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Optical design and fabrication of zinc selenide 
microlens array with extended depth of focus 
for biomedical imaging 

Neha Khatria, Sonam Berwalb, K. Manjunathc, Bharpoor Singhd

Abstract: Optical coherence tomography is a well-known tech-
nique for the optical imaging of biological tissues. However, the 
depth scanning range of high-resolution optical coherence to-
mography is restricted by its depth of focus. In this study, a 
Zinc Selenide (ZnSe) Microlens Array (MLA) is employed to over-
come the depth-of-focus limitation of optical coherence tomog-
raphy. The ZnSe material with a low Abbe number and high chro-
matic dispersion extends the depth of focus with transverse 
resolution. The ZnSe MLA focused the incident light (from visible 
to near-infrared (NIR) region) on multiple focal planes with the 
uniform distribution of light over a biological tissue. The MLA is 
designed using Zemax OpticStudio software and fabricated via 
a single-point diamond-turning based on Slow Tool Servo (STS) 
configuration. STS machining has the unique advantage of of-
fering larger degrees of freedom with no additional baggage, 
thereby reducing the setup time. The experimental results show 
the effectiveness of the STS machining process in fabricating 
ZnSe MLA with desired accuracies. The characterization of fab-
ricated MLA using Coherence Correlation Interferometry (CCI) 
depicts uniform lenslets with no structural and positional dis-
tortion, with a total error of 32 nm within the tolerance limit. 
Keywords: optical coherence tomography; microlens array; zinc 
selenide; slow tool servo; optical design.

1. INTRODUCTION

Optical coherence tomography (OCT) is a non-invasive high-resolu-
tion optical imaging technology predominantly utilized for 3-D imag-
ing biomedical tissues. The working of OCT is based on the interfer-
ence phenomenon between a local reference signal and a signal from 
an object under investigation (Podoleanu, 2012). OCT is used in the 
biomedical domain for numerous applications (Romodina et al., 2022), 
including ophthalmology (Sakata et al., 2009; Singh et al., 2011), car-
diology (Giattina et al., 2006), and endoscopy of the gastrointestinal 
tract (Dong et al., 2022; Tsai et al., 2017). OCT also enables high reso-
lution up to micrometre level along with a few mm penetration depths 
(Singh et al., 2018). The axial resolution is defined as the resolution 
along light beam propagation, which is inversely proportional to the 
width of the light source spectrum. Thus, the axial resolution can be 
improved by using a broadband light source. However, the lateral res-
olution depends on the imaging lens numerical aperture (NA). The 
lateral resolution is significantly reduced when the focal point of the 
imaging lens moves away from the focus spot of light due to the rapid 
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divergence (Romodina et al., 2022). A beam cannot 
be produced from a spherical lens with an extended 
focal depth and a narrow lateral width (Ding et al., 
2002). Hence, the lateral resolution and the depth of 
focus (DOF) with traditional optics in OCT signifi-
cantly limit the range of applications. Additionally, 
dynamic focusing lenses are bulky and need more 
space during the system assembly.

In recent years, the scientific community have 
shown a tremendous evolution to overcome the 
DOF limitation in OCT for high lateral resolution. 
In 2002, Ding et al. proposed a study based on an 
axicon lens (Ding et al., 2002). The authors declared 
that an axicon lens could be used in an OCT system 
to maintain high lateral resolution over a greater 
depth of field, which is essential for high-resolu-
tion, high-speed OCT. However, the imaged part 
carried only ∼5% of the total power, which limits 
its application for biomedical samples. In 2007, Liu 
et al. reported the axial and lateral behaviours of 
four-zone binary-phase spatial filters to extend the 
DOF (Liu et al., 2007). However, in the proposed 
approach, the beam has a Bessel intensity distribu-
tion than the Gaussian, which suffers from the sig-
nificant loss of spatial frequency components in the 
coherence transfer function. Due to this, sensitivity 
reduces, and sidelobe artefacts are seen in the OCT 
images. Ortega and the group proposed a study on 
wide-field OCT using microlens arrays. The authors 
primarily focused on DOF and scanning speed. Ini-
tially, MLA are used to accelerate scanning speed 
over the object surface (Ortega et al., 2007). After 
that, to increase the DOF, a lengthening compen-
sating path is introduced in the interferometer arm 
(Ortega et al., 2007). In 2017, Bo et al. presented a 
novel method to overcome the DOF limitation in 
OCT through multiple aperture synthesis without 
sidelobe artefacts (Bo et al., 2017).

Nevertheless, this technique requires transver-
sal shifting of a micro cylindrical lens near the tip 
of the sample fiber during the imaging process, 
which is responsible for limiting the speed of imag-
ing (Bo et al., 2017). Few researchers also utilized 
adaptive optics to extend DOF by dynamic control 
of deformable mirrors (Sasaki et al., 2012). Recent-
ly, Romodina et al. (Romodina et al., 2022) extend-
ed the DOF by employing ultrahigh chromatic dis-
persion of ZnSe. ZnSe material has a strong spectral 
dispersion in the visible and NIR regions. Howev-
er, the single ZnSe lens focused the incident light 
on multiple focal planes with the nonuniform light 
distribution. 

In this research article, a ZnSe MLA is designed 
and fabricated to homogenize the incident light 
over a biological tissue or sample. In OCT imag-
ing, ZnSe MLA with a low Abbe number and high 
chromatic dispersion extends the DOF with trans-
verse resolution. The novelty of the proposed ZnSe 
MLA study is to split the source beam into a grid of 
beamlets to obtain uniform light distribution over 
the biological tissue, reducing the scanning time 
and improving the scanning speed. An (11 × 11) 
plano-convex MLA is designed using the Zemax 
OpticStudio and fabricated by using single-point 
diamond turning (SPDT, Nanoform-200) with slow 
tool servo (STS) configuration. The manufacturing 
of the ZnSe MLA using the STS optimum tool path 
with no additional setup is another aspect of this 
study. After fabrication, the MLA is characterized 
using a coherence correlation interferometer (CCI) 
with a 5X objective. 

2. OPTICAL DESIGN

The design of any optical element is advantageous 
in reducing effort and time consumption while 
fabricating and assembling various components. 
The rectangular (11 × 11) plano-convex MLA is 
designed using the Zemax OpticStudio. The de-
sign of plano-convex microlens is based on the 
lens diameter (Φ), height at the vertex (hL), radius 
of curvature (R), and refractive index (n). Numer-
ous iterations have been performed to optimize the 
lenslet’s radius of curvature and focal length. The 
MLA is optimized using the multiparameter opti-
mization method for uniform incident light illumi-
nation. The multiparameter optimization method is 
an indirect method in which the initial microlens 
surface is first established. Afterwards, the design 
parameters are optimized until the desired outcome 
is achieved. The designed ZnSe array of microlens 
split the beam into a grid of beamlets, as illustrated 
in Fig. 1.

The lens profile h(r) of an axial symmetrical pla-
no-convex lens is determined by equation 1 (Berw-
al et al., 2022).

h(r)=
1 r 2

+ Σm
=2A2nr

2n
n (1)

R 1+√1–(1+k)(r 2 

)R2

where h is the height of the lens as a function of 
the distance (r) to the optical axis. The lens profile 
h(r) for a spherical (plano-convex) lens is (K = 0). 
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Fig. 2 shows the rectangular MLA with surface ge-
ometry parameters (pitch (P), radius (R), and height 
(hL)) of the single microlens. The radius of curva-
ture (R) at the vertex is calculated by equation 2 
(Nussbaum et al., 1997).

R=(K+1)
hL +

r 2

(2)
2 2hL

where hL is the height at the vertex. 

Figure 1. Splitting of incident light into a grid of beamlets via (11 × 11) plano-convex MLA.

Figure 2. Rectangular MLA with surface geometry design.

All microlens in the array has an identical focal 
length to collimate the beamlets. The focal length 
(f) of a plano-convex refractive lens is calculated by 
equation 3 (Nussbaum et al., 1997).

f =
R

(3)
n(λ) –1

Table 1 shows the detailed data for the design of 
(11 × 11) ZnSe plano-convex MLA. The ZnSe ma-
terial is quite popular as a striking infrared crystal 
and used for night vision systems. However, due to 
high brittleness, low hardness, and polycrystalline 
structure formed by the randomly oriented grains 
causes different forms of micro-cracks (or) pits 
remain on the final machined surface making the 
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fabrication challenging (Geng et al., 2021; Xiao et 
al., 2019). Accordingly, the microlens array’s fabri-
cation is considered in the present research.

Substrate Material Zinc Selenide (ZnSe) 

Wavelength Range (λ) Visible to NIR

Array Type Rectangular, 11 × 11

Lens Type Plano-convex

Lenslet Pitch 0.3 mm

Lenslet Radius 9.9 mm

Lenslet Height 0.3 mm

Focal Length 6.497 mm

AR Coating No 

Table 1. Design parameters of the microlens array.

3. FABRICATION OF ZnSE MLA 

A wide variety of machining methods are used to 
fabricate MLA; among them, diamond turning is 
superior due to high efficiency and repeatability for 
applications in optics, aerospace and biomedical. 
Methods like photolithography (Lim et al., 2006b), 
laser patterning (Lim et al., 2006a) and focus ion 
beam (Lee et al., 2007), and Embossing (Moore et 
al., 2016) are also reported in the literature. Still, all 
these methods have the disadvantage of poor uni-
formity in terms of surface accuracy, limitations 
of geometric size, and low efficiency (Yuan et al., 
2018). Three diamond turning processes are pret-
ty famous for the fabrication of MLA: Slow Tool 
Servo (STS), Fast Tool Servo (FTS), Broaching and 
Diamond Milling (DM) (Klocke et al., 2013; Yin et 
al., 2011). DM requires an additional milling axis 
and the rotary precision of the tool is difficult to 
control (Yan et al., 2010). Ultraprecision broach-
ing is used in the fabrication of complicated spi-
ral cutting paths because of the straight and steep 
edges of the microlens design, both STS and FTS 
cannot be used (Li et al., 2012). STS is commonly 
used for the application with large sag (long Z-axis 
travel), whereas FTS is used for smoothly chang-
ing freeform surfaces (Scheiding et al., 2011). Re-
searchers mostly explore FTS machining for lenslet 
array due to the flexibility and less cycle time (Yu 
et al., 2011; Zhu et al., 2017). Compared to FTS, 
no extra setup is required in STS machining; how-
ever, it consumes a lot of time in fabrication due 
to the lower spindle speeds (Chen et al., 2013; Li 
et al., 2019; Mukaida et al., 2017). The researchers 

show much interest in MLA due to its excellent im-
aging performance by eliminating aberration and 
increasing the Field of View (FoV). Yi and Li (Yi 
et al., 2005) utilized the STS technique for the fab-
rication of a 5 x 5 MLA on aluminium alloy and 
demonstrated the possibility of its fabrication. Yu 
et al. (Yu et al., 2012) employed FTS and present-
ed MLAs optimized tool path generation. Mukaida 
and Yan fabricated a hexagonal microlens array (58 
lenslets) on single-crystal silicon in ductile mode 
by using STS (Mukaida et al., 2017). Kang et al. 
provided an effective method for selection of cut-
ting parameters for concave and convex lenslet 
arrays by monitoring the position following error 
for STS (Kang et al., 2022). Tohme (Tohme, 2008) 
suggested that STS compared to FTS will achieve 
better surface accuracy without any additional bag-
gage of tool post. Also, the FTS suffers from lim-
ited travel distance, which means the peak to val-
ley of the surface it can generate is limited (Tohme 
et al., 2004). Another limitation is that not every 
machine has FTS, as it is expensive (Kang et al., 
2022). Thus, STS is adopted in this work to fabri-
cate MLA on ZnSe. Subsurface damage, fractures, 
cracks, and pits are further challenges in the manu-
facturing of ZnSe. All of these defects will increase 
light absorption and scattering, having a negative 
impact on the performance of the optical surface 
(Ghosh et al., 2018).Also, the path generation and 
the tool shape compensation need to be taken care 
of for efficiently producing the contoured shapes 
with nanometric roughness and submicron form 
accuracy. 

3.1. Tool path generation 
for microlens array

The traditional SPDT process utilizes two linear 
axes (X & Z) for contouring the motion, with the 
spindle controlling the velocity. As a result, this 
technique can only generate rotationally sym-
metric surfaces. STS, as an adaptation, allows 
the spindle to position accurately in a controlled 
mode. A three-dimensional tool path for the MLA 
is achieved when the X, Z and C axes move simul-
taneously according to the specified set of motion 
commands. In general, the workpiece is positioned 
on C-axis, while the diamond tool is mounted on 
the Z-axis, which oscillates forward and back-
wards in synchronization with the angular posi-
tion of the C-axis. The control points for STS tool 
path are laid out in a spiral pattern, and the tool 
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position is determined by linear interpolation. The 
control points can be sampled using one of two 
methods: a) the constant angle technique, and b) 
the constant arc-length approach. If the control 
points are separated by constant angle on a spiral 
tool path it is called as constant angle method, and 
if the constant arc separates the control points on 

a spiral tool path, it is called as constant arc ap-
proach. In this study the constant-angle approach 
is adopted, and the tool path for the current fab-
rication is generated using DiffSys® (commercial 
CAM software for ultra-precision turning). The 
workflow of STS machining of a MLA is illustrat-
ed in Fig.3.

Figure 3. Work Flow for slow tool servo tool path generation.

In STS machining, the coordinate system is de-
scribed as cylindrical coordinate. The tool path pro-
jection on the X-Y plane is equivalent to a spiral curve 
no matter how complex the surface is (as shown in 
Fig.4). The spiral curve in the X-Y plane is mathe-
matically represented as follows Eq.4 (Li et al., 2018):

ρi = Rw– ( i –1)
f

S.Nθ

θi = ( i –1)
2π

(4)
Nθ

Where i (i = 1, 2, …,  + 1) is number of 
control points, f is feed rate in mm/min, Rw is ra-
dius of the workpiece in mm, ρi & θi are radial dis-
tance (cylindrical coordinates) in mm and polar an-
gle (cylindrical coordinates) in radians. S is spindle 
speed (rpm), Nθ is number of programmed points 
per revolution.

However, the surface models that need to be 
fabricated is often expressed in Cartesian coordi-
nate (x,y,z). The translation between the coordinates 
(ρ & θ) and (x,y,z) is as Eq.5 (Nagayama et al., 2021).
 

Figure 4. The layout of Control points 
(Li et al., 2018).

x = ρ cos (θ)
y = ρ sin (θ)
z = f (ρ cos (θ), ρ sin (θ)) (5)



RESEARCH ARTICLE Khatri, Berwal, Manjunath, Singh

6 | Nanofabrication https://doi.org/10.37819/nanofab.008.293

Where f(.) describes the designed surface profile, 
STS ideal tool path for a typical MLA can be gen-
erated. It can be mathematically expressed as Eq.6. 

f(x,y)=Axsin((2π/λx)+Øx)+Ay sin((2π/λy)+Øy) (6)

Where Ax and Ay are amplitudes, λx and λy are 
wavelength and Øx and Øy are phases in x and y 
directions, respectively. 

3.2. Experimentation 

Using the designed parameters (such as lenslet radius 
and lenslet pitch as specified in Table.1), the tool path 
is generated in the form of a polar coordinate system 

(CXZ data points) using Diffsys® software. Because 
of the micro-sized component, a contour makes a dia-
mond tool of zero degrees rake angle with a tool nose 
radius of 0.2 mm is used for machining. A three-axis 
SPDT (Precitech make) is used to fabricate MLA as 
shown in Fig 5. Aluminium fixturing is used to hold 
and align the ZnSe workpiece. In the case of MLA, 
spindle speed mainly depends upon these factors: a) 
the number of X & Z axis travelling within a single 
rotation of the spindle, b) the magnitude of the sag 
value when the parametric value of these factors is 
large, the spindle speed reduces and vice-versa. It is 
also to be noted that Spindle speed depends on the 
design data; the controllable parameters are C-axis 
angle increment and X-axis increment per revolution. 

Figure 5. Schematic of STS experiment setup (a) C-X-Z configuration, 
(b) Representative view of controllable parameters.

To achieve optimized cutting speed, the selec-
tion of these parameters plays a significant role. 
Keeping the C-axis angular increment at 1 degree 
and the X-axis increment per revolution at 1 µm, 
the machining operation is performed. The total 
sag value for MLA is 1.238 µm calculated from 

design data. During machining, the depth of cut is 
kept constant at 2 µm keeping all other cutting pa-
rameters like tool overhang and mist selection as 
suggested in the literature (Khatri et al., 2015). A 
spindle speed of 14 RPM is maintained at the com-
bined feed of the CXZ axis.
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4. RESULTS AND DISCUSSION

After fabrication, for characterization, CCI is used 
with a 5X objective. The CCI images (as shown in 
Fig.6) of the MLA machined with the optimized pa-
rameter indicate that a smooth surface is obtained. 
All the lenslets shared the same features with no 
structural and positional distortion, suggesting the 
MLA was accurately machined. Fig.7 shows the 
two-dimensional line plots and the form of the ma-
chined surface where the value of sag obtained is 
1.206 µm. It can be observed that the total error is 32 
nm as against the designed value of 1.238 µm, which 
is within the tolerance limit. Zhang et al. (Zhang et 
al., 2020) used a femtosecond laser to fabricate the 
MLA on ZnSe; results show the root-mean-square 
deviation between the measured cross-sectional 

profile and the ideal parabola was less than 70nm. 
Guo et al. (Guo et al., 2022) fabricated MLA on iso-
tropic oxygen-free copper using a two-step tool set-
ting method in diamond turning. The surface topog-
raphy measurement was conducted on a white light 
interferometer, and an error of 65 nm has been ob-
tained. The total error seen in this study is well with-
in the limit, suggesting that the proposed approach 
achieves high accuracy in one-time cutting, which 
improves production efficiency. This study clearly 
shows the feasibility of the STS for the fabrication 
of ZnSe MLA with desired surface roughness and 
form accuracies. It should be noted that during the 
machining of MLA, the form error is possibly due 
to the tool-related error or a dynamic error. Thus, to 
further improve the accuracy, there is a need to focus 
on various error factors and compensation methods.

Figure 6. Machined lenslet surface CCI measurement.

Figure 7.. 2D plots of the Microlens array.
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5. CONCLUSION

ZnSe MLAs operating in the mid-IR have attract-
ed more attention for their essential applications in 
infrared detection, beam homogenization, micro 
imaging, micro-manufacturing and biochemical 
systems. In this work, a ZnSe MLA is designed 
and developed to overcome the depth-of-focus lim-
itation in OCT. Machining of Znse is challenging 
due to high brittleness, low fracture toughness, and 
polycrystalline structure formed by the random-
ly oriented grains. The MLA is fabricated without 
detectable defects (pits and scratches) on ZnSe ma-
terial with diamond-turning STS configuration and 
optimal tool path generation. The experimental val-
idation of the MLA is determined using CCI, and a 
total error of 32nm is achieved, which is well with-
in the tolerance limit. This research also establish-
es a substantial base for further developing ZnSe-
based lenslet for OCT applications. The proposed 
MLA has the potential to be an effective tool for 
confocal imaging, and this advancement will find 
several applications in the biomedical and other in-
dustrial fields. ♦
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