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Fig. 1 Different femtosecond laser processing techniques.

femtosecond laser processing™”;

(c) femtosecond laser interference processing"”

(b) etch-assisted

; (d) optical field modulated femtosecond laser

processing””
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Table 1 Commonly used hard and brittle materials in field of

infrared radiation and applicable bands"**"”

Material Applicable band /pm Ref.
. 1.2-2.2
Diamond 6.0-17.8 [29]
Sapphire 3-5 [28]
Ge 2-17 [29]
Si 1.5-10.0 [29]
7nS 1.1-14.0 [29]
ZnSe 1.2-14.0 [29]
Chalcogenide glass 2-18 [30]
SiC 1.1-5.6 [29]
GaAs 1.1-15.0 [29]
CdTe 2-18 [29]
CdSe 1.2-18.0 [29]
LiNbO, 317 [29]
KBr 1.2-17.8 [29]
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Fig. 2 Silicon microlens arrays and integrated preparation of microlenses on silicon cantilever beams"™".

' (a) Densely stacked concave

lens arrays; (b) 3D images obtained by laser scanning confocal microscope (LSCM); (¢) cantilever beam; (d) microvia cantilever

beam; (e) microlens cantilever beam; (f) microvia array prepared on silicon wafer; concave microlens arrays (g) before and

(h) after etching
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Fig. 3 Fabrication of Fresnel lens inside sulfur-based glass””. (a) Phase distributions at center wavelength of 550 nm; (b) microscope

photograph of prepared Fresnel lens; (c) first-order microscope field diaphragm of Fresnel lens
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Fig. 4 Three-dimensional fabrication of Fresnel lens on silicon surface™. (a) Scanning electron microscope (SEM) image before

etching for 6 min; (b) SEM image after etching for 6 min; (¢c) 3D morphology and (d) cross-section profile characterized by

LL.SCM; demonstrations of (e) focusing and (f) imaging
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Fig.5 Laser-induced nanograting structure with reduced reflection”. (a) SEM image of femtosecond laser-induced periodic surface

structure on silicon; (b)-(d) silicon sample exhibits various shades of dark colors at different viewing angles
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Fig. 6 Diamond sub-wavelength anti-reflective structure™” . (a) SEM image of laser-induced formation of subwavelength structure on

diamond surface; (b) detail at higher magnification; reflection and absorption spectra of diamond samples in wavelength range of

300-2500 nm (c) before and (d) after femtosecond laser treatment
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Fig. 7 Hypersurface structure

% (a) Experimental setup of femtosecond laser interference; (b) SEM image of 20 pmX 20 pm area

composed of Si-based Mie resonator with scale of 1 pm
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Fig. 8 Fabrication of microlens array on silicon surface by femtosecond laser composite processing technique'”. (a) SEM image of

uniform microlens arrays; (b) 3D morphology analysis; (¢) imaging device; (d) demonstration of microlens array imaging effect
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Fig. 9 Sapphire transcribed K9 glass large field-of-view infrared artificial compound eye"”. (a) Production diagram of fabrication of

sapphire concave compound eye template and K9 glass compound eye; (b) photo image of K9 glass compound eye with 5 mm
scale bar; (¢) SEM image with 100 um scale bar; (d) amplified SEM image and local-amplified SEM image of K9 glass compound

eye shown in inset with 100 um and 20 pm scale bars, respectively; (e) 3D drawing of K9 glass compound eye; (f) cross-

section profile of K9 glass compound eye; (g) diameter and height uniformity of ommatidia from center to edge of macrolens
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Fig. 10

Femtosecond laser direct writing of phosphorus-doped black silicon”. SEM images (titled 45°) of phosphorus-doped black

silicon fabricated at laser fluences of (a) 0.28 J/cm®, (b) 0.56 J/cm?®, (c) 0.84 J/cm®, and (d) 1.12 J/cm’; (e) absorptance of

crystalline silicon substrate and samples before (solid lines) and after annealing (dash dot lines); (f) Hall-effect measurement for

sheet carrier concentration and mobility of phosphorus-doped silicon at different laser energy densities; (g) Hall-effect

measurement for sheet carrier concentration and mobility of phosphorus-doped silicon at different annealing temperatures
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Fig. 11 Infrared absorbing metasurface prepared by femtosecond laser direct writing technique™”. (a) Geometry and parameters of low-
reflectance helix-based perfect absorption structure for IR spectral range; (b) simulated optical spectra of perfect absorption
structure; (c) geometry and parameters of realistic perfect absorption structure obtained via femtosecond laser direct writing and
metalization, with shape of single helix fabricated by femtosecond direct laser writing technique shown in inset; (d) absorbance
spectra and simulated absorption spectra of single helix fabricated by femtosecond laser direct writing technique; (e) fabrication
of dielectric template using laser direct writing lithography; (f) metalization of samples by gold sputtering using stage tilted at

45° angle; (g)(h) detailed views of metal helix; (i) experimental absorbance spectra of perfect absorption structure
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Fig. 12 Sapphire mid-infrared bionic compound eye with increased permeability structure””. (a) Photograph of moth compound eye;
(b) LSCM image of moth eye; (¢) SEM image of moth eye and high-resolution SEM image of microstructure on moth eye

surface shown in inset; (d) schematic of fabrication process of anti-reflective sapphire surface with sub-wavelength
microstructure; (e)—(g) SEM images of sub-wavelength structures on sapphire; (h) experimentally measured transmittance of

sapphire with smooth surface, single-sided antireflective structure, and double-sided antireflective structure; (i) transmittance

versus angle of incidence for attenuated reflection structure at wavelength of 4 um
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Fig. 13

Fabrication of permeation-enhancing microstructures on magnesium fluoride surfaces by femtosecond laser processing

technique"™. (a) 3D image of LSCM for large-area manufactured truncated cone array; (b)—(d) SEM images of large-area

manufactured truncated cone array; statistical values of (e) widths and (f) heights of truncated cone arrays; (g) transmittance test

results of treated MgF, and untreated MgF,; (h) comparison of research results on anti-reflective surface microstructures;

(1)(j) transmittance of treated MgF, at different incidence angles
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Fig.14 SEM images of permeation-enhancing microstructure and sub-wavelength antireflection microstructure prepared by

femtosecond laser direct writing on zinc selenide surface”™. (a) Pyramid-square; (b) pyramid-hexagon; (c) cone-square; (d) cone-

hexagon; (e) measured transmittance of fabricated sub-wavelength structure on ZnSe using Fourier transform infrared

spectrometer
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Fig. 15 Fabrication of high reflection fiber Bragg grating with indium fluoride glass core by femtosecond laser processing"’.

(a) Schematic; (b) transmission spectra of grating before and after annealing at 150 °C
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Abstract

Significance

Infrared light, which is also known as infrared radiation, is located between the visible and microwave bands, with a

wavelength range of 0.76-1000.00 pm. Unlike visible light, which can be directly perceived by the human eye, infrared radiation is

located outside the range of human visual perception, with a wavelength range that is approximately 2500 times wider than that of

visible light. The special physical properties of infrared radiation give it a wide range of applications in the aviation, aerospace,

0402405-17



= HEMNE -HEER E51% 5 451/2024 &£ 2 B/ EHN

biomedical, industrial, military, and scientific research fields, along with others. The infrared-radiation propagation process includes
strong absorption and scattering, along with a wide range of wavelengths. General optical devices cannot detect and utilize infrared
radiation, and there are different application requirements for different infrared wavelengths. It is also necessary to choose appropriate
infrared materials when preparing infrared optical devices. With the development of theoretical research, and science and technology,
future opto-mechanical systems need to integrate as many functions as possible in as small a range as possible, which leads to new
requirements for the miniaturization and integration of micro-optical components. Compared with traditional infrared optical devices,
infrared micro-optical devices have advantages that include a small size, light weight, good stability, flexible manufacturing methods,
low cost, and easy integration. Therefore, they have very bright application prospects in fields that include infrared sensing and
imaging, infrared detectors, and infrared window penetration enhancement. At the same time, hard and brittle materials can
withstand high temperature and high pressure in various extreme environments because of their good optical properties and
physicochemical stability, and have irreplaceable roles in certain demanding military fields. However, their excellent physicochemical
stability also produces greater challenges when preparing infrared micro-optical devices made of various hard and brittle materials.

In response to this demand, various high-precision preparation methods have been proposed, such as diamond turning,
photolithography, and nanoimprinting. All of these methods have their own advantages, but they are not well suited for the
preparation of complex three-dimensional micro-optical devices on the surfaces of hard and brittle materials. Femtosecond-laser
processing is also an emerging high-precision micro-nano manufacturing technology. Because of the extremely short pulse width and
high peak power of a femtosecond laser, high-precision true three-dimensional micro-nano structures can be prepared on the surfaces
of various hard and brittle materials, as well as inside of them, which leads to a new method for solving the problem of preparing
infrared micro-optical devices using hard and brittle materials. Femtosecond-laser processing technology has been rapidly developing
in recent years, and new femtosecond-laser composite processing technologies have also been continuously derived. Therefore, this
paper summarizes the preparation and application of infrared micro-optical devices using hard and brittle materials based on
femtosecond-laser processing in recent years, with the goal of promoting the development and application of the technology in this

field.

Progress Starting with femtosecond-laser processing technology and commonly used hard and brittle infrared materials, this paper
surveys the developments in this field in recent years. First, femtosecond-laser-based direct writing and various composite processing
techniques such as etch-assisted femtosecond-laser processing and optical-field-modulated femtosecond-laser processing are briefly
introduced. Next, some hard and brittle materials commonly used in the infrared region are introduced, such as diamond, which has
the best overall performance but is also the most difficult to process with high precision, and sapphire, which is widely used in a
variety of infrared window devices and has extreme hardness, excellent physicochemical stability, etc. (Table 1). Next, the paper
focuses on infrared micro-optical devices such as refractive and diffractive devices. These infrared micro-optical components, as the
basic units of an infrared integrated optical system, are characterized by a small size, light weight, and low cost. They can realize new
functions such as miniaturization, arrays, and integration, which are difficult to realize with common optical components, and have
very important application value in the infrared imaging, detection, national defense, and civil fields. Finally, the paper introduces
related applications based on various types of infrared micro-optical devices, which are categorized according to their different
application requirements. These mainly include sensing and imaging applications based on various kinds of lenses and their array
structures, various kinds of infrared detectors based on the absorption of infrared light, and various kinds of window materials based
on the enhancement of infrared-light permeability. Finally, the future development trend for the femtosecond-laser processing of

infrared micro-optical devices using hard and brittle materials is envisioned.

Conclusions and Prospects The rapid development of femtosecond-laser processing technology for the high-precision
preparation of infrared micro-optical devices using hard and brittle materials leads to new ideas. Scholars at home and abroad also
perform much research in this field, from the principle to the application. This leads to many achievements and greatly promotes the
development of this field. Of course, at present, there are still some problems in the preparation of infrared micro-optical devices
using femtosecond-laser processing. For example, because of the unique stability of the diamond material, it is difficult to process
with high precision and high efficiency. In addition, there is still much room for improvement in the high-precision preparation
technology used for other hard and brittle infrared materials. It is believed that through the efforts of so many researchers, the use of
femtosecond-laser processing technology in the preparation of micro-optical devices using hard and brittle infrared materials will

gradually improve and will bring extensive social and economic benefits.

Key words laser technique; femtosecond laser; hard and brittle materials; infrared micro-optical devices; infrared micro-optical
applications
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