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Abstract:

The aspheric diffractive lens reduces chromatic aberration in precision infrared optical systems. With the
advancement in micro-optics, conventional lenses are replaced by aspheric, diffractive and hybrid surfaces to fulfil
the requirements of miniaturized design of optical devices. This paper covers the detailed aspects of hybrid aspheric
diffractive optics from design to manufacturing by precision machining. The germanium aspheric diffractive lens
is designed using Zemax OpticsStudio® for Medium Wave Infrared (MWIR) range to achieve an aberration-free
and diffraction-limited surface. The designed surface is fabricated by the diamond turning process. The developed
surface is characterized by profile and diffractive structure quality. The results demonstrate the fabricated lens with
a diffractive structure step height error of 0.001 um and radial position error of 1 um. A high-quality aspheric
diffractive lens is fabricated with 99.57% diffraction efficiency.
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1. Introduction

With the evolution of Infrared (IR) technology, there is a growing demand for high-performance optical systems,
especially in defence, modern military reconnaissance, astronomy, and aerospace applications. Rapid target
detection and real-time tracking with accurate target measurement have become the spotlight in the development of
optical systems. For such critical applications, the refractive lenses and traditional optics are being replaced by
Diffractive Optical Elements (DOEs) with sub-structures on the aspheric profile to fulfil the requirements of
lightweight and compact optical devices [1]. It is known that refractive optical elements with the spherical profile
are not suitable for observations due to the large chromatic and spherical aberration caused by the dispersion of
light from optical components [2]. Furthermore, these optical losses also occur due to the material properties and
profile of the element. In addition, conventional optics is also unsuitable for astronomical instruments and IR
applications because several optical elements are often required to achieve the desired performance, which makes
the overall system bulky. The DOEs have the capability to improve the performance of optical systems by reducing
chromatic aberration and size. Besides the advancement of optical components with size and profile, surface

integrity can also enhance the functionality of the optical systems in many ways, such as the performance of the
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device, diffraction efficiency, optical aberrations, and reliability of the systems. These optical components require

ultra-precision fabrication methods with optimum outcomes to achieve excellent surface quality.

There are various fabrication techniques of diffractive optical elements such as lithography [3, 4], replication
method using moulding, embossing [5-7], direct machining using ion beam technique and diamond turning [8-13]
etc. Each method has its benefits and drawbacks. However, Single Point Diamond Turning (SPDT) is the most
appropriate technique for the fabrication of DOEs with flat and spherical/aspheric surfaces for visible and infrared
wavelength. Fig. 1 shows the schematic of SPDT machining of hybrid (curved surface with diffractive structures).
SPDT is widely used to fabricate highly accurate mirrors, varifocal lenses, infrared optics and various applications
in a different light spectrum range. Aluminium, glass, PMMA, and nickel-silver alloy are widely used as material
for visible range [14-16]. Whereas silicon (Si), zinc sulphide (ZnS), zinc selenide (ZnSe) and germanium (Ge) are

employed for IR optics [17, 18].
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Fig. 1. Single-point diamond turning of a diffractive lens.

For Mid Wave Infrared (MWIR), i.e., for 3-8um wavelength, single-crystal germanium is an appropriate optical
material due to its high permeability, good thermal sensitivity, and high refractive index [19]. Germanium is often

treated as difficult-to-machine material due to its brittleness, tool wear and chemical reactivity with the tool. The



challenges in the machining of germanium for various applications have been investigated by many researchers in
the past decade. Blake and Scattergood have described the ductile mode machining of germanium. The compressive
stresses on the surface during machining is obtained by using the negative rake tool [20]. Due to increased cutting
forces, fabricating diffractive optical elements on brittle materials increases the tool wear rate. This results in
deterioration of the surface quality of the optical component [21, 22]. The other challenges in fabrication aspects,
such as the effects of machining parameters on surface integrity and profile accuracy, are also discussed [15, 19,
21]. Some researchers have used ion beam milling operation to fabricate the Fresnel lenses on different materials
like aluminium alloys, and BK7 glasses used in visible range [12, 23]. Where, aspheric lenses on Ge, Si, ZnSe and
ZnS etc. applicable in infrared optics have been fabricated using diamond turning with less than 0.3 um profile error
and 5nm surface roughness [9]. One of the vital characteristics associated with ductile mode cutting is the nature of
the chip formation. Significant work has been reported on the chip formation mechanism. Jasinevicius et al.
demonstrated the machined surface quality based on chip removal during the machining of Ge [24].

Fig. 2. Shadowing effect comparison of (a) large radius tool and (b) small radius tool.

The specification of the cutting tool plays a significant role in determining the surface quality. For the fabrication
of DOEs, the appropraite tool nose radius selection is essential. As, tool nose radius seriously influences the surface
guality and also affects the shape and size of sub-structures and the diffraction efficiency and performance [25].
Fig. 2 (a) and (b) shows the shadowing effect of large and small radius tools. The larger nose radius tool has a
significant shadowing effect, covering a large area and cutting less material, whereas its contrast in a small radius
tool with a sharp tip. Thus, a small or half radius tool for the fabrication of DOEs is more suitable for generating

sharp edges steps on the surface.

The wavefront emerging from the non-uniform blazed structure due to shadowing has some discontinuities which
affect the diffraction efficiency. When a beam of light incident from below passes through the diffractive structure,
it is redirected, and the beam emerging from each period of grating A becomes a beamlet of width A" as shown in
Fig. 3. The significant shadowing effect causes the step height error, significantly decreasing the diffraction

efficiency. The Diffraction efficiency for continuous relief profile of diffractive is depicted by Eq. 1.1.
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where, B=((Ao-L))/A, here A is the designed wavelength, Ao is the wavelength achieved after fabrication i.e. working

wavelength that is calculated with the help of A0=(N-1)do, where do is the step height that is fabricated and N is the

refractive index of the material.
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Fig. 3. Wavefront discontinuities due to step height error caused by shadowing effect.

The diffraction efficiency decreases quickly when the working wavelength deviates far from the design
wavelengths, which deteriorates the imaging quality. The conventional optical components cannot satisfy the
requirements of the advanced optical instruments for IR range [18]. The DOEs with an aspheric profile can improve
chromatic and spherical aberrations and enhance the quality of the optical system. This paper aims to develop an
approach for ultra-precision machining the aspheric diffractive lens with reduced error and high diffraction
efficiency. The experiments are carried out to develop a Ge aspheric DOE by SPDT. The profile error compensation
is done to achieve better profile accuracies. The key optical design, fabrication, and metrology aspects for

developing germanium aspheric diffractive optical elements are investigated and discussed in detail.

2. Optical Design

An optical system is associated with numerous aberrations, including monochromatic (spherical aberration, defocus,
coma, astigmatism, field curvature, image distortion) and chromatic (longitudinal and transverse). However, almost
all imaging systems suffer from chromatic aberrations, in which the light of different wavelengths creates focal

spots at different spatial locations. This phenomenon declines the performance of both imaging and non-imaging



systems under broadband illumination [26]. Hence an optical system without chromatic-aberration correction will

form the defocused images.

Greisukh et al. [27] presented a technique to selecting the layout of the optical scheme for ultra-high-aperture dual-
range athermal infrared objectives. Provided a choice of optical materials like IRG22, Ge, ZnS, IRG22, IRG24 and
correction of optical aberrations. Also, presented effective focal length ' = 40 mm that is within the half-field angle
< 9.75° form an image at the Nyquist frequency of the microbolometer (NN = 30 mm™ ) with a contrast T > 0.5.
Also, there are attempts made by multilayer diffractive optical elements and highlighted the benefit of adding a high
index gap material to reduce the Total internal reflection (TIR) and enhance the optical performance [28, 29].

In this study, different approaches are employed to minimize the spherical and chromatic aberration. An optical
design software (Zemax OpticStudio®, version 22.1) is utilized to simulate the different lens systems. Initially, the
design of an optical system starts with the combination of different spherical (concave and convex) lenses. However,
with the four optical elements, the aberrations still affect the whole field of the system. Also, the proposed technique
of four lens system is cumbersome since the number of elements are more. The alignment of lenses also makes the

system more complex, expensive and bulky.

An alternative to minimize the spherical aberrations is to use an aspherical lens by replacing the two spherical
lenses. Fig. 4 illustrates the layout of first-lens system that contains two conventional lenses (L1, L2) and an aspheric
lens (L3). The aspheric surface is used in various applications to eliminate spherical aberration; such defined by the
conic constant (K) having multiple values according to the surface type, i.e. hyperbolic, parabolic, elliptical, and

spherical. The aspheric surface is represented by Eq. 2.1 [30].
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Fig. 4. Layout of first-lens system.



However, the other aberrations, like chromatic aberration, could not be compensated by the aspheric surface. Hence,
an aspheric diffractive lens is designed and fabricated to eliminate the both spherical and chromatic aberration for
better image quality. An even aspherical surface with diffractive properties is defined in Zemax by the Binary 2
element. A diffractive lens comprises multiple zones that transmit a phase change across the optical surface. The
diffractive profile has its equation which depends on the wavelength of light for which it is designed, step height,
the material's refractive index, and diffractive constants. The combined profile of the aspheric and diffractive is

represented by Eq. 2.2 and Eq. 2.3.
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where, Z is total sag height, Z, = sag height of aspheric profile, Z4= sag height of diffractive profile, K = conic
constant, R = radius of curvature, x = radial distance from center to the periphery, A= wavelength of light, N =
refractive index of the material, A, B, C.... = aspheric constants, C1, C2, C3, C4.... = diffractive constants, and

dmax= step height of the diffractive groove.

In the meantime, the aspheric coefficient of the diffractive optical element can be utilized to balance the higher-
order aberrations. The Binary 2 surface type introduces continuous phase change across the surface according to

the following polynomial expansion as shown in Eqg. 2.4.
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where N is the number of polynomial coefficients in the series, Ai is the coefficient on the 2i™ power of p, which is
the normalized radial aperture coordinate, and M is the diffraction order. Table 1 shows the detailed data and

configuration of polynomial coefficients for the aspheric diffractive lens.

Table 1

Design specifications for aspheric diffractive lens.

Material Germanium
Diameter (D) 20 mm
Wavelength (1) 4.2 pm

Refractive Index (n) 4.003




Centre thickness (CT) 4 mm

Radius of front surface (R1) 104.745mm
Radius of rear surface (R2) Nearly flat
Diffraction order (M) 1
Aspheric constants A, B, C, D -0.2177E-06,
-0.1679E-08,
-0.4868E-10,
0.1152E-11
Diffractive constants C1, C2, C3 -0.4178E-03,
0.2402E-06,
-0.5121E-08
Step height (d) 1.388 um

The system is optimized using the multiparameter optimization method to achieve aberration-free and diffraction
limited surface. The various parameters like the Strehl ratio, airy radius, and RMS radius are compared at different
wavelengths in the MWIR range (3-8 um) to improve image quality. It is concluded that the highest value of the
Strehl ratio (0.92) is obtained at 4.2 um wavelength, indicating less deviation in the optical surface from its nominal
form. The depth of the grating features for the designed wavelength is calculated by Eq. 2.5.
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To enhance the system’s image quality, a second-lens system is designed that employs an aspherical diffractive lens
(L1) with the plano-convex lens (L2), as shown in Fig. 5. The proposed Binary 2 surface (aspherical diffractive
lens) is divergent in nature; hence, a plano-convex lens is utilized to focus the incident beams at the focal point
without dispersion. However, due to the presence of a conventional lens, spherical aberration is generated in the

system.

Spherical aberration
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Fig. 5. Layout of second-lens system.



Further, to reduce the spherical aberration, a Binary 2 surface is employed with an aspherical lens at the wavelength
(A) of 4.2 um to work in the IR range that can be utilized to develop miniaturized infrared cameras to provide small
payload systems with thermal vision capability for both military and civilian applications. The design specifications

of the aspheric convex lens are listed in Table 2.

Table 2
Design parameters for aspheric converging lens.

Material Germanium
Diameter (D) 24 mm
Wavelength (1) 4.2 pm
Refractive Index (n) 4.003
Centre thickness (CT) 5mm
Radius of front surface Nearly flat
(R1)
Radius of rear surface 67.360 mm
(R2)
Conic constant -2.1

Aspheric constants A,
B,C,D

2.236E-04, 5.256E-07,
-3.325E-09, 6.322E-14

Fig. 6 shows the layout of the third-lens system that utilized the aspherical diffractive lens (L1) and the converging
aspheric lens (L2). The first surface (S1) of the lens (L1) is a Binary 2 surface, which shows the properties of both

aspheric and diffractive surfaces. The second surface (S2) is a planer surface.

N

W~

111

L1
L2

Fig. 6. Layout of third-lens system.



After designing different system configurations, the comparison of all three (first-lens, second-lens, third-lens)
systems based on optical performance is carried out. As shown in Fig. 7 (a), the longitudinal aberration of the
first lens system is less than 1.2 mm, Fig. 7 (b) shows the longitudinal aberration of the second system, which is

less than 0.7 mm, and Fig. 7 (c) shows the longitudinal aberration of the third system, which is almost negligible.
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Fig. 7. Longitudinal aberration of the proposed (a) first-lens system, (b) second-lens system, and (c) third-lens
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Fig. 8. Wave aberrations of the proposed (a) first-lens system, (b) second-lens system, and (c) third-lens system.

The wave aberrations of the first, second, and third lens systems are shown in Fig. 8. It can be observed that the

axial chromatic aberration is much better balanced in the third-lens system (as shown in Fig. 8 (c)) than that in the



first and second lens system. Moreover, the spherical aberrations, chromatic aberrations, and coma are corrected,
preferable in the third system than in the first and second systems. Fig. 9 illustrates the Modulation Transfer Function
(MTF) curves of all proposed lens systems. It can be seen from Fig. 9 (c) that the MTF curve of the third-lens system
is almost coincident and are very close to the diffraction-limited ideal curve. Hence, it provides better resolution
and image quality than other systems.
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Fig. 9. MTF curve for the proposed (a) first-lens system, (b) second-lens system, and (c) third-lens system.

Based on the performance of all three lens systems, it is concluded that an aspheric diffractive lens with a converging
aspheric lens is the best lens system for imaging applications. The manufacturing of conventional spherical and
aspheric optical elements is straight forward and a lot of research has already been reported for the same. However,
the manufacturing of hybrid aspheric and diffractive surfaces is still challenging. Hence, in current work the
fabrication of the aspheric diffractive lens is taken into consideration.

3. Aspheric Diffractive Lens Fabrication

SPDT is a precision machining technique that can produce any complex shape more deterministically. SPDT
process is very dynamic and sensitive toward minute changes that occur during machining, and infinitesimal change
manifests immediately on the surface quality [31]. Thus, the selection of appropriate machining parameters becomes
very critical, any process anomalies cause several cascading faults and affect the optical performance of the
fabricated component. Bittner [32] studied the tolerance of the single point turned diffractive optical element and
simulated their influence on aberrations in optical system. Gao et al. [33] proposed methods for manufacturing

harmonic diffractive optical elements on soft-brittle material, Barium Fluoride (BaF2). The optimal half-round tool



position is found out to be an effective way by eliminating the shadowing effect and scattering effect. In the case
of difficult-to-cut materials due to high hardness and low machinability, factors such as sub-surface damage [19]
and tool wear [22] also worsen surface quality. However, earlier research demonstrated that brittle materials could
be machined in a ductile regime zone [13] with optimized cutting parameters. Rohit et al. studied the effect of
machining parameters on diamond turning of germanium, and explored ductile-regime machining to explain the
sub-surface damage with varying input parameters [34]. Also, earlier work by Shivani et al. proposed parameter
optimization for fabrication of IR aspheric diffractive optical element using response surface methodology [35].
Thus, in this paper selection of machining parameters such as spindle speed, feed rate, depth of cut and tool overhang
are made as suggested in our previous work [36].

Diamond tool

Fig. 10. Diamond Turning Machine (Nanoform 200).

Table 3
Cutting Parameters with their respective range & optimized value

Sr. No. Cutting Parameters Range Optimized Value
1. Spindle Speed(rpm) 1000-2000 2000
2. Tool Feed Rate (um/rev) 1-6 1
3. Depth of Cut(um) 0.5-15 15
4. Tool Overhang(mm) 14-20 14
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The fabrication experiments are performed on CNC ultra-precision lathe (Precitech® make Nanoform 200). Fig. 10
shows the configuration used for fabrication of the diffractive optical elements. A single crystal diamond tool with
nose radius of 0.2 mm and negative rake angle (Contour Fine Tooling make) is used to achieve the desired surface
quality in terms of surface form, finish and diffractive substructures dimensions. The Ge wafer of 20mm diameter
is used for experimentation. The optimum value of these machining variables is represented in Table 3, which is

used for the fabrication of aspheric diffractive optics.

From the design data, the step height of the diffractive grooves to be fabricated is 1.388 pum calculated from
[dmax=A/(N-1)]. Step height plays an important role in deciding the direction and phase of the incident light falling
on the surface, which influences the efficiency of the component. The total no of diffractive zones (rings) is eight(8)
with a clear aperture of 18.2 mm. The sag value for the designed aspheric diffractive surface is 0.4 mm, which is
needed to calculate the number of rough cuts required to achieve the basic shape.

A tool path is designed through DiffSys (CAM software used for ultraprecision machining) software for the desired
aspheric diffractive surface. This software follows a constant-angle strategy based on interpolation tolerance
between the radius of curvature and tool nose radius. Using the designed values i.e., the radius of curvature
(104.745mm), conic constant (K=0), and all constants (aspheric and diffractive profile), a tool path file is generated
in terms of X & Z coordinates in Diffsys®, keeping the X axis increment value 1 um. These data points (X and Z)
with prologue and epilogue info (G&M codes) are then uploaded to the SPDT controller as a program file. For
initial shape generation, during rough cuts, the depth of cut is 15 um, feed rate 3 um/rev and spindle speed 2000

rpm is considered. For fine cutting, optimized parameters are used, as mentioned in Table 3.

4. Results & Discussions

The performance and efficiency of the optical elements depend on the surface finish and profile accuracy. The
measurement of Aspheric profile is quite challenging as the aspheric profile of lens is at a nanometric level. Yadav
et al. [37] fabricated aspheric germanium lens and the parameters such as ROC, slope error, tilt and sag using a
contact type and non-contact type interferometers. It was observed that increase in ROC beyond 13.839 mm and
lens thickness over 5.10 mm will increase the spherical aberration. Thus, in the work the contact type profiler
(Talysurf PGI®) and optical profiler (Coherence Correlation Interferometer (CCl)), are utilized for the profile and
structures measurement of aspheric diffractive surface. After the first machining iteration surface is measured by
taking a 2D scan through a contact profiler, this raw profile is then compared with the design profile (i.e., base
profile, zone position and zone height extraction) through for aspheric diffractive analysis software. Fig. 11 (a)
depicts the base radius of curvature of the aspheric profile, measured as 104.985 mm, deviating by 0.24mm from

the design radius. The noticed profile error (Pt) is 0.9669 pm after the first cut.

For diffractive optics, zone step height is a crucial factor for deciding the performance and efficiency of the whole

optical element. For measurement of the zone step height of diffractive rings surface finish over zones (Sa, Ra), a
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non-contact type CCI optical profiler is used. The respective 3D measurements of zone step height are shown in
Fig. 11 (b), which are taken using a 20X objective with a scan area of 0.8mm x 0.8mm. The step height is found
1.276um with an error of 0.113 um. Fig. 11 (b) shows the surface roughness (Sa) profile of the aspheric diffractive

surface where the Sa value is around 4.5 nm in the first experimental trial.

This step height value of the fabricated component is further used to calculate the efficiency of the aspheric
diffractive component. Eq. 1.1 is adopted to calculate the efficiency of the diffractive optical element with the
achieved value of step height do achieved after machining. Here efficiency is 97.5% (calculate from Eq. 1.1 and Ao
=3.828825 um). For optical applications, minimum profile error is desirable, so further compensation is done to
reduce the profile error and improves step height.
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Over the past decades, many researchers have worked on tooth path compensation in diamond turning of lenses,
structured surfaces and freeform optics. Tool path compensation is a well-known technique through which surface
error can be reduced by modifying the tool motion. In this paper, one of the quite popular tool path compensation
techniques proposed by Li et al. [38] is used. Li et al. proposed a novel compensation method for the diffractive-
reflective hybrid objective lens (DHOL), through superimposing the hybrid surface with a small curvature to
compensate for optical deviation there by improving the diffractive performance.

Once the tool path and machining conditions are fixed, the surface deviations are caused due to machining dynamics.
These dynamics associated with residual errors, such as form error and figure errors. The measured data points are
then analysed for the parameter of interest, i.e., form error, waviness, and step height. As discussed earlier, the error
is quantified by comparing the machined surface/features with the design surface using aspheric analysis utility
software. The MOD (.mod) file generated from aspheric analysis utility software was further imported to Diffsys®
software to compensate for the original tool path. The error data point profile is firstly mirrored and then
superimposed onto the original tool path to generate a modified tool path. Fig.12 illustrates the tool path
compensation cycle, where the modified tool path is used to generate the required surface. This compensation

process is repeated till the desired surface quality is achieved.
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Fig. 13. Improvement in (a) Zone position accuracy and (b) Step height after compensation.

Again, fabrication is performed (trial 2) with compensated tool path maintaining all the other tool and machine
parameters the same as in trial 1. After trial 2, the same metrology path is followed as in the case of trial 1. Fig. 14
(c) shows the surface plot depicting the radius of curvature value of 104.744 mm while the designed value was
104.745 mm. The error in radius is 0.001 mm, which is acceptable in case of profile error. The profile error of
0.2513 um is obtained after compensation. A detailed comparison of step height and position accuracy is made to
demonstrate the improvement through tool path compensation. Fig. 13 (a) shows the significant improvement in
zone position accuracy after compensation; the position accuracy of all the zones is better than 5um. Similarly, the
step height of each zone is verified to know the improvement after compensation. The accuracy of all the steps is
found to be better than 10 nm.



Step height is evaluated using CCI after implementing compensation. Fig. 14 (a) is shown to demonstrate the step
height after compensation. i.e 1.387 um with 0.8mm x 0.8mm scan area. The designed value is 1.388 um, and the
fabricated height is 1.387 um; hence the error is only 0.001 um. Fig. 13 (b) shows the improvement in step height
at each zone. The step height error is reduced significantly, and each zone is fabricated with a step height error of

less than 10 nm.

This step height (1.387 um) is further used to calculate the diffractive efficiency of the component, where efficiency
of around 99.57% is achieved, which is greater than the previous value (1=97.5%). Fig. 14 (b) shows the 3D surface
roughness plot of the aspheric diffractive profile achieving surface roughness (Sa) of 3.5 nm after compensation.
As compared to the first trial, the Ge aspheric diffractive lens obtained after compensation as shown in Fig.15 has

better uniformity and surface finish.

5. Conclusion

The germanium aspheric diffractive surface can substantially benefit to many IR optical systems. SPDT is the most
effective and mature method for producing accurate aspheric diffractive surfaces. The precise machine control, the
selection of suitable diamond tools and the optimum choice of critical machining parameters are the most important
aspects of this fabrication technology for achieving better surface finish, profile accuracies, and high diffraction

efficiency. Some of the significant findings are listed below:

e An aspheric diffractive lens on germanium is designed and fabricated. Further, Metrology of the asphero
diffractive lens is demonstrated with optical profilometry.

e The measured surface is compared with the designed surface to calculate the profile and step height error.

e The surface roughness of germanium aspheric diffractive optical element is achieved at 3.5 nm.

e The step height of diffractive grooves is achieved at 1.387um with an error of 1 nm.

e The radial error of 0.001 mm and profile error of 0.2513 um is achieved.

e The Diffractive efficiency is also calculated using the step height of the diffractive grooves. The maximum

theoretical diffractive efficiency is achieved at 99.57% for 1.387um step height.

Overall, this work has opened up new possibilities for fabricating complex hybrid profiles on useful brittle materials
by selecting optimum machining parameters, tool parameters and precision machine control to increase the overall

efficiency of the optical systems.
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Fig. 15. Germanium aspheric diffractive optical element fabricated.
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