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Abstract

A femtosecond laser serves as an excellent tool for efficiently fabricating large-area anti-
reflective microhole arrays on infrared windows. The impact of the arrangement of the
microholes during processing on final performance, however, remains unclear. Here,
microhole arrays were fabricated on MgF2 windows using a femtosecond laser. The optical
performance was analyzed by the finite-difference time-domain method, focusing on the
effects of in-plane arrangement deviation and double-sided alignment error. Simulation
results indicate that the arrangement variations alter the average transmittance by less
than 0.02%. Analysis via effective medium theory revealed that, within the target band,
the microstructure array collectively functions as a thin film with a gradient refractive
index. Its macroscopic properties show little sensitivity to minor misalignments at the
microscopic scale. As a proof of concept, a large-area (20 mm × 20 mm) double-sided
antireflection window was rapidly fabricated by employing a zigzag scanning strategy,
which achieved an average transmittance exceeding 97.5% and exhibited a high degree of
consistency between the simulated and experimental results. Upon final integration into
the infrared thermal imaging system, this window not only enhanced the richness of detail
in captured images but also improved target contrast.

Keywords: femtosecond laser; zigzag scanning; anti-reflective microhole; arrangement
deviation; optical performance

1. Introduction
Over long periods of evolution, numerous organisms have developed refined struc-

tural features [1]. Examples include plant stems and leaves [2], insect compound eyes [3],
reptile footpads [4], etc. These features support survival, foraging, and reproduction in
extreme environments. Recently, the exceptional visual capability of insect compound
eyes has drawn considerable research attention [5–9]. Studies show that the compound
eyes of moths, stink bugs, and dragonflies possess surfaces with micro–nano structural
arrays [10]. These arrays are crucial for achieving wide-angle, high-sensitivity vision [11].
Inspired by such biological microstructures, researchers have attempted to fabricate sub-
wavelength anti-reflection microstructure arrays on infrared window surfaces [12]. These
arrays establish a gradient refractive index at the surface, which significantly reduces Fres-
nel reflection loss [13]. The infrared window is a key optical component in thermal imaging
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systems [14]. Its main functions are transmitting infrared signals and protecting internal
detectors. Minimizing signal loss at the surface helps obtain clearer infrared images. These
subwavelength structures maintain material consistency with the substrate. They not only
improve infrared transmittance but also avoid the drawbacks of traditional anti-reflection
coatings, such as poor mechanical strength and thermal expansion [15]. Consequently, they
are particularly suitable for infrared imaging applications in complex environments [16].

Femtosecond laser processing, a maskless technique offering adjustable dimensions
and single-step fabrication, has emerged as a promising solution for creating large-area
microstructures [17–26]. For instance, Zhang et al. employed a point-by-point fs-laser strat-
egy to fabricate periodic microhole arrays with square and hexagonal lattices [27]. Tests
on a small area showed that this structure increased the transmittance of zinc sulfide from
73% to 82%. Practical applications, however, require millions to billions of microstructures
on a window surface, demanding much higher processing speeds. Systems combining
high-repetition-rate fs-lasers with precision three-axis motion platforms have proven ef-
fective for large-area fabrication [28]. Li et al. mounted a zinc sulfide window on such a
platform, using a laser scan at 10 mm/s to create microgrooves [29]. Two cross-hatched
zigzag scans then produced a microcone array across a 76.2 mm × 76.2 mm area. The
platform’s relatively low translation speed here limited processing efficiency. Employing
high-repetition-rate pulse bursts to form microholes in a single step can enhance efficiency.
Ding et al. used 20 kHz fs-laser pulse bursts with a 36 mm/s zigzag scan to fabricate ap-
proximately 7 billion microholes on both sides of a 100 mm diameter zinc sulfide window,
achieving a rate near 20,000 holes per second [30]. This method, however, results in varied
hole arrangements. Furthermore, the minute feature sizes make precise alignment between
double-sided microstructures difficult to guarantee [31,32]. Investigating the influence of
antireflective microstructure arrangement on transmittance, some studies have analyzed
samples fabricated by point-by-point engraving [27,33]. However, due to limitations in
processing efficiency, measurement inaccuracies, and manufacturing tolerances, accurately
determining the relationship between the arrangement of antireflective microholes and their
transmittance performance remains challenging. So far, systematic studies are lacking on
whether the inherent variations in microhole arrangement and unavoidable double-sided
alignment errors significantly degrade anti-reflective performance.

In this study, anti-reflective microhole arrays were fabricated on MgF2 windows using
a femtosecond laser zigzag scanning strategy. By integrating simulation and experimental
approaches, the influence of fabrication deviations on window transmittance was systemat-
ically quantified. The results show that these deviations cause fluctuations in the average
transmittance of less than 0.02%, demonstrating excellent performance robustness. Fur-
thermore, a double-sided anti-reflection window was successfully prepared, achieving an
average transmittance exceeding 97.5%. When integrated into an infrared thermal imaging
system, the window enhanced both the local entropy and contrast of the captured images,
thereby confirming its practical application value.

2. Simulation and Experiment
To investigate the influence of anti-reflection microstructure arrangement on opti-

cal performance, simulations of transmission spectra, reflection spectra, and energy flux
density distributions near the structures were conducted using the finite-difference time-
domain (FDTD) method [34]. The simulation model was constructed using the commercial
software Ansys Lumerical FDTD Solutions, version 2022 R2. The simulation setup, shown
in Figure 1a, primarily included boundary conditions, a light source, substrate material,
and monitors [35]. A perfectly matched layer (PML) boundary condition was applied in
the z-direction to eliminate reflections of plane waves at the computational boundaries [36].
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Periodic boundary conditions were used in the x- and y-directions, which allowed for mod-
eling the periodic arrangement of microstructures while effectively reducing computation
time. The excitation source was a plane wave (3–5 µm), the substrate material was an MgF2

window, and field distribution monitors were set to record the results. At three distinct
locations, field distribution monitors were placed to record the transmittance, reflectance,
and energy flux distribution, respectively (Figure 1a). The mesh accuracy was set to 20
nanometers, and the simulation time was uniformly set to 5000 fs to ensure the stability of
the transmission spectra, reflection spectra, and energy flux distribution results.

Figure 1. (a) Schematic of the FDTD modeling for the anti-reflective microstructure; (b) illustration of
the femtosecond laser processing system.

For the experiments, a processing system combining a high-repetition-rate femtosec-
ond laser and a precision three-axis motion platform was employed (Figure 1b). The
processed samples were double-sided polished MgF2 windows. The femtosecond laser
(HR-300-1, Ultron Photonics, Hangzhou, China) emitted pulses with a repetition rate of
10 kHz, a pulse width of 844 fs, and a wavelength of 1030 nm. The Gaussian beam emitted
by the laser has a diameter of 4 mm. To enhance the Rayleigh length of the laser focus
for fabricating large-area microholes with high consistency, the Gaussian beam from the
femtosecond laser was transformed into a Bessel beam using an axicon with a cone angle
of 175◦, and a convex lens (150 mm focal length) was employed to compress the Bessel
beam diameter to match the entrance pupil size of the objective lens. The laser beam was
focused to the required size using a 40× objective lens with a numerical aperture of 0.6. The
platform performed a zigzag scan at a speed of 20 mm/s and a period of 2 µm, enabling the
efficient fabrication of large-area anti-reflection microhole arrays (using a single pulse). The
morphology and three-dimensional profiles of the microholes were characterized using
field emission scanning electron microscopy (SEM, JSM-7900F, JEOL, Tokyo, Japan) and
atomic force microscopy (AFM, Dimension Icon, Bruker, Karlsruhe, Germany), respectively.
Microhole diameter and depth data were extracted from cross-sectional profile images
using ImageJ software, version 1.52. Each set of parameters was measured 10 times, and
the results are expressed as mean ± standard deviation. Transmittance was tested using a
Fourier transform infrared spectrometer (IS50, Thermo Fisher, Waltham, MA, USA). The
measurements were conducted in transmission mode with the following parameters, a
spectral resolution of 4 cm−1 over the wavenumber range of 4000–400 cm−1, and 32 scans
were accumulated and averaged for both the background (open beam) and the sample to
ensure a high signal-to-noise ratio. The incident beam spot size on the sample was approxi-
mately 10 mm in diameter. The transmittance spectrum was automatically calculated by
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the instrument’s software (OMNIC, Thermo Scientific, USA), version 9.2. Infrared imag-
ing performance was evaluated with an infrared thermal imager (ImageIR 8300, InfraTec
GmbH, Dresden, Germany).

3. Results and Discussion
Figure 2a presents two typical microstructures fabricated by a femtosecond laser. The

microcones were produced through two overlapping zigzag scans. This process requires
a lower scanning speed to ensure sufficient overlap between the laser-affected zones of
adjacent pulses [37]. In contrast, microholes are created with just a single zigzag scan, which
permits a higher processing speed [38–42]. This characteristic gives microhole fabrication
a distinct efficiency advantage for producing large-area anti-reflective surfaces. The anti-
reflective microhole array obtained via the zigzag scanning method is shown in Figure 2b.
Here, the laser operated at a fixed repetition rate of 10 kHz, while the three-axis platform
moved at 20 mm/s with a 2 µm interval. This setup resulted in a periodic 2 µm spacing
for the microholes, both along the scanning direction and between rows. It is important to
note that the abrupt deceleration and acceleration of the scanning path at its ends can lead
to variations in the microhole arrangement. These include square, hexagonal, and other
irregular lattice patterns, as illustrated in Figure 2c.

Figure 2. (a) Morphologies of two typical microstructures fabricated by femtosecond laser; (b) anti-
reflective microhole array processed under a zigzag scanning path; and (c) observed square, hexago-
nal, and other irregular arrangements within the microhole array.

To investigate how the arrangement of microholes affects anti-reflective performance,
we developed a series of FDTD simulation models representing different offset conditions.
The deviation between the centers of microholes in adjacent rows was defined as δ, as
illustrated in Figure 3a. A δ value of 0 µm corresponds to a square lattice arrangement,
while δ = 1 µm results in a hexagonal lattice. Figure 3b shows that under different δ

values, the transmission and reflection spectra of the microhole array in the 3–5 µm band
are nearly identical. Calculating the average transmittance across this band reveals that
variations caused by different offsets are below 0.02% (Figure 3c). This indicates that the
specific arrangement has a negligible impact on anti-reflective performance. This observed
robustness can be explained by the effective medium theory [34]. Given a structural period
of 2 µm, the microstructure array effectively functions as a homogeneous layer with a
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gradient refractive index for the 3–5 µm infrared band (Figure 4a). Simulations of the energy
flux density distribution confirm a localized field enhancement within the microstructure
region [43], which aids in improving light transmission efficiency (Figure 4b). Furthermore,
the modulated beam maintains its original propagation direction (Figure 4c). Consequently,
variations in arrangement do not alter the fundamental nature of the structure as a gradient-
index layer [44,45]. From a microscopic perspective, whether the columns of microholes
are perfectly aligned has little effect on the macroscopic optical behavior. As long as
each row maintains a periodic arrangement, the structure achieves the desired equivalent
gradient-index effect.

Figure 3. (a) Schematic of the center deviation δ between microholes in adjacent rows; (b) transmission
and reflection spectra of the microhole array in the 3–5 µm band under different δ conditions; and
(c) statistical averages of transmittance and reflectance under the corresponding conditions.

Figure 4. (a) Schematic illustrating the equivalence of the anti-reflective microstructure array to a
gradient-index medium layer; (b,c) simulation results of the energy flux density distribution and
beam propagation on window surfaces without and with the microstructure.
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To further reduce the reflection loss of infrared signals at both the front and rear
surfaces, anti-reflective microhole arrays need to be fabricated on both sides of the optical
window [30]. However, with a microhole period of only 2 µm, achieving precise alignment
for the second side after processing the first is challenging. To address this, we established
a simulation model for the double-sided microstructure, defining the deviation between
the centers of the inner and outer microholes as ∆ (Figure 5a). Figure 5b compares the
simulated transmission spectra of single-sided and double-sided microstructures. The
double-sided structure suppresses reflection from both surfaces simultaneously, leading
to a further increase in transmittance. Within the 3–5 µm band, the transmission and
reflection spectra under different ∆ conditions, along with their statistical averages, are
essentially consistent. The maximum discrepancy does not exceed 0.02%, indicating that the
alignment deviation between the two sides has no significant impact on the anti-reflective
performance (Figure 5c,d). This phenomenon is similar to the case of in-plane arrangement
deviation δ. In the macroscopic effective model, the microstructure array is treated as a
continuous medium layer. Therefore, alignment errors at the microscopic scale do not
alter its gradient refractive index characteristic. The highly consistent energy flux density
distributions of the double-sided structure under different ∆ conditions, shown in Figure 6,
confirm this conclusion.

Figure 5. (a) Schematic of the center position deviation ∆ for double-sided microholes; (b) simulated
transmission spectra for single-sided and double-sided anti-reflective structures; and (c,d) simulated
results of average transmittance and reflectance in the 3–5 µm band under different ∆ conditions.
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Figure 6. Energy flux density distributions of the double-sided anti-reflective microhole array with ∆
values of 0, 0.5, and 1.0 µm.

To validate the method, a large-area anti-reflective microhole array measuring
20 mm × 20 mm was fabricated using zigzag scanning with a pulse energy of 56µJ (Figure 7a).
The AFM three-dimensional topography and cross-sectional profile reveal microholes with
a diameter of approximately 1.51 ± 0.11 µm and a depth of about 0.43 ± 0.05 µm (Fig-
ure 7b). Fourier transform infrared spectroscopy tests demonstrate that the MgF2 window
with double-sided microstructures achieves an average transmittance exceeding 97.5%
in the mid-wave infrared (3–5 µm) band (Figure 7c). The simulated transmittance under
different ∆ conditions is shown in Figure 7d,e. It should be noted that the simulated
transmittance spectrum exhibits a periodic, cosine-like oscillatory curve. This is due to
the oscillation of the incident light between the upper and lower surfaces of the window
medium in the simulation [27,35]. Nevertheless, this oscillation does not affect the overall
trend of the transmittance. The increase in its average value reflects the antireflection
performance of the microhole array. A comparison between the oscillatory curve and
the experimental results reveals close alignment of its median with the measured data,
confirming the reliability of the simulation model.

The infrared window is typically positioned at the front end of a thermal imager [16,46,47].
Its role is to receive infrared signals while protecting the internal optical system. After
passing through the window, infrared light is converted into an image by the detector
(Figure 8a). The strength of this signal directly affects final image quality [48]. For a
comparative imaging test, a standard MgF2 window and the anti-reflective MgF2 window
were mounted separately on the same infrared thermal imager (Figure 8b). Analysis of two
key image features—local entropy and contrast—revealed clear improvements [49]. The
images obtained with the anti-reflective window showed an increase in local entropy from
5.43 to 5.52 bit and in contrast from 32.28 to 32.74 a.u. (Figure 8c). Local entropy quantifies
the richness of detail within local image regions, while contrast characterizes the distinction
between the target and its background. The enhancement of both metrics demonstrates that
the anti-reflective window effectively improves the detection performance of the infrared
thermal imaging system.
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Figure 7. (a) Photographs of a standard MgF2 window and an anti-reflective MgF2 window; (b) AFM
three-dimensional morphology and cross-sectional profile of the anti-reflective microhole array;
(c) measured transmittance results for the two types of windows; and (d,e) simulated transmittance
spectrum and average transmittance in the 3–5 µm band under different ∆ conditions, based on the
fabricated microhole parameters.

Figure 8. (a) Schematic of the infrared thermal imaging system; (b) infrared images captured with
the MgF2 window and anti-reflective MgF2 window installed; and (c) comparison of the two sets of
images in terms of local entropy and contrast metrics.
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4. Conclusions
This study combined simulation and experiment to analyze the influence of arrange-

ment on the optical performance of large-area anti-reflective microhole arrays fabricated
by a femtosecond laser. The findings demonstrate that for infrared light in the 3–5 µm
band with a microhole period of 2 µm, variations in average window transmittance remain
below 0.02%. This holds true for both in-plane arrangement deviations and double-sided
alignment errors. The fundamental reason is that across this band, the microstructure
array can be regarded as an equivalent layer with a gradient refractive index. Minor differ-
ences in microscopic arrangement are insufficient to alter this macroscopic optical property.
Guided by this understanding, a high-repetition-rate femtosecond laser employing a zigzag
scanning strategy was used to successfully fabricate a large-area (20 mm × 20 mm) double-
sided microhole array on an MgF2 window. This process elevated the average mid-wave
infrared transmittance to over 97.5%. The average transmittance values from the simulation
and experimental results closely match. Imaging tests confirmed that windows prepared
with this method yield infrared images with richer detail and clearer contrast. This work
explains the mechanism behind the stable performance of large-area anti-reflective mi-
crostructures and provides a practical solution for the rapid fabrication of high-performance
infrared windows.
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