 2D profiles in cross-sectional direction after removing the primary profile by (a)
ordinary algorithm and (b) optimized algorithm.

Figures 14(a) and 14(b) compare the 2D profiles of the hybrid sinusoid freeform surface
generated by ordinary algorithm and the optimized algorithm, respectively. It is obvious that
the secondary nanostructures generated by ordinary algorithm is more non-uniform in height,
and a very bumpier envelope line is observed on the top of the secondary nanostructures. This
is caused by the change of the curvature in the raster direction. In comparison, the envelop
line of the secondary nanostructures generated by the optimized algorithm is much smoother,
which is attributed to the consideration of the changing curvature in the calculation of step
distance as expressed in Eq. (6).

The major advantage of the proposed UPSM in fabricating hybrid infrared optics is that
the primary reflective/refractive surface and the secondary diffractive nanostructures of the
hybrid micro-optics can be simultaneously generated, without complicated machining
processes. In comparison, for previous methods, multi-step processes that combines ultra-
precision machining technologies and non-mechanical methods were normally required to
obtain the hybrid IR micro-optics with desired shapes [6,8]. However, this multi-step
processes not only introduce unnecessary machining errors, but also is relatively high-cost
and low-efficient. More importantly, the form accuracy acquired by etching processes is
generally difficult to control. In contrast, it is learned from the experiment results from Fig. 8
and Fig. 12, very high form accuracy and smooth finished surface quality are achieved, which
is also validate the superiority of UPSM.

Besides, high-frequent diffractive structures with different shapes are flexibly constructed
by UPSM, which is difficult to be achieved by fast and slow tool servo (FTS/STS) due to the
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restriction of the feeding bandwidth of the hardware servo system. It is known that the
periodicity of the secondary structures generated by FTS/STS is in an order of several
hundred micrometers [37]. In contrast, the periodicity of the secondary diffractive
nanostructures generated by UPSM is about 20 um, as shown in Fig. 9, which is much less
than that of FTS/STS. Especially, as learned from the machining principle of UPSM, an even
smaller periodicity can be easily achieved by UPSM regardless of the moving bandwidth
limitation of the servo system, as the secondary diffractive micro/nanostructures are
constructed by the interference of two neighboring raster cutting operations in UPSM, which
is the advantage of UPSM.

Moreover, the unidirectional characteristics of the secondary nano-gratings can be clearly
illustrated in Figs. 11(b) and 11(c). Smooth profile without nano-gratings can be observed on
the cross-sectional profile in feed direction, while sinusoid profile with imposition of
secondary arc-shaped micro/nanogrooves is acquired in the raster direction. This
unidirectional property leads to a unique reflective diffraction characteristic. As illustrated in
Fig. 15, a set of even-distributed light spots can be acquired from the diffractive light
obtained from the hybrid sinusoid freeform surface. In contrast, only a diffractive spot is
observed from the diffractive light of the conventional sinusoid surface. This unique optical
property may be useful in the optics design for special infrared imaging system and light path
correction [38,39]. Further, this hierarchical surface can be designed to be an integrated
hybrid IR optical component with both reflective/refractive primary surface and high-frequent
secondary diffractive nanostructures [8].

Conventional sinusoid
freeform surface

Hybrid sinusoid
freeform surface

Fig. 15. Reflective diffraction characteristics of the hybrid sinusoid freeform surface.
6. Conclusions

In the present study, a novel ultra-precision side milling (UPSM) method has been adopted
and demonstrated to achieve one-step generation of hybrid micro-optics on infrared (IR)
materials with high form accuracy. This approach effectively overcomes the difficulties in
fabricating complicated hierarchical structures on hard-and-brittle IR materials with very low
defects. Further, based on this machining strategy, both the primary refractive/reflective
freeform surface and secondary diffractive nanostructures are formed within one-step
operation, which accordingly is more beneficial to reduce the processing time and improve
the machining accuracy. The main conclusions can be summarized as follows:
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(1) In UPSM, the primary surface of the hybrid micro-optics is formed by the removal of
workpiece material, and the high-frequency secondary micro/nanostructures are
simultaneously formed by the interference of the diamond tool edge between two
neighboring raster cutting operations. Thus, very high-frequent diffractive secondary
structures can be conveniently construed by adjusting the step distance in raster
direction, without the limitation of the bandwidth of the hardware servo system.

(2) Via the intermittent material removal process of UPSM, very small chip thickness can
be realized even under a large depth of cut, which is beneficial to ductile machining
of brittle IR materials. This approach provides a guidance to simultaneously
fabricate complicated hierarchical structures on brittle IR materials with ultra-
precision form accuracy and ultra-smooth surface quality.

(3) Two types of hybrid micro-optic components, namely micro-aspheric arrays and
sinusoid grid surface with high-frequent secondary unidirectional phase gratings, are
successfully fabricated on single-crystal silicon to validate the proposed method. The
generated surfaces present a good agreement with that of desired ones, with a slight
deviation of 2%. Smooth surface with a roughness of 2 nm Sa is achieved.

(4) The unidirectional diffractive nanostructures of the generated hybrid micro-optics
lead to a set of even-distributed diffractive light spots, while the diffractive light
from the conventional sinusoid surface only include a diffractive spot. This unique
optical property provides more imaginations in the design of IR optical systems.
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