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Fabrication of ZnSe Microlens Array for a Wide
Infrared Spectral Region

Fan Zhang, Qing Yang, Hao Bian , Feng Liu, Minjing Li, Xun Hou, and Feng Chen

Abstract— The infrared (IR) is a strategically important band
for numerous applications from environment to biochemical
imaging. Here a novel IR optical component integrates more
than 2000 plano-concave microlenses on the zinc selenide (ZnSe)
surface within a footprint of 5×5mm2 is proposed by a combined
method of femtosecond laser direct irradiation and chemical
wet etching. Microlenses with diameter from 15 to 30 µm are
realized by controlling the laser power and etching time. The
uniform close-packed microlens arrays (MLAs) with minimized
volume and high transparency at wavelengths of 0.76∼22µm are
realized. The MLAs have relatively good topography and surface
quality. The modulation transfer function (MTF), imaging test
and optical-focusing test confirm the outstanding IR imaging.
Owing to the merits of micro-size, light weight, high integration
and excellent IR imaging performance, the as-fabricated MLA
is promising in cutting-edge mid-IR and far-IR application, such
as IR sensing system, imaging system, and so on.

Index Terms— Infrared optics, femtosecond laser machining,
wet etching, microlens array, ZnSe.
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I. INTRODUCTION

MLAs operating in the mid-IR and far-IR have recently
attracted increasing attention for their important appli-

cations in optical system, micro-manufacturing and biochem-
ical systems [1], [2]. However, both the material and the
manufacturing methods made the IR lens extremely compli-
cated and time-consuming. For example, the mostly used IR
materials are silicon and germanium. The lens are usually
made by complex techniques with poor inefficiency, such as
ultraprecision mechanical cutting [3] and mask-assisted etch-
ing [4]. And the concave or negative MLAs are not availably
fabricated by those well-established techniques, which have
extensive applications such as beam shaping [5], fluorescence
biosensors [6]–[8] and carriers of DNA chips [9]. And they can
integrate with other optical elements, can be applied in optical
devices such as diffusers and scanners [10]. The situation
becomes worse when further miniaturization or integration of
other optical components is needed. Therefore, the limiting
factor in the development of mid-IR and long-IR microlens
array is the suitable fabrication methods for materials that are
transparent in mid-wave and long-wave, low cost, and easy to
machine [11].

ZnSe has many important optical properties, such as broad
transparency from visible to mid-IR wavelengths and far-IR
wavelengths, high refractive index, low dispersion and envi-
ronment adaptiveness makes it an ideal IR optoelectronic
material [12], [13]. However, from the perspective of micro-
machining, ZnSe is difficult to process using traditional tech-
nologies due to its brittleness. Generally, the common method
is single point diamond turning (SPDT) which is only suitable
for lens with normal size and time-consuming. Additionally,
complex and high-cost procedures also limit its practical
applications. As an appealing alternative, femtosecond laser
fabrication has emerged as a powerful tool based on a wide
range of materials, including metal, semiconductor and dielec-
tric [14]. Previous works reported by our group and others
have already proven the strong capability of the femtosec-
ond laser in fabricating optical microdevices. For example,
Wu et al. used femtosecond-laser-induced two-photon poly-
merization (TPP) method to fabricate hexagonal MLAs with
100% fill factor [15]. Sun et al. reported a femtosecond
laser modification with subsequent ion beam etching tech-
nology for the fabrication of nanosmooth concave microlens
arrays on hard materials [16]. Especially, the combination of
femtosecond laser ablation and etching technologies enables
mask-free fabrication of arbitrarily shaped optical devices
with a reasonably smooth surface. At present, etching-assisted
femtosecond laser machining has been considered a preferred
strategy for fabricating high-quality optical components.

Herein, we report the design and experimental demonstra-
tion of high-efficiency IR microlens on the ZnSe surface
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Fig. 1. Experiment configuration of the fabrication process. (a) Schematic of
the system. Inset, array of pulse-irradiated craters. (b) Schematic illustration
of the fabrication procedure. (c) SEM image of laser-induced micro-crater.
(d) SEM image of concave microstructure. (e) SEM image of the formed IR
MLA.

(II-VI Incorporated , USA) by femtosecond laser assisted
chemical etching. The femtosecond laser pulse irradiation
was focused on the surface of ZnSe glass, which contributed
to induced stress [17], structural changes, and amorphiza-
tion in the ZnSe glass, resulting in local chemical activity
enhancement. Microlens arrays could be fabricated from crater
arrays after chemical etching with a mixture of potassium
permanganate powder (KMnO4 60mg) and concentrated sul-
furic acid (H2SO4 5%) at room temperature. The morphology
could be controlled by changing the laser power and etching
time, the diameter of the microlens varied from 15µm to
30µm, the array with fill factors of up to 100%. The thou-
sands concave microlens array fabricated efficiently using the
method performed well in imaging and focusing tasks. The
results indicate that the combination of femtosecond laser and
chemical etching technology may open new possibilities for
the fabrication of ZnSe-based optical devices.

II. EXPERIMENTS

Fig. 1(a) shows the schematic diagram of femtosecond laser
micro-machining set up. The commercial ZnSe glass substrate
(II-VI Incorporated, USA) with dimensions of 5 × 5×1 mm3

was used in the experiment. After ultrasonic cleaning in deion-
ized water for 10 minutes and dried in ambient air, the sample
was mounted onto a three-axis stage. The femtosecond laser
pulses, generated by an amplified Ti: sapphire laser system
(Coherent Libra-usp-he, central wavelength of 800nm, pulse
duration of 50 fs, repetition rate of 1 kHz), were focused
onto the surface of ZnSe by an objective lens (Nikon, 5×,
NA=0.15). The laser exposure process was monitored by a
CCD sensor (Nikon DS-Vi1). The laser power and irradiation
time were controlled by a variable density filter and a fast
mechanical shutter.

The fabrication process for the concave microstructure is
shown in Fig. 1(b). The first step was the focused laser
irradiation on the surface of the ZnSe substrates to induce
local material modification. The energy of the incident laser
pulse, which could be controlled by the variable neutral density
filter, was set to 3mW. A breakdown-induced crater could
be created by 0.2 s exposure, which was controlled by a
mechanical shutter. After the laser irradiation, it was critical to
find an efficient route for the selective and efficient removal of
the irradiation area. Previously attempted to remove this area
by using acidic etching or highly toxic organic compounds
had been reported but so far with moderate impact [18].
A new oxidizing route to ensure efficient removal of irradiation
crater was presented based on the treatment with a mixture
of an oxidizing agent for ZnSe [19]. This approach relies

Fig. 2. High-resolution XPS spectra. (a) The full spectrum diagram of pure
ZnSe glass and etched ZnSe glass. (b) The spectra for Se 3d region as pure
ZnSe glass and etched ZnSe glass.

on the use of conventional, inexpensive, and relatively low
toxic oxidizing agents, KMnO4 in H2SO4. Herein, the etchant
was optimized as 5% H2SO4 of 100ml and 60mg KMnO4.
In the initial phase of the etching, the laser-modified region
[Fig. 1(c)] had a much higher selective etching rate than the
un-irradiated regions, the concave microstructures [Fig. 1(d)]
would be created in the laser-irradiated zone and evenly
expanded until the laser-modified materials had been totally
etched out. Sequentially, the aperture diameter of the circular
microlenses expanded gradually with the ongoing chemical
etching, and eventually the adjacent zones “overlapped” with
each other, the surface profile of the IR MLA was observed by
the scanning electron microscope (SEM, FEOLJSM-7000F),
as shown in Fig. 1(e), the fill factor approached 100%.

III. RESULTS AND DISCUSSION

To identify the changes undergone by the main element
involved in the proposed chemical processes, it is important
to analyze the types of the elements and the change of the
valence state of the element. Fig. 2(a) shows the full spectrum
diagram, the elements of the etched ZnSe glass are the same as
those of the pure ZnSe glass. The peaks of C and O elements
in the samples indicate the H2O, CO2 and O2 from ambient
environment. In Fig. 2(b), X-ray photoelectron spectroscopy
(XPS) spectra of the Se 3d region are presented for raw
spectrum and etched with KMnO4/H2SO4. Clear differences
are observed in the Se signal from Fig. 2(a) and 2(b). After
etching with KMnO4/H2SO4, the doublet attributed to the
valence 2- state is significantly reduced, whereas a doublet
assigned to Se0 dominates the XPS spectrum. This confirms
that KMnO4/H2SO4 induces oxidation of Se−2 to Se0. The
XPS Zn2+ signal decreases in this sample, thus confirming
that changes in the valence state of Se are related to the
transformation of ZnSe into elemental Se and Zn soluble
species. Based on these results, the ZnSe etching in the etchant
could be summarized as the following equation:
8H2SO4 + 2KMnO4 + 5ZnSe = 5Se + 5ZnSO4 + 2MnSO4

+K2SO4 + 8H2O. (1)

To control the dimensions of microlens fabrication by fem-
tosecond laser assisted chemical etching, we investigated the
relationship between the diameter and height of the microlens
and etching time. As shown in Fig. 3(a), the laser power was
3mW, the diameter and sag height of the microlens increased
with the removal of laser-modified region and reached a max-
imum value when complete removal of the modified region
took place. Then, the microlens array was formed on the ZnSe
surface. The geometrical parameters that determine the focal
length (f) and numerical aperture (NA) of the microlens, can
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Fig. 3. Dependences of diameter and sag height (a) and the calculated focal
length (b) of microlens versus the etching time. The evolution of the diameter
and sag height (c) and the calculated focal length (d) of microlens versus the
laser power.

Fig. 4. Characterization of the concave microlens array on a ZnSe surface.
(a) The SEM image. (b) 3D profiles and (c) the cross-section of the microlens
array. (d) The measured profiles of the MLAs and the fit of the parabolic
profile.

be calculated by the following formulas [20]:

f = − 4h2 + D2

8h (n − 1)
N A = D

2 f
(2)

where h is the sag height, D is the diameter and n = 2.63 is
the refractive index of the ZnSe. The calculated focal length
of the microlens increased with the etching time, as shown in
Fig. 3(b). To study how the laser irradiation conditions affected
the dimensions of the microlenses, we fabricated microlenses
at different laser powers. The results are shown in Fig. 3(c)
and Fig. 3(d). The diameter and height of the microlens were
positively correlated with the laser power, and higher powers
yielded smaller focal length.

Fig. 4(a) and 4(b) show the SEM image of the fabricated
concave MLAs and the 3D morphology data which was
measured by a laser confocal scanning microscope (LCSM,
Olympus LEXT OLS400). The images show that the con-
cave microlens have a perfect surface quality and uniformity.
To demonstrate the uniformity of the fabricated microlenses,
different regions were measured and the data were treated with
statistical processing and analysis, shown in Fig. 4(c). Conse-
quently, the microlenses with the aperture diameter 29.5µm
and sag height 4.46µm were fabricated at a laser of 3mW,
etching time of 70min. The microlenses were arranged in a
periodic array with a fill factor close to 100%. The obtained
f and NA can be calculated as 16.33µm and 0.9, respectively.

Fig. 5. Transmission properties of the IR MLA.

Fig. 6. (a) Scheme of the imaging setup. (b) The infrared images of the
letter “F” with an infrared CCD. (c) The calculated MTF.

Moreover, to investigate the surface profile of the concave
microlens, we fitted its cross-sectional profile with conic
curves. Fig. 4(d) shows the cross-sectional profile of the
microlens (line) and the ideal parabola (dots). The theoret-
ical fitting results show that the root-mean-square deviation
between the measured cross-sectional profile and the ideal
parabola was less than 70nm. It is reasonable to identify the
cross-sectional profile as a parabola.

The transmittance of the IR MLA has been measured by
an UV-VIS-NIR spectrophotometer (Perkinelmer Lambda750)
and Fourier transform infrared spectrometer (Thermofisher
Nicolet iS10), as shown in Fig. 5. The transmission spectrum
shows relatively high transmittance in visible, the near infrared
and middle infrared region from 0.76µm∼22µm. Especially,
it shows remarkable transparency in the near infrared and
middle infrared windows, such as 1310nm for InGaAs semi-
conductor lasers, 1550 nm for Er+-doped fiber lasers, 3500nm
for Cr:CdSe lasers and 10600nm for CO2 lasers. This may
predict the potential application of the device in the near
infrared and middle infrared region.

To demonstrate the IR imaging performance of the MLA,
we used an IR microscopy system comprising an illumination
light (1500nm), an IR charge-coupled device (CCD) camera
(Raptor, OW1.7-CL-320), a 3D translation stage and an IR
objective lens (Nikon, Plan Apo NIR), as shown in Fig. 6(a).
In the measurement, a transparent film printed with the capital
letter “F” was positioned between the illumination light and
the MLA. An arrayed image of the mask was formed by the
MLA, and was magnified by an IR microscope object lens,
the infrared images of the letter “F” were obtained by the
infrared CCD camera, as shown in Fig. 6(b). The imaging
performance of the ZnSe MLA has also been evaluated by
a quantitative test of the MTF based on the measured point
spread function (PSF) [21]. We used the same setup as in
paper [11]. A microscope (Nikon ECLOPSE LV100ND) was
equipped with an IR optimized objective. A pinhole with diam-
eter of 100 um was placed at the object plane of the collimator
lens of Köhler illumination, and the IR MLA on the XY stage
was illuminated by the collimated IR beam. The imaginary
focal spot through the single microlens is sampled are received
by CCD [22]. Then, the MTF is achieved by Fourier transform
of the recorded PSF, as shown in Fig. 6(c). The modulations
of the microscope system and the imaging sensor have already
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Fig. 7. (a) The false bright image of the foci array captured with a CCD
sensor. (b) The normalized intensity distribution obtained along line ll’.

been corrected. Because the ZnSe material has relatively high
refractive index, thus the fabricated ZnSe microlens shows
high numerical aperture and spatial resolution. The measured
MTF indicated a practical spatial resolution of 700 lp/mm by
an empirical modulation contrast criterion of 0.2 [23]. The
high-performance imaging quality of the MLA demonstrated
the good surface smoothness and excellent uniform of the
microlenses. Meanwhile, it predicts a potential in ultra-high
resolution IR imaging with the proposed ZnSe MLA.

According to geometrical optics, a light beam will diverge
after propagating through a concave refractive microlens,
which does not have a real focal point in the light field. Even
so, a focal point can still be obtained by the setup [24], [25].
The MLA was mounted on a sample holder, and the broadband
light illuminated the sample from the backside. A micro-
scope objective lens (Nikon, NA = 0.8) was used to sam-
ple the virtual focal point of the light propagating through
the microlenses and CCD camera was used to capture the
microscopic images, shown in Fig. 7(a). The average focal
length f of the microlens was measured from ten microlenses
to be 16µm±3µm, which agrees with the calculated value.
To quantify the optical focusing, the cross-sectional intensity
distribution of the focusing spots was calculated along the line
ll’ and shown in Fig. 7(b). Due to the uniform size of the
fabricated microlenses, the light intensity distribution at the
focus of the array was identical for each lenslet.

IV. CONCLUSION

In summary, the femtosecond laser and chemical etching
have been successfully used for fabrication of the microlens
arrays (MLAs) on the ZnSe for IR optics application. The
related etching mechanism, like the optimized laser expo-
sure and etchant parameters, was established. In the etching
process, KMnO4 in H2SO4 is selected as an oxidizing route to
remove the modified region. The chemical reaction equation
is obtained by analyzing the types and valence changes of
elements during the chemical reaction. The diameter and the
height of the microlens as well as the focal length can be
adjusted by laser power and etching time. Based on this
method, uniform close-packed MLAs with minimized volume
and high transparency at wavelengths of 0.76∼22µm were
realized. The MLAs have relatively good topography and
surface quality. The MTF, imaging test and optical-focusing
test confirm its outstanding IR imaging. All the evidence
shows the fabricated IR MLA to be a competitive device for
IR imaging and IR sensing application.
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