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Abstract

:

The rapid expansion of femtosecond (fs) laser technology brought previously unavailable capabilities to laser material processing. One of the areas which benefited the most due to these advances was the 3D processing of transparent dielectrics, namely glasses and crystals. This review is dedicated to overviewing the significant advances in the field. First, the underlying physical mechanism of material interaction with ultrashort pulses is discussed, highlighting how it can be exploited for volumetric, high-precision 3D processing. Next, three distinct transparent material modification types are introduced, fundamental differences between them are explained, possible applications are highlighted. It is shown that, due to the flexibility of fs pulse fabrication, an array of structures can be produced, starting with nanophotonic elements like integrated waveguides and photonic crystals, ending with a cm-scale microfluidic system with micro-precision integrated elements. Possible limitations to each processing regime as well as how these could be overcome are discussed. Further directions for the field development are highlighted, taking into account how it could synergize with other fs-laser-based manufacturing techniques.
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1. Introduction


Glass and related transparent dielectrics play an important role in huge variety of applications. Through the millennia it found its way into all aspects of life, starting from construction engineering and building expanding to nanotechnology and space exploration. Glass owns its applicability to a combination of superb properties, such as being mechanically robust, transparent to the visible part of the electromagnetic spectrum, chemically inert in organic solvents and biocompatible. While glasses are not as diverse as metals [1,2] or polymers [3,4], they also can be modified in various ways [5,6,7,8] expanding their applicability. Nevertheless, ways to process glass are surprisingly limited, mostly relying on various kinds of casting [9,10] or mechanical cutting [11,12]. Due to the rapid development of science and technology, the need for more advanced and, most importantly, precise and flexible ways to produce glass structures arose. To accommodate the needs for nanotechnology various chemical deposition [13,14] or wet etching [15,16] techniques were employed. At the same time, direct [17,18] and indirect [19,20] additive 3D manufacturing of glass was demonstrated. However, in all of the highlighted processes, severe drawbacks and compromises are limiting their applicability. A more diverse and flexible approach is highly sought after.



One of the premier candidates for the best possible blend between free-form fabrication capability, flexibility, and throughput is the usage of femtosecond (fs) laser [21]. Indeed, it was already employed in a huge variety of fields [22]. The primary advantage of using ultrashort pulses is the possibility to control the thermal aspects of the light-matter interaction [23,24,25]. Furthermore, interaction can be nonlinear, meaning that materials transparent to the incident wavelength can be processed [26]. Combined, these two aspects make fs pulses extremely attractive for glass processing. Thus, this review is dedicated to highlighting how fs pulses can be employed for free-form 3D microstructuring of glass. Dielectric crystals will also be mentioned where relevant, as a lot of glass-related processing techniques can be applied for them as well. First, the physical phenomena of ultrafast light-matter interaction will be discussed, explaining how it can be tuned and localized. Then, various processing techniques based on these interactions will be explained. These include waveguide and other photonic element inscribing, zone plates, selective glass etching (SLE), and ablation. Primary attention will be given to real-life applications of shown techniques as well as connections with other manufacturing methodologies. Combined, this will provide a comprehensive outlook to the current progress of fs glass fabrication and highlight the directions where the field is headed.




2. Ultrafast Radiation and Material Interaction


2.1. The Nature of Nonlinear Radiation and Material Interaction


To give a proper background to the technologies that will be discussed further in the review, we will begin by explaining the nature of ultrafast light and material interaction. When the material is processed by using fs pulses radiation the material is affected by very high peak intensity I (more than GW/cm2). As I is the ratio between the laser power P and focused spot size with a radius of ω0, the two main ways to raise it are an increase in P or focus a laser beam to smaller spot size. The first requirement is fulfilled by high peak power (PP) of fs pulses (∼GW), while small spot sizes are achieved by sharp focusing—high numerical aperture (NA > 0.2) objectives or lenses. Material response to high I is nonlinear and conceptually is different from the material response to low-intensity radiation which is generated by non-coherent light sources. When radiation travels through dielectric material it polarizes material. When radiation intensity is not high enough material polarization linearly depends on radiation electric field E (1). Keeping in mind that I∼|E2|, when radiation creates an electric field which is stronger than 107 V/m, material polarization dependency on the electric field becomes nonlinear (2).


  P  ( t )  =  ϵ 0   χ  ( 1 )   E  ( t )  ,  



(1)






  P  ( t )  =  ε 0   χ  ( 1 )   E  ( t )  +  ε 0   χ  ( 2 )    E  ( 2 )    ( t )  +  ε 0   χ  ( 3 )    E  ( 3 )    ( t )  + … ,  



(2)




here ε0 is vacuum dielectric permeability,   χ  ( 1 )    is linear optical sensitivity,   χ  ( 2 )   —second order nonlinear optical sensitivity,   χ  ( 3 )   —third order nonlinear optical sensitivity.



Different member in nonlinear polarization equation decides different phenomenon observed in material. It also might exclude some materials from certain interaction regimes. For instance, effects that are decided by square nonlinear sensitivity, like sum and difference frequency generation, are observed only in non-central symmetrical crystals. Meanwhile, cubic nonlinear sensitivity affected phenomena are observed in all-dielectric materials. These effects are multi-photon absorption, tunneling ionization and other radiation self-interaction, such as light thread formation. It is important to note that various nonlinear light-interaction regimes can be induced simultaneously, leading to a quite complex picture of the process. Thus, when processing non-central symmetric materials a second-order interaction have to be taken into account, or how the Kerr effect might change propagation conditions when high I is present [27].




2.2. Nonlinear Effects


As it was mentioned before when the material is affected by high-intensity radiation various nonlinear light and material interaction effect appears which are governed by different order nonlinear sensitivity. One of these effects is multiphoton absorption. Multiphoton absorption is simultaneous two or more photons absorption through virtual levels from the ground to an excited state. Two-photon absorption is decided by second-order nonlinear optical sensitivity. Meanwhile, three-photon absorption is decided by third-order nonlinear optical sensitivity. Hence, higher-order multiphoton absorption is decided by higher-order nonlinear optical sensitivity respectively. Most of the time in nonlinear optics multiphoton optics is a negative effect that distorts radiation. However multiphoton absorption can be used for positive practical applications such as multiphoton spectroscopy, microscopy, and transparent material laser processing.



In simplified terms, to induce a change in the dielectric material the electrons have to be excited from the valance band to the conductive band. Numerous processes might induce it. The most important and the most prevailing nonlinear effects when a material is illuminated with high I fs radiation are multiphoton ionization, tunneling ionization, and avalanche ionization. Multiphoton ionization is a process when an electron absorbs several photons simultaneously and is excited via virtual levels. The principal scheme of this process is shown in Figure 1b. Another nonlinear effect is tunneling ionization. Intense laser radiation can distort the potential barrier which holds electrons to material atoms. Because of the potential barrier decrease possibility of electron tunneling increases and in this way more and more electrons are excited to the conduction band. This process is depicted in Figure 1c.



Which process (multi-photon ionization or tunneling ionization) is going to dominate depends on laser ω and I. This dependency is described by Keldish parameter [28] which can be expressed as [29]:


  γ =  ω e      m e  Δ E  ε 0   I   ,  



(3)




here e—electron charge, m—electron mass, c—speed of light, n—linear refraction index, I—laser intensity, ϵ0—vacuum dielectric penetration, ΔE—reserve strip spacing.



When γ is more than 1.5, multi-photon ionization will dominate, when γ is less than 1.5, tunneling ionization will dominate. Meanwhile, when the Keldish parameter is close to 1.5, transitional regime ionization occurs. In this case, multi-photon and tunneling ionization have approximately the same influence on material ionization. To sum up, tunneling ionization prevails in high I and low ω regimes. In contrast, multi-photon ionization dominates in high I and high ω cases. In laser metrical processing to reach the desired effect, it is necessary to control which effect will dominate. Fortunately, modern amplified fs-laser systems can be easily tuned to cover all the processing regimes.



Another important process that appears because of nonlinear radiation and material interaction is avalanche ionization. The principal scheme of this process is shown in Figure 1d. When radiation interacts with material electrons are released from material atoms. Continuously, irradiating material by intense electric field-free electrons is accelerated and their energy can be enough to release other electrons from neighboring atoms. In this way more and more electrons are released. Finally, the critical density of electrons in a material is reached and the material can be modified [27]. For this process to appear sufficient amount of seed electrons is required. At the same time, to achieve sufficiently high electron densities using avalanche the time for the process to appear have to be sufficiently long (>100 fs). Therefore, this process is more common when longer amplified pulses are used. Also, care should be taken, because if the process is too strong it can become uncontrollable, worsening structuring quality. Thus, care should be taken if this process is present during DLW.




2.3. Thermal Effects


When a material is processed with relatively long laser pulses (>10 ps) thermal effects can be observed in the material. It is the result of heat dissipation from the laser affected area which occurs while a long laser pulse is still interacting with the material in the focal point. This process takes its place around 1 ns after radiation absorption [30] and usually reduces material processing quality. When quantifying thermal effect the term Laser Affected Zone (LAZ) is introduced. It encompasses all the volume affected by the heat generated by a laser, even if it is outside of the focal point [31].



Usage of an ultrafast laser can allow control and if needed greatly reduce thermal effects caused by the light-matter interaction. Looking from the temporal perspective, interactions needed for processing occur rather fast. For instance, material ionization occurs after ∼1 ps, followed by ablation and removal after ∼100 ps [30]. Therefore, if no additional energy is introduced while subsequent thermal effects take place it can be greatly reduced. As a result in the fs pulses, the case material does not suffer from substantial thermal effects. In this way, LAZ is minimized. That is why femtosecond material laser processing sometimes is called cold material processing. Nevertheless, it is important to note that alongside pulse duration pulse repetition rate also plays important role in the thermal aspect of processing. If several pulses reach the affected zone before initial heat dissipation takes place, even fs pulses can induce material melting and noticeable LAZ. Another important factor for thermal accumulation process is the deposited energy. By maintaining the same pulse duration and pulse repetition rate and at the same time by increasing energy of each pulse the sample is affected by greater radiation dose. If the energy does not have enough time to be relaxed out of sample by increasing pulse energy we obtain higher thermal effects. Higher pulse energy shows greater affected volume around the laser focus [31] that means stronger thermal effects. While in some cases this might be detrimental, it can also be useful in some applications like laser welding. This distinction will be made through the article where it applies.



These thermal effects are especially important for glass processing. Glass is a quite fragile material that can be easily broken by treating it with stresses [32] or temperature caused volume tensions [33]. By processing glass with longer pulses or even CW laser it is very hard to avoid cracking of glass [34]. However, short pulses lasers development allows minimizing thermal effects by using shorter pulse duration [35] and process material locally without affecting surrounding volume.





3. Peculiarities of Glass Processing Using Fs Radiation


Light-based glass processing is not a straightforward process. Most glasses (with some exceptions like chalcogenide glasses) are transparent materials for near-UV, visible and near-IR radiation, meaning that linear interaction with such photons is negligible. As a result, one way to induce a modification in glasses is by choosing a wavelength that can be absorbed by a particular glass. Some works use such interaction for glass surface structuring based on linear glass absorption [36,37]. Such direct removal of the material by laser beam This is called laser ablation. Nevertheless, 3D processing in such cases is greatly limited due to direct absorption being a surface-bound process limiting its use for 3D structuring.



Alternatively, intense and focused radiation can be used. Then interaction becomes nonlinear, resulting in melting and removal of the focal volume. For this reason, most laser-based glass 3D processing techniques are based on such processes. As we already have discussed, when radiation I is high enough (GW/cm2–PW/cm2) multiple photons (in most cases two) can be absorbed simultaneously during multi-photon ionisation [27]. Because high enough I for this interaction can only be reached by focused laser light, this creates inherent localization of the process. The scheme of this idea is shown in Figure 2. Keeping in mind, that in most cases NA in the range from 0.01 to 1.4 is used, the volume in which the modification is induced can range from a hundred nm to hundreds on µm in a transverse direction and from a few µm to several mm in a longitudinal direction. The elongated modification is an inherent feature of Gaussian beam normally used for such processing [38] while other types of voxel shapes being possible with beam structuring. Due to the nonlinear nature of these interactions sub-diffraction limited features are also possible, both directly and indirectly. Regardless, localization and selectivity of the process in the volume of glass is a critical component why fs laser is the primary tool for high precision 3D fabrication. Keeping in mind that laser can be used in a multitude of ways and not only for glass processing any laser-based fabrication process can be called direct laser writing DLW [39].



Light-glass interactions used in DLW can induce different types of modifications. These depend on laser parameters such as radiation intensity, repetition rate, pulse duration, or wavelength to name a few [40]. Of course, induced modifications depend on the material itself [40,41]. Formally, in literature, it is possible to find 3 primary stable modification types that can be induced in the glass. Nevertheless, some exceptions apply at specific cases. For instance, silver clusters can be formed in silver containing glasses, resulting in type Argentum (or type A) modification [42]. However, in this review we will concentrate at the 3 primary modification types referring to any exceptions when it applies.



Type I modification is smooth material refraction index change. The change depends on various laser parameters and on the material itself. In a standard case, it is considered that such variation is mainly decided by pulse energy. An example photo of this modification can be seen in Figure 3b,c [40]. In the standard glass, the amplitude of change is in the order of 10−3.



Type II of modification is periodical nanogratings in the glass. From optical standpoint, alongside changing just refractive index of the material, it also introduced birefringance. An example of nanogratings is shown in Figure 4. One of the key properties of this interaction is the tendency of nanogratings to be strongly influenced by the polarization of the incident beam. Nanograting ripple direction is perpendicular to polarization [41,43]. Moreover, the exact shape and properties of nanograting depend on other parameters as well. For instance, pulse repetition rate plays quite an important role, as it denotes the thermal aspect of the interaction [44]. The size of the ripples themselves is sub-diffraction, that is, in the range of tens of nm.



Type III modification denotes the formation of nano/micro-voids. When radiation intensity exceeds a particular value higher than needed for type II modification, micro-explosion in the volume of glass occurs and forms micro-cavities. This phenomenon is demonstrated in various works [45,46]. It is the most violent form of processing with an fs laser, leading to a relatively large modification area with several phase-change along the modified area. Particular radiation intensities to induce these types of modifications depend on the materials themselves.




4. Fabrication of Functional 3d Structures


There are many laser glass processing techniques based on nonlinear light-matter interactions, and by inducing different types of modification it is possible to change the method by which we perform the processing of glass. Type I modification can be used for for smooth laser refractive index modification [40] and waveguides formation in glass [47,48], type II can be used for Q-plate manufacturing, while post-processing etching step of modification is necessary for selective laser etching (SLE) [49]. Meanwhile, type III modification is used for laser ablation [35] and welding [50]. These techniques have different natures and provide various possibilities of glass modification. We will describe various laser material modification techniques in more detail later.



4.1. Photonic Element Manufacturing


In a broad sense, the term photonics is used to encompass all advanced light-based science areas. In the light of this section, we will use it to describe very precise structures which exploit nm-level features and/or change in refractive index to control and/or confine light in accordance to application dictated requirements [51]. In general, manipulation of thin layers of materials with different kinds of refractive index is a very widely used phenomenon. One of the primary examples of it is dielectric mirrors [52]. The Bragg law for 2D system showing where the constructive interference is the strongest reads as:


  2 d sin θ =  n i  λ ,  



(4)




where d is the distance between layers, θ—angle of incidence, λ—wavelength and ni—positive integer. The most important parameter which can be controlled is the size of the features (d). Due to the already mention nonlinear nature of fs interaction with the transparent medium, it can be brought down to sub-diffraction level. Thus, one of the simplest examples of fs laser usage for photonic structure fabrication is the inscription of custom Bragg gratings into fibers [53]. In the simplest case, such structures are not strictly 3D. However, due to the flexibility of the technology fs laser allow forming fiber Bragg gratings (FBG) in arbitrary types of fiber, including non-photosensitized ones [54] or fibers made out of crystals [55]. At the same time, 3D capabilities are reflected by the capability to inscribe modifications in arbitrary place of the fiber, that is, not only in the core [56], or choose a specific core in multi-core fibers [57]. One of the main challenges here is focusing into the designated position within the fiber. Because the fiber shape normally is round, it defocuses the laser beam. Therefore, immersion oil [57], or flat ferules [58] might be used. This brings a lot of possibilities to the field, as it enables simple, on-demand fabrication of specialty FBGs which might be applied in various uses [53].



While FBG is a great example of a relatively simple photonic structure, 3D interactions could give substantially more diverse capabilities [51]. Therefore, the realization of 3D photonic crystals is quite an active field. Additive manufacturing was shown to be quite an attractive candidate [59]. However, in that case, the refractive index gradient between air and the polymer is around ∼0.5 which can be too sharp for some usages. At the same time, additively made 3D structures present objects on top of flat substrates, making them fragile and incompatible with anti-reflective coatings. In contrast, photonic elements embedded inside the volume of glass are robust, have a refractive index gradient of 10−2–10−3 and could be potentially coated with the anti-reflective layer. Thus, glass-based 3D photonic devices occupy a very important niche in the field.



The first application is refractive index change in the glass is embedded 3D photonic crystals. It was shown that such photonic crystals can be used for spatial light filtering [60]. Indeed, the required spatial resolution and periodicity for such devices is close to the wavelength (in most cases HeNe 633 nm for simple testing) itself, making focused ultrafast radiation a go-to tool. Simple woodpile-like geometries were used first. These were produced using both laser-assisted wet etching [61] and direct refractive index modification [62]. Nevertheless, these only allow filtering along X and Y axes of the photonic crystal, limiting applicability. A solution would be to use stacked ring geometry, which then would grant this effect along all 360° in a perpendicular direction to the propagation [63]. Here possibility to integrate such a device into glass volume becomes an enabling factor. If such a device would be tried using additive manufacturing additional supports would be needed to support each ring. Furthermore, standard single-period photonic crystals only allow limiting angular filtering. As a solution to expand it asymmetrically and chirped [62] geometry was proposed and tested, again attesting to the design flexibility enabled of 3D fs fabrication. The device was then successfully tested with microchip laser filtering in transverse modes (Figure 5), enabling it to increase its brightness by 2.8–3.1 times and single transverse mode from 88 mW to 335 mW [64]. If a one-directional filter is acceptable photonic crystal writing process can be extremely sped-up by applying Bessel beams [65]. In other spatial filtering techniques, the embedded photonic crystal is one of the most compact and simple solutions available, showing clear potential wide-spread applications.



Laser-induced n modification can be exploited to not only shape light but also to confine and direct it. Indeed, embedded glass waveguides can be produced by using fs lasers [66]. Then, the structure has to meet the modification cross-section and Δn requirements. Interestingly, waveguides can be produced by both increasing and decreasing the n of the material. Regarding the direction, two primary modes are exploited. At first, focusing optics move up or down in relation to the surface of the sample. This is also called longitudinal writing geometry [67,68]. The advantage is a nearly perfectly round cross-section of the modification, as well as a very uniform gradient of n modification to all directions. Problems, on the other hand, lies in the fact that if the sample is thick, the working distance of sharply focusing optic might be insufficient. Thus, it is more suitable for lower NA optics. Also, if non-straight modifications are needed, the uniformity and high quality of the waveguide are compromised. Alternatively, the scanning might be performed alongside the horizontal plane, that is, in a transverse manner [69,70]. Then the length and shape of the waveguide can be arbitrary. On the other hand, due to Gaussian focusing properties, the modification is elongated in the Z direction, the Δn becomes highly non-uniform, especially in the Z direction. To remedy this additional elements, such as spatial light modulators (SLMs), might be needed in the optical system, complicating the setup and the process [71,72]. Alternatively, a multi-scan approach [73,74] or special light-matter interactions [75] might be exploited to make the cross-section of modification round. All of this can be combined with possibility to inscribe Bragg gratings into integrated waveguides, allowing creation of true functional 3D optical systems. It has to be stressed that it can be done in basically any kind of glass, including but not limited to borosilicate glass [76] or fused silica [77]. Thus, the needs of application dictate which of these two modes should be used. The waveguides themselves can be fabricated alone, or integrated into functional devices where they could act as a part of a sensor [78,79] or as an integrated interconnector between different types of devices [80]. This is especially attractive, as waveguide can potentially be integrated during the same technological step as the rest of the structure [78], owning to huge flexibility of fs-based processing of transparent mediums.



The elements discussed so far relied on type I modification. As a result, the designs and applicability of the produced devices were to some extent limited. To gain even greater tunability type II modification can be applied for free-form embedded optical element manufacturing. This type of fs modification allows inducing volume-embedded nanogratings which, due to orientation of sub-diffraction limited features, have distinct birefringence [81]. What is more, the directionality of the optical phenomena induced depends on the light polarization [82,83], giving huge controllability to the process. While the selection of materials in which this process is pronounced is not extremely broad [84,85,86,87], it is still sufficient to acquire a broad selection of possible optical devices. As a result it was employed to produce various optical structures, for instance diffraction gratings [88], Fresnel zone plates [89], computer-generated holograms [90,91], S-wave plates [92,93] or metamaterials [94]. Remarkable selection of possible optical elements is the result of both possibility to induce refractive index change and birefringence as well as the possibility to precisely control these modifications in 3D by using focused fs laser light. Additionally, these modifications exhibit immense thermal stability (up to 1000 °C) [95] allowing them to be considered for usage in some extreme environments. On top of that, as these elements are embedded into glass volume, their laser-induced damage threshold is also quite high (∼J/cm2) [96], that is, at the level of the host glass.



One extremely promising application of fs-laser-based embedded photonic structure fabrication is embedded optical memory. The idea to use light for encoding and reading memory dates back to the 1980s when the laser was employed to produce and read optical discs. Over the years due to progress in optical engineering, the wavelength used for the process could be reduced, in turn increasing the data density in the disk. This is due to the fundamental need to use diffraction-limited processes for both data recording and reading. This fundamentally limits achievable data density up to ∼0.25 Gb/cm2 for standard systems using visible and near-UV systems [97]. However, as we discussed, fs-laser allows creating modifications not only on the surface of the material but also inside it paving the way for the volume memory [97,98]. Furthermore, single features created with fs laser can be extremely small (down to hundreds, or even tens of nm) allowing the extreme density of information [99]. Birefringence gives an additional degree of freedom as well, paving the way for true 5D memory (Figure 6) [100]. The modifications themselves have virtually unlimited lifetime [101], making them a valid candidate for extremely long-term big-data storage. Nevertheless, the modifications themselves can also be removed relatively simply if desired, granting the possibility to use the same medium to rewrite the information inside the same material volume. This can be achieved by subsequent laser exposure to the same volume [102]. Usage of crystals also allows to achieve it with relatively low temperatures (bellow 200 °C) [103] or exposure by loosely focused visible wavelength laser beam [104]. Admittedly, at the moment widespread adoption of this technology is limited due to the necessity to use expensive fs lasers and positioning. However, with the need to store up to massive amounts of information by numerous industries [105], this might become a more and more attractive solution for professional specialized extreme long-term data storage.



While the application of focused fs radiation has huge capabilities, there are some distinct limitations and hindrances native to light itself. First, if sharp focusing (NA > 0.4) is used, the polarization in the focal point has to be looked into more precisely than standard ray optics would suggest. Indeed, it is possible to show that sharply focusing fs light inside transparent medium changes E distribution in 3D [106,107]. Keeping in mind that the direction of type II modification heavily depends on the light polarization, this effect might have a severe influence on the result of fs processing and has to be accounted for. Furthermore, when working in the volume of a transparent medium, the laser beam is distorted due to aberrations [108]. This results in defusing effect, which changes the voxel’s size and shape (aspect ratio) in different depths of the sample [109]. The functionality of photonic crystals and waveguides heavily depends on the shape of the modification as well as the precise modification of n. As a result, aberrations are substantial consideration in those applications. Luckily, this issue can be solved in several ways. First, focusing optics might have some tunability, allowing to account for different depths of fabrication [110,111]. The next step is the usage of SLM [109,112]. It was shown to be a powerful tool to account for focusing deficiencies and control the aspect ratio of the feature. For instance, 1:1 to 1:1.5 aspect ratio lines can be inscribed in any depth of 1 mm sample using 0.9 NA objective [109]. Alternatively, when SLM is not used, the aspect ratio can be more than 1:25. Additionally, due to defocusing, features could not be effectively written in depths below ∼0.4 mm without significantly reoptimizing the process (i.e., increasing average laser power to compensate for defocusing. Even then, the feature aspect ratio would only increase with the depth. SLM also allows spatially shape incident beam (and, in turn, modification’s shape in 3D) for advanced structure fabrication [72,113,114]. The process is flexible enough to account even for very high n, like diamond’s 2.4 [115,116,117] or even anisotropic materials [118,119]. Unfortunately, SLM requires a very specialized setup, high precision in setup alignment, and advanced calculation algorithms alongside sufficient computing power [120]. On top of that standard SLMs are operating at relatively low frequencies of ∼tens of kHz limiting the possibilities for dynamic possibilities of processing, with faster systems being investigated at the moment [121]. Finally, the LIDT of SLMs is relatively low, with high-end experimental devices capable of operating at P∼100 W level using ultrafast lasers [122]. While solid-state SLMs might alleviate this issue [123], it remains a limiting factor. Thus, while SLMs offer a lot of interesting capabilities, their application remains limited.




4.2. Selective Laser Etching (SLE)


Fundamentally, type II modification of glass leads to both, nanograting formation [43] and structural changes of material [124]. The photonic applications discussed so far mainly exploited the optical phenomena of inscribed modifications. Nevertheless, appreciation of chemical and mechanical changes can lead to a very interesting prospect for further applicability. Glass, or, more precisely, Si2O compounds can be etched using hydrofluoric acid (HF) or Potassium Hydroxide (KOH). These etchants react with materials differently. The reaction equation of KOH and HF with one of the most popular glasses fused silica is shown in Equations (5) and (6). These reaction equations that concentrated KOH solution is beneficial over HF etchant due to least saturation behavior in elongating channel structures [125].


   SiO 2  + 2 KOH →  K 2   SiO 3  +  H 2  O ,  



(5)






   SiO 2  + 4 HF →  SiF 4  + 2  H 2  O .  



(6)







Normally, the etch rate of Fused silica is a few μm/h, of course, it depends on etchant [126]. Nevertheless, laser-induced type II modification can greatly expedite this process. Laser radiation induces material structural variations when binding angles of the lattice change. Oxygen atoms become more reactive and more effectively interacts with the etchant [124]. Also, formed nanogratings greatly increase the effective surface area at which etchant can interact with the material. Usually, for a description of this phenomenon definition of selectivity is used. Selectivity is the ratio of etching rates of modified and unmodified material. The utilization of this process allows obtaining selectivity up to 1000 [126]. Combined with the capability to inscribe such modifications in 3D it leads to the capability to selective glass etching (SLE) [124]. The most common material used in SLE is fused silica which is almost pure amorphous SiO2. Fused silica SLE processing is a mostly studied process comparing to other materials. While other materials, such as borosilicate glass (BK7, Pyrex, Borofloat) [41,127,128], Foturan [129] can be used in SLE, these are rare occurrences. This is a result of lower selectivity [41] or requirement of post-processing [129,130], greatly favoring fused silica for widespread applications.



From the etchant side, HF and KOH are the most popular ones. KOH etching properties are strongly affected by KOH concentration and its temperature [131]. Usually, in the literature, we can find that 8–10 mol/L concentration KOH solution is used at 85–90 °C temperature [126,131,132]. Generally, a higher KOH concentration yield a higher etching rate. Nevertheless, a higher concentration of etchant does not guarantee better selectivity, potentially leading to contrary result [131]. This can be tied to the higher etching rate of both laser processed and unaffected areas. A similar trend can be observed with KOH temperature. When we are talking about the etching rate. It was shown, that the best selectivity is achieved at 80 °C [131]. Regarding the HF, if fast etching is desired, high (tens of %) HF concentrations should be used [133]. However, as one of the primary goals of SLE is achieving 3D structures, lower concentrations (5% or even lower) at ambient conditions are used to avoid overetching laser unexposed parts [126]. Curiously, experimentation on various conditions which might be used for SLE using HF (like temperature manipulation) is limited. Probably one of the main reasons, why more experiments are not performed which HF acid is a hazardous nature of this chemical. Subsequently, this is one of the reasons why more researcher groups prefer KOH over HF. Nevertheless, both etchants can find their applications. To get higher etching rates (up to a few hundred of μm/h) HF can be used [134]. Meanwhile, KOH should be used when high selectivity (up to 1000) is required [126], for instance producing high aspect ratio features. Of course, it is possible to combine both etchings one after another for one structure and use both etchant’s advantages. This technique is called hybrid chemical etching [132,135].



One interesting prospect of SLE is the possibility to etch crystals like sapphire (Al2O3), Yttrium Aluminum Garnet (Y3Al5O12 or YAG), lithium niobate (LiNbO3) or crystalline quartz [136,137,138,139]. It is shown that nanogratings induced in a sapphire crystal are similar to ones inscribed to fused silica [140,141,142]. However, the etching mechanism of the crystals is slightly different from amorphous materials. When focused laser beam modifies crystalline sapphire modified region becomes amorphous [143]. Then, amorphous and porous regions are etched out in aggressive etchants like concentrated (40–50%) HF at room temperature [140,141,142,144,145,146] or around 35% KOH solution heated to 85–100 °C temperature [147]. Even more exotic etchant choices were demonstrated—sapphire was etched in phosphoric and sulfuric acid mixture at 300 °C temperature [148,149]. It showed that sapphire etched in 40% HF solution has selectivity which is in order of a few thousand (up to 5000) [140,141] and this value exceeds all the results showed on fused silica. YAG crystal shows even better selectivity which is estimated to be around 105 in HF acid. However, the SLE of crystals faces other problems: it is very hard to avoid cracks. Cracks are caused by modified crystalline material becoming amorphous and creating great volume tensions which lead to the crack of material [150]. Moreover, high selectivity comes from very low etching rates of unmodified material. Even modified material etching rate is very low, as little as up to 100 μm/h [137,140], for practical usage when a quite large structure is required such a low etching rate can be unacceptable.



Various laser parameters strongly affect the SLE process. A different aspect of selectivity, etched structure quality, such as surface roughness, can be decided by multiple laser parameters. Selectivity itself strongly depends on pulse energy. While sufficient pulse energy is needed to induce type II modification, the formation of LAZ can also be induced if too powerful pulses are used. LAZ affects etching properties [31]. Higher laser pulse energy with wider LAZ zones results in the wider etched zone. This effect could be for scanning up large volumes and, on contrary, this phenomena could be disadvantageous in high aspect ratio structure fabrication. Moreover, pulse duration and laser repetition rate affect LAZ and changes etching properties as well [44,151,152]. Longer pulse duration leads to stronger thermal effects. Higher pulse repetition rates prevent energy from being relaxed from the lattice. On the other hand, pulse energy not only change LAZ but also changes the size of modification and nanograting configuration itself, which leads to different selectivity induced by various pulse energies [41,43,151]. However, almost all this research leads to optimal particular parameter value which varies by changing other parameters. We can see that not individual parameters, but rather the whole parameters set is important for the SLE process. Basically, by changing pulse energy, pulse repetition rate the deposited dose is changed. Hence, a particular radiation dose is hiding under these parameter sets. Overall, it can be seen that for SLE process need to be ensured specific conditions—specific radiation dose [151] and these conditions can be altered by different thermal regime [31].



Alongside radiation parameters, scanning strategies also play an immense role in SLE effectiveness. Overall, translation velocity and pulse overlap while hatching/slicing denote the pulse overlap, which, in turn, governs accumulated radiation dose [151]. Therefore, one can consider that scanning velocity gives quite a similar effect as pulse repetition rate. As a result, selectivity dependency on scanning velocity was investigated in many works [131,151,153]. Acquired results varied, painting a more complicated picture of interaction as different sets of laser and scanning parameters were shown to work quite effectively [131,151]. Interestingly, in some works, almost no significant selectivity dependency on scanning speed was noticed [153]. The translation velocity question, in general, is very important, as it is one of the main parameters determining structuring rate, that is, what volume will be processed in a given amount of time thus better understanding of these contradicting results is a topic for further research in the field. Nevertheless, the scanning strategy also plays an important role. During the inscribing process, the specific separation between scanning lines should be chosen. Unsurprisingly, it also influences etching rate and selectivity [126,131]. One of the non-trivial observations made was that optimal Z separation value varies when different etchant is chosen [126]. Separation along a horizontal axis (i.e., slicing step) should also not exceed the voxel height [131]. Overall, due to the complex nature of the process and a huge amount of independent parameters, the exact interplay is still an object to an active investigation, with the goals of different groups distributed between trying to achieve the best selectivity, highest etching rate, lowest surface roughness or some combination of all.



It is important to not overlook the importance of polarization during the SLE process. Polarization is responsible for the direction of the nanogratings as depicted in Figure 4. Numerous works investigated selectivity dependency to laser beam polarization. When radiation polarization is perpendicular to scanning direction we get the highest etching rate [41,43]. The same applies and to selectivity because the unmodified material etching rate in all the cases remains the same [126]. Meanwhile polarization parallel to scanning direction gives the lowest etching rate [41,43]. Interestingly, circular polarization gives a good etching rate as in perpendicular polarization case [41]. This is extremely important because then the polarization might be considered invariable for any scanning strategy, heavily simplifying an already complicated process, becoming favorable for application-oriented fabrication. Nevertheless, care should be taken when considering the interplay between pulse duration and polarization. Discussed trend always appears when femtosecond laser pulses are used to write modification. Nevertheless, when ps pulses are used for SLE selectivity does not depend on radiation polarization [152]. This property comes from the nature of this process. By using femtosecond pulses it is possible to induce nanogratings modification, meanwhile, ps pulses yield modifications more reminiscent of nanocracks. These can be considered a different type of modification that is still suitable for SLE.



SLE stands in a relatively interesting place when considering piratical implementation. The process itself needs a lot of considerations in terms of laser parameters and writing strategies. On the other hand, it can be considered one of the most straightforward ways to produce 3D glass microstructures. It, as a result, possible applications were shown in microfluidics, micromechanics, optics, and photonics. In photonics, It is shown that SLE can be used for very precise photonic components fabrication. By using tightly focused laser beams it is possible to form very small (down to ∼100 nm) repeatable structures which after etching can be used as photonic components [137,148,149]. Micro optic element fabrication was also shown with SLE [130]. However, due to relatively high surface roughness after the SLE process (∼hundred nm RMS) direct fabrication of optical components is impossible. Thus, after etching some annealing or other smoothing procedure is needed.



SLE excels in the field of microfluidics for the fabrication of lab-on-chip (LOC) devices. Glass is a preferred material for a lot of set applications, as it is chemically inert in organic solvents, transparent, and mechanically robust. SLE provides a relatively easy and highly controllable method for producing both surface and embedded channels. Here, SLE allows to form even complicated, curved, embedded 3D structures in glass [132,137,154,155]. It is demonstrated such channels ability to focused particles in the loops of the channels [137]. Other mentioned systems have a potential to be used in liquids filtering such as on-chip flow cytometry [137]. In the case of LOC microfluidic channel and some sort of integrated device inside it is formed [153,156]. Moreover, complicated microfluidic chains including filter and free movable integrated micro-switcher can be fabricated [132]. The mentioned device can perform fluid filtering. In the bigger channels narrower channels volume are inserted, only the smallest particles can go through the most narrow channels. Moreover, fluid flow direction can be controlled by fabricating channels with a free movable valve. Other 3D microfluidic devices which would be extremely challenging for any other technique can be fabricated [154]. To highlight some examples, Figure 7a–c show nozzle for biological applications. Figure 7d demonstrates connector for capillary electrophoresis. Figure 8 shows a microfluidic chip for cell sorting.



SLE also demonstrated huge promise in the field of micromechanics. For instance, a glass mechanical gripper can be produced and coated with metal to thermally induce movement [157,158]. A similar optical sensor can also be made [48]. The SLE-made mechanical device is coated by a metallic coat layer, which then moves when the potential changes. Information is red through the already integrated waveguide and the signal strength depends on the displacement of the structure. The beauty of this device is that it can be fabricated out of one piece of fused silica and at once it is possible to integrate waveguide and fabricate structure combining both type I and type II modifications in one fabrication step just by changing the laser parameters. Also, the device can be of arbitrary size, downscaled, and used as a component in more complex systems. Free movable micromechanical structures are also doable with SLE, such as gear systems [159]. Devices mentioned in the paragraph before conceptually are completely different from this micro-mechanical structure. In the first case, we get movement by fabricating structure with very high aspect ratio detail, so very thin details of glass become flexible. In the second case, a movable glass structure is fabricated because a slight gap is etched out between rotating and not rotating parts. Thus, by using the SLE technique, various types of movable structures can be obtained.



Finally, one must not forget that SLE is not an isolated tool and it can be combined with other DLW techniques, including multiphoton polymerization. Such fabrication is called hybrid fs laser manufacturing. For example, chemical liquid sensing application can be realized by combining SLE and multi-photon polymerization techniques [160]. Then, the channel and integrated cantilever are made out of glass in a single fabrication step. After the SLE process, a polymeric rod is produced by using multi-photon polymerization. When the whole structure is submerged into an organic solvent glass remains inert, while the rod expands or swells, a property well documented with laser-made 3D microstructures. Thus, such a device can act as a passive actuator or a mechanical sensor. This device is shown in Figure 9. Alternatively, it demonstrates that some hybrid devices can be used for cells sorting and detecting [161,162]. In closed SLE, the channels made are integrated with polymeric lend, which allows the detection of when the cell is moving through it as well as disturbing the signal.



Overall, SLE stands in quite a peculiar place in regards to its realization and applicability. The complexity of the process means realizing it is a rather complicated task, resulting in a steep learning curve for groups that attempt to do it. For this reason, a lot of researchers tend to use the substantially simpler type III modification base ablation, which will be discussed in the next subsection. Then, to achieve the same complex structures more fabrication steps of the simpler process might be needed. It also allows avoiding potentially hazardous HF-based chemical procedures. Alternatively, advanced high precision additive manufacturing-based solutions can be employed [163,164,165], forgoing the single step SLE process in favor of several simpler fabrication procedures. However, when SLE is employed right and all the technical nuances are taken care of, it provides unmatched design freedom and flexibility in producing arbitrary shaped 3D glass structures with resolution down to µm with overall size in the cm range.




4.3. Free-Form Cutting of Glasses


Fundamentally, direct laser ablation is the simplest of all DLW kinds. As the material is removed from the sample without any additional technological/post-processing steps it was quickly adopted in the industry using CW or long-pulsed (ns and longer) lasers [166]. Solid-state fs lasers are gaining popularity there, as well. The draw of ultrafast lasers in laser cutting is the possibility to control the thermal aspect of the process, subsequently allowing a smaller laser affected zone and cleaner cuts [23,24,25]. This capability is further expanded by the application of burst lasers, which allow both high structuring precision as well as very high throughput. There are also virtually no limitations for the application materials, which can be organic [167,168] (including living tissue [169]) dielectric [170,171,172] or metal [173,174]. However, when considering true 3D fabrication ablation have some severe drawbacks. In comparison to 3D printing [38], complex 3D architectures, arches, and integration of structures inside structures are either difficult or, for some geometries, impossible with direct ablation. Advanced techniques allow to achieve quasi-3D structures by either filliping [174] or turning samples [175] during processing, but it requires additional fabrication steps or a more complex setup, minimizing the main advantage of ablation—simplicity. Thus, in the following discussion, we will use the term 3D rather loosely, in many cases referring to structures that can otherwise be classified as 2.5D.



Among many applications where fs ablation of glasses can be exploited, microfluidics is one of the most common. Two types of channels can be produced in that case: on the glass surface [176,177,178], and embedded inside the volume [179,180]. Surface channels are substantially simpler to produce. Also, they allow integration of additional elements using other fabrication techniques, for instance, multiphoton polymerization (MPP) [181]. However, in that case, an additional channel sealing step is needed. It can be realized in numerous ways, including direct laser welding. It will be discussed in more detail further in the article. Nevertheless, it is an additional technological step that, if possible, should be avoided. Alternatively, channels inside the bulk of the material can be produced. Indeed, fs lasers allow surprisingly very fine control of type III modifications in glass volume [182]. Despite this, if ablation is used there is no direct way for debris to leave the embedded channel if this method is used. Luckily, if the process is carried out in the water, the debris removal is expedited, resulting in the possibility to produce clean and complex channel systems [179,180], or high aspect ratio holes (for instance 4 μm wide and more than 200 μm deep [183]). By applying Bessel beam ablation it is shown even higher aspect ratio narrow channels which is around 200 nm in diameter and 20 μm in depth [184]. Alternatively, water can assist in the structuring of the volume of porous/photosensitive glass [185,186,187,188]. Then, after laser exposure, glass is heated up and solidified, embedding produced 3D system inside a material. Additional etching and annealing steps can also follow. However, then the process becomes somewhat similar in complexity (if not more difficult to perform) to SLE yielding substantially worse shape control and surface finish of the channel walls. At the same time, non-SLE methods allow using potentially simpler glasses. Regardless, apart from several demonstrations, this methodology is used sparingly.



Microoptics can also be produced using direct laser ablation. While extremely complex designs achievable using additive manufacturing are out of the question [189,190,191], ablation exceeds those methods by allowing to use of glass and achieve overall size from tens of μm to mm. Optical elements, like various type lenses [192,193,194] or axicons [195], can be produced this way. In virtually all the cases additional post-processing steps are mandatory due to the necessity to smooth the surface of the structure down to optical quality (less than λ/10). Annealing is the most popular option. It gently melts the surface of the optical element, allowing surface tension to increase surface smoothness without compromising the overall shape (Figure 10). This can be induced by heating the structure to a sufficient temperature (close to the melting of the material) [196], or by employing another laser such as CO2 [192,193,194,195]. An alternative way to achieve lenses using type III laser modification is based on the idea, of inducing very fine modifications on the surface of the material. Then the sample is submerged to the etchant, which starts to etch out the material. The modification acts as a seed, which expands over time. Due to the nature of the process, expanded areas form lens-like profiles and, after some time reach each other [197,198]. Thus, a plano concave lens array is formed with an optical grade surface finish. Overall, while ablation allows achieving free-form optics, etching provides superior shape control and a possibility to produce more complex geometries, making both approaches somewhat comparable.



Surface roughness after type III processing is rather poor (∼several μm RMS ). A laser can be employed to smooth it out. Normally, CO2 [199] or high power solid-state lasers [200] are employed for this task. The process is based on inducing desired thermal interactions at the surface of the sample. It can be used to polish glass parts produced using SLE [201] or ablation [202]. However, the fs laser itself can be used for this task. The primary advantage of using ultrashort pulses is the possibility to extremely precisely control thermal accumulation on the surface of the sample [203]. This can be exploited to polish some exotic materials, like Germanium [204] or yttria-stabilized zirconia [205]. Additionally, due to the controlled manner of the process fs lasers allow avoiding some of the effects associated with polishing using different laser sources or mechanical polishing. Nevertheless, the application of fs lasers in polishing remains sparse. At the same time, the advent of burst-mode capable systems brings a new level of control of thermal aspects of the interaction, potentially reducing surface roughness during processing in the first place, bringing new capabilities to the field [25].



All the processes showcased so far mostly rely on Gaussian beam focusing using standard optics. However, as discussed previously, light is a flexible tool that can be spatiotemporally manipulated. To change the spatial distribution of the laser beam, passive elements can be inserted into the path of the laser beam. In more advanced cases, it can be done using SLM, which allows the changing of a projected mask dynamically on-demand [206]. However, due to the relatively low LIDT of such elements, their usage in direct ablation might be limited. Regarding the exact applications various examples exist. For instance, the Bessel beam can allow taper-less fabrication [184]. In other words, the channel walls are nearly vertical, which is hard to achieve with sharply focused Gaussian beams. It also can be used to achieve high aspect ratio (up to 1:100) features easily [207]. Also, in the case of top-hat laser beam distribution, the cut quality can be improved [208]. Beam shaping also can be exploited to create entire patterns to be ablated [206]. Regarding the temporal properties of fs radiation, it can also be tuned to achieve desirable ablation properties [209]. Manipulation of environmental aspects should also not be overlooked. By changing the pressure during the ablation process the debris formation tendencies can be influenced, which helps with the overall quality of the sample [210]. Alternatively, additional gasses are shown to help increase ablation depth [211]. Water, which was shown to be a rather popular additive in fs glass machining, can also be used to induce spontaneous spatiotemporal light filamentation. It can be used to cut arbitrary materials, including glass, at relatively large thicknesses (1 mm and more) [212]. Thus, overall, while base fs laser ablation of glasses might be considered somewhat limited as far as 3D fabrication is concerned, some capabilities exist to enhance the result of processing. At the same time, then it somewhat complicated the processing, making it less attractive.




4.4. Laser Welding


Discussing 3D structure fabrication it is important to understand that in most cases a 3D structure is, in fact, multiple stacked 2D layers. Only a few processing techniques, for instance, selective laser etching, allow true 3D fabrication, yet it also relies hard on layering as it allows to minimize effects like shadowing. Sometimes the stacking is part of the process itself, like in 3D printing, while sometimes additional bonding step is required. Except for integrated free-form SLE structures, stacking glass onto glass to form 3D structures is also common, especially when parts are produced using ablation. There exist different bonding techniques such as direct, adhesive bonding, or others. Adhesive bonding is performed by using additional intermediate chemical materials [213], but it has limitations to strength as well as adds additional chemical constitutes which might be detrimental to some application. Direct bonding is performed by increasing the temperature of the samples, it starts to melt and connects with each other [214]. Thus, direct bonding by ultrafast laser welding becomes an attractive way to bond glass layers with each other forgoing most of the listed problems. Laser welding relies on type III modifications [215,216]. It can be considered one of the most advanced available bonding techniques, because of high spatial selectivity, localized material modification, and capability of completely sealing functional devices. Moreover, laser welding allows to achieve up to 95% breaking resistance of primary material [217,218]. What is more, laser welding does not require additional materials or other post-processing to be included. It is shown that laser welding can be used as a supplementary technology to strengthen other bonding techniques [219].



To weld two samples laser beam needs to be focused on the contact of those samples. Because of high radiation intensity, tunneling or multi-photon ionization occurs. Radiation is absorbed only in the focal spot where free-electron appears which mount increase because of avalanche ionization—plasma forms. Meanwhile, surrounding materials heats which enhance nonlinear which then, in turn, expedites the heating. The volume of melted material encompasses both samples which need to be bonded. Afterward, the material cools and forms a firm connection between samples [220]. By melting material some of its chemical connections are broken. In the affected material some oxygen connection remains open forming a new chemical connection between samples [221]. After measuring welded samples cross-section Raman spectra was found that welded different material samples mix in the contact [222]. Thus, this explains high welded material breaking resistance.



For a process like this optical contact is required. Optical contact appears because of inter-molecular Van der Vals bonds. If the right conditions are created for two materials surfaces to be close enough to each other, those samples start to attract each other because of mentioned forces (forces decrease proportionally to the square of the distance). Thus, in this way, we get stable optical contact [223], which does not require to be additionally supported. Even more, additional external forces applied to the samples leads to cracks in the welded seam [224]. Therefore, clean and high-quality surfaces practically became a requirement for the laser welding process. Spacing between two samples should not be larger than a few hundreds of nm, otherwise, it is hard to avoid cracks in the seam or even ablation of one of the surfaces [225]. Optical contact is one of the greatest challenges for laser welding, because often it is hard to achieve it due to surfaces imperfection of the samples, due to high surface area, or imperfections/undulations in the sample caused by other processing techniques, like ablation.



Advances in laser engineering positively influence the ease with which welding can be realized. It was shown how to avoid the requirement of optical contact. Optical contact is still preferred, allowing us to reach a higher breaking resistance of a welded seam than welding without optical contact can [50]. However, for simpler, less challenging applications even simplified welding is sufficient. At this moment, it ihas been shown that laser welding of samples with gaps between each other up to 3 μm [220]. There a few factor with allows to walk around this requirement. First of all, the gaps which could be efficiently filled depends on the amount of material that is brought to the gap. This amount of material can be evaluated as the size of a welding seam. Seam size directly depends on laser radiation and scanning parameters (pulse energy, pulse repetition rate or scanning velocity, focus position in the Z direction in respect of the contact of samples) used for the welding process or even it could depend on material thermal conductivity. Thus, it possible to lower the high-quality contact requirement by increasing the size of the seam. Welded seam size can be increased in a few ways. The usage of high repetition rate (hundreds of kHz) radiation leads to a greater size of a seam [225]. The same applies to higher pulse energies [50,218,221]. This dependency is schematically shown in Figure 11b. By bringing more materials to the contact of the sample, it not only provides the possibility to weld samples with larger gaps but also affects the breaking resistance of welded samples. A larger welding seam will lead to higher breaking resistance [217]. Care should be taken, however, because of the possibilities of breaking material due to high internal tension instead of material welding [226,227].



It is important to understand how scanning properties affect the size of the seam. Lower scanning velocity will lead to higher pulse overlapping resulting in more energy being delivered to each point. As a consequence larger welding seam and higher breaking resistance are obtained [221,228]. What is more, the gap between separate seams, or hatching step, affects samples breaking resistance significantly [50,218]. It is quite intuitive that a larger amount of seams in the same sample allow the obtaining of a greater breaking resistance. On the other hand, welding sample by separate seams brings its own benefits to this process. Distinguished seams give a possibility to contact materials with different thermal expanding coefficients. Because the connection is very local, the spacing between seam compensates for the fact that the two materials expand differently. Unsurprisingly, the focal spot position in the Z direction in respect of gap position is also a critical parameter in laser welding. The way this parameter influences the process is shown in Figure 11a. It can be observed that, in laser welding, for the most effective process the focus of the radiation should be a little bit (∼100 μm) below the contact of the samples [220]. In this way, melted material comes up to the contact and fills it in the most efficient way. This tactic allows us to melt more material and fill the gap between samples with the greatest amount of material.



The advent of burst lasers have also been experimented with in welding. It allows improvement of the welding process in many aspects. Burst-welds have higher breaking resistance than that achieved by only welding in a high repetition rate regime [229]. Moreover, usage of burst enables us to weld materials with greater spacing in the contact between samples [50]. Another interesting approach is laser welding with Bessel beams [222]. One of the unique Bessel beams property is long focal length. Its relay length can up to a few hundred μm. Thus, in this way we do not need to have accurate information about the position of the contact of materials.



Laser welding can be applied in many functional device fabrication. It can be applied in such areas as electronics [230], microfluidics [213]. This technology could be extremely useful in electronics when the whole chip cannot be processed in other bonding techniques and local laser welding means that important parts of the chip can be left unaffected. Ultrafast welding is also advantageous, as it allows to easily bond glasses with other materials like metals or polymers. However, due to high technical requirements for both laser systems and surfaces of bonded samples, the advance of this technique is so far slow, with most demonstrations being done only in academia with proof-of-concept work.





5. Conclusions


The field fs laser-based processing of glasses and transparent dielectrics is wast. In this review, we have shown that:




	
Due to the nonlinear nature of fs pulses-based light-matter interaction, transparent to the used wavelength dielectrics can be processed, including glasses and crystals. This opens doors for true 3D processing, including inside the volume of the material. Due to interaction peculiarities, three distant types of modifications can be formed. Type I results in a localized smooth refractive index change in the range of Δn = 103. This can be used to create embedded waveguides, Bragg gratings, and other integrated photonic structures.



	
Type II modification is created with higher pulse energy, which manifests as embedded, sub-diffraction-limited nanograting. Characteristics of such ripples depend on pulse energy and polarization. They also have pronounced birefringence. These can be used to produce various optical and photonic elements. If put into an etching solution, such as HF or KOH, these also etch out from tens to thousands of times faster, enabling selective 3D glass etching.



	
Due to the nature of type III modification, that is, ablation can be used for applications demanding less precision but higher precision, such as microfluidics. Application in optics is also possible, but additional post-processing is needed. Overall, this processing type partially sacrifices true 3D processing capability in exchange for being a lot simpler and faster.



	
As fs lasers allow us to precisely control thermal effects during processing, they can be employed for polishing and welding. In the latter case, it allows the joining of glasses of the same and different types, as well as glasses with plastics or metals, making it one of the most versatile tools available for such applications.








Overall, the key advantage of the fs laser is flexibility. Such processing can allow achievement of the same 3D structure using very different methodologies, allowing us to choose a process on a case-by-case basis. With this flexibility, one can expect the field of fs pulse-based glass processing to continue to grow rapidly in the near future, with both wider applications of existing methodologies and the creation of new ones.







Author Contributions


A.B. prepared sections of radiation and material interaction, selective laser etching and laser welding. L.J. prepared sections about photonic elements manufacturing and laser cutting. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by EC Horizon 2020 program, ATOPLOT project, grant number 950785.




Acknowledgments


In this section you can acknowledge any support given which is not covered by the author contribution or funding sections. This may include administrative and technical support, or donations in kind (e.g., materials used for experiments).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Ivey, D.G.; Northwood, D.O. Storing energy in metal hydrides: A review of the physical metallurgy. J. Mater. Sci. 1983, 18, 321–347. [Google Scholar] [CrossRef]

	



Dewidar, M.M.; Yoon, H.C.; Lim, J.K. Mechanical properties of metals for biomedical applications using powder metallurgy process: A review. Met. Mater. Int. 2006, 12, 193–206. [Google Scholar] [CrossRef]

	



Thames, S.F.; Panjnani, K.G. Organosilane polymer chemistry: A review. J. Inorg. Organomet. Polym. 1996, 6, 59–94. [Google Scholar] [CrossRef]

	



Merkininkaitė, G.; Gailevičius, D.; Šakirzanovas, S.; Jonušauskas, L. Polymers for Regenerative Medicine Structures Made via Multiphoton 3D Lithography. Int. J. Polym. Sci. 2019, 2019, 1–23. [Google Scholar] [CrossRef]

	



Feng, X.; Qi, C.; Lin, F.; Hu, H. Tungsten–tellurite glass: A new candidate medium for Yb3-doping. J. Non-Cryst. Solids 1999, 256–257, 372–377. [Google Scholar] [CrossRef]

	



Colomban, P.; Schreiber, H.D. Raman signature modification induced by copper nanoparticles in silicate glass. J. Raman Spectrosc. 2005, 36, 884–890. [Google Scholar] [CrossRef]

	



Goh, Y.F.; Alshemary, A.Z.; Akram, M.; Kadir, M.R.A.; Hussain, R. Bioactive Glass: AnIn-VitroComparative Study of Doping with Nanoscale Copper and Silver Particles. Int. J. Appl. Glass Sci. 2014, 5, 255–266. [Google Scholar] [CrossRef]

	



Ahmadi, F.; Ebrahimpour, Z.; Asgari, A.; El-Mallawany, R. Role of silver/titania nanoparticles on optical features of Sm3+ doped sulfophosphate glass. Opt. Mater. 2020, 105, 109922. [Google Scholar] [CrossRef]

	



Inoue, A.; Shinohara, Y.; Yokoyama, Y.; Masumoto, T. Solidification Analyses of Bulky Zr60Al10Ni10Cu15Pd5 Glass Produced by Casting into Wedge-Shape Copper MoldSolidification Analyses of Bulky Zr60Al10Ni10Cu15Pd5 Glass Produced by Casting into Wedge-Shape Copper Mold. Mater. Trans. JIM 1995, 36, 1276–1281. [Google Scholar] [CrossRef]

	



Laws, K.J.; Gun, B.; Ferry, M. Influence of Casting Parameters on the Critical Casting Size of Bulk Metallic Glass. Metall. Mater. Trans. A 2009, 40, 2377–2387. [Google Scholar] [CrossRef]

	



Fujita, K.; Morishita, Y.; Nishiyama, N.; Kimura, H.; Inoue, A. Cutting Characteristics of Bulk Metallic Glass. Mater. Trans. 2005, 46, 2856–2863. [Google Scholar] [CrossRef]

	



Foy, K.; Wei, Z.; Matsumura, T.; Huang, Y. Effect of tilt angle on cutting regime transition in glass micromilling. Int. J. Mach. Tools Manuf. 2009, 49, 315–324. [Google Scholar] [CrossRef]

	



Huang, C.C.; Hewak, D.W.; Badding, J.V. Deposition and characterization of germanium sulphide glass planar waveguides. Opt. Express 2004, 12, 2501–2506. [Google Scholar] [CrossRef] [PubMed]

	



Ostomel, T.A.; Shi, Q.; Tsung, C.K.; Liang, H.; Stucky, G.D. Spherical Bioactive Glass with Enhanced Rates of Hydroxyapatite Deposition and Hemostatic Activity. Small 2006, 2, 1261–1265. [Google Scholar] [CrossRef]

	



Tay, F.E.H.; Iliescu, C.; Jing, J.; Miao, J. Defect-free wet etching through pyrex glass using Cr/Au mask. Microsyst. Technol. 2006, 12, 935–939. [Google Scholar] [CrossRef]

	



Iliescu, C.; Chen, B.; Miao, J. On the wet etching of Pyrex glass. Sens. Actuators A-Phys. 2008, 143, 154–161. [Google Scholar] [CrossRef]

	



von Witzendorff, P.; Pohl, L.; Suttmann, O.; Heinrich, P.; Heinrich, A.; Zander, J.; Bragard, H.; Kaierle, S. Additive manufacturing of glass: CO2-Laser glass deposition printing. Proc. CIRP 2018, 74, 272–275. [Google Scholar] [CrossRef]

	



Zaki, R.M.; Strutynski, C.; Kaser, S.; Bernard, D.; Hauss, G.; Faessel, M.; Sabatier, J.; Canioni, L.; Messaddeq, Y.; Danto, S.; et al. Direct 3D-printing of phosphate glass by fused deposition modeling. Mater. Des. 2020, 194, 108957. [Google Scholar] [CrossRef]

	



Kotz, F.; Arnold, K.; Bauer, W.; Schild, D.; Keller, N.; Sachsenheimer, K.; Nargang, T.M.; Richter, C.; Helmer, D.; Rapp, B.E. Three-dimensional printing of transparent fused silica glass. Nature 2017, 544, 337–339. [Google Scholar] [CrossRef]

	



Kotz, F.; Quick, A.S.; Risch, P.; Martin, T.; Hoose, T.; Thiel, M.; Helmer, D.; Rapp, B.E. Two-Photon Polymerization of Nanocomposites for the Fabrication of Transparent Fused Silica Glass Microstructures. Adv. Mater. 2021, 33, 2006341. [Google Scholar] [CrossRef]

	



Sibbett, W.; Lagatsky, A.A.; Brown, C.T.A. The development and application of femtosecond laser systems. Opt. Express 2012, 20, 6989–7001. [Google Scholar] [CrossRef]

	



Jonušauskas, L.; Mackevičiūtė, D.; Kontenis, G.; Purlys, V. Femtosecond lasers: The ultimate tool for high-precision 3D manufacturing. Adv. Opt. Technol. 2019, 8, 241–251. [Google Scholar] [CrossRef]

	



Chichkov, B.N.; Momma, C.; Nolte, S.; Alvensleben, F.; Tünnermann, A. Femtosecond, picosecond and nanosecond laser ablation of solids. Appl. Phys. A 1996, 63, 109–115. [Google Scholar] [CrossRef]

	



Leitz, K.H.; Redlingshöfer, B.; Reg, Y.; Otto, A.; Schmidt, M. Metal Ablation with Short and Ultrashort Laser Pulses. Phys. Procedia 2011, 12, 230–238. [Google Scholar] [CrossRef]

	



Kerse, C.; Kalaycıoğlu, H.; Elahi, P.; Çetin, B.; Kesim, D.K.; Akçaalan, Ö.; Yavaş, S.; Aşık, M.D.; Öktem, B.; Hoogland, H.; et al. Ablation-cooled material removal with ultrafast bursts of pulses. Nature 2016, 537, 84–88. [Google Scholar] [CrossRef]

	



Gattass, R.R.; Mazur, E. Femtosecond laser micromachining in transparent materials. Nature Photon. 2008, 2, 219–225. [Google Scholar] [CrossRef]

	



Brabec, T.; Krausz, F. Intense few-cycle laser fields: Frontiers of nonlinear optics. Rev. Mod. Phys. 2000, 72, 545–585. [Google Scholar] [CrossRef]

	



Keldysh, L.V. Ionization in the field of a strong electromagnetic wave. J. Exp. Theor. Phys. 1965, 20, 1307–1314. [Google Scholar]

	



Schaffer, C.B.; Brodeur, A.; Mazur, E. Laser-induced breakdown and damage in bulk transparent materials induced by tightly focused femtosecond laser pulses. Meas. Sci. Technol. 2001, 12, 1784–1794. [Google Scholar] [CrossRef]

	



Sundaram, S.K.; Mazur, E. Inducing and probing non-thermal transitions in semiconductors using femtosecond laser pulses. Nat. Mater. 2002, 1, 217–224. [Google Scholar] [CrossRef]

	



Bellouard, Y.; Said, A.; Dugan, M.; Bado, P. Fabrication of high-aspect ratio, micro-fluidic channels and tunnels using femtosecond laser pulses and chemical etching. Opt. Express 2004, 12, 2120–2129. [Google Scholar] [CrossRef] [PubMed]

	



Zhimalov, A.B.; Solinov, V.F.; Kondratenko, V.S.; Kaplina, T.V. Laser cutting of float glass during production. Glass Ceram. 2006, 63, 319–321. [Google Scholar] [CrossRef]

	



Zhao, C.; Zhang, H.; Wang, Y. Semiconductor laser asymmetry cutting glass with laser induced thermal-crack propagation. Opt. Lasers Eng. 2014, 63, 43–52. [Google Scholar] [CrossRef]

	



Kanemitsu, Y.; Tanaka, Y. Mechanism of crack formation in glass after high-power laser pulse irradiation. J. Appl. Phys. 1987, 62, 1208–1211. [Google Scholar] [CrossRef]

	



Mirza, I.; Bulgakova, N.M.; Tomaštik, J.; Michalek, V.; Haderka, O.; Fekete, L.; Mocek, T. Ultrashort pulse laser ablation of dielectrics: Thresholds, mechanisms, role of breakdown. Sci. Rep. 2016, 6, 1–11. [Google Scholar] [CrossRef]

	



Dyer, P.; Farley, R.J.; Giedl, R.; Karnakis, D. Excimer laser ablation of polymers and glasses for grating fabrication. Appl. Surf. Sci. 1996, 96–98, 537–549. [Google Scholar] [CrossRef]

	



Buerhop, C.; Blumenthal, B.; Weissmann, R. Glass surface treatment with excimer and CO2 lasers. Appl. Surf. Sci. 1990, 46, 430–434. [Google Scholar] [CrossRef]

	



Jonušauskas, L.; Juodkazis, S.; Malinauskas, M. Optical 3D printing: Bridging the gaps in the mesoscale. J. Opt. 2018, 20, 053001. [Google Scholar] [CrossRef]

	



Jesacher, A.; Booth, M.J. Parallel direct laser writing in three dimensions with spatially dependent aberration correction. Opt. Express 2010, 18, 21090–21099. [Google Scholar] [CrossRef]

	



Krol, D. Femtosecond laser modification of glass. J. Non-Cryst. Solids 2008, 354, 416–424. [Google Scholar] [CrossRef]

	



Hnatovsky, C.; Taylor, R.S.; Simova, E.; Rajeev, P.P.; Rayner, D.M.; Bhardwaj, V.; Corkum, P.B. Fabrication of microchannels in glass using focused femtosecond laser radiationand selectivechemical etching. Appl. Phys. A 2006, 84, 47–61. [Google Scholar] [CrossRef]

	



Khalil, A.A.; Bérubé, J.P.; Danto, S.; Cardinal, T.; Petit, Y.; Canioni, L.; Vallée, R. Comparative study between the standard type I and the type A femtosecond laser induced refractive index change in silver containing glasses. Opt. Mater. Express 2019, 9, 2640–2651. [Google Scholar] [CrossRef]

	



Hnatovsky, C.; Taylor, R.S.; Simova, E.; Bhardwaj, V.R.; Rayner, D.M.; Corkum, P.B. Polarization-selective etching in femtosecond laser-assisted microfluidic channel fabrication in fused silica. Opt. Lett. 2005, 30, 1867–1869. [Google Scholar] [CrossRef]

	



QI, J.; Wang, Z.; Xu, J.; Lin, Z.; Li, X.; Chu, W.; Cheng, Y. Femtosecond laser induced selective etching in fused silica: Optimization of the inscription conditions with a high-repetition-rate laser source. Opt. Express 2018, 26, 29669–29678. [Google Scholar] [CrossRef] [PubMed]

	



Itoh, K.; Watanabe, W.; Nolte, S.; Schaffer, C.B. Ultrafast processes for bulk modification of transparent materials. MRS Bull. 2006, 31, 620–625. [Google Scholar] [CrossRef]

	



Sugioka, K.; Cheng, Y. Ultrafast lasers-reliable tools for advanced materials processing. Light Sci. Appl. 2014, 3, 4. [Google Scholar] [CrossRef]

	



Miura, K.; Qiu, J.; Inouye, H.; Mitsuyu, T.; Hirao, K. Photowritten optical waveguides in various glasses with ultrashort pulse laser. Appl. Phys. Lett. 1997, 71, 3329–3331. [Google Scholar] [CrossRef]

	



Bellouard, Y.; Said, A.A.; Bado, P. Integrating optics and micro-mechanics in a single substrate: A step toward monolithic integration in fused silica. Opt. Express 2005, 13, 6635–6644. [Google Scholar] [CrossRef]

	



Liu, X.Q.; Bai, B.F.; Chen, Q.D.; Sun, H.B. Etching-assisted femtosecond laser modification of hard materials. Opto-Electron. Adv. 2019, 2, 190021. [Google Scholar] [CrossRef]

	



Richter, S.; Zimmermann, F.; Eberhardt, R.; Tunnermann, A.; Nolte, S. Toward laser welding of glasses without optical contacting. Appl. Phys. A 2015, 121, 1–9. [Google Scholar] [CrossRef]

	



Li, W.; Meng, F.; Chen, Y.; Li, Y.; Huang, X. Topology Optimization of Photonic and Phononic Crystals and Metamaterials: A Review. Adv. Theory Simul. 2019, 2, 1900017. [Google Scholar] [CrossRef]

	



Apfel, J.H. Phase retardance of periodic multilayer mirrors. Appl. Opt. 1982, 21, 733. [Google Scholar] [CrossRef]

	



Pallarés-Aldeiturriaga, D.; Roldán-Varona, P.; Rodríguez-Cobo, L.; López-Higuera, J.M. Optical Fiber Sensors by Direct Laser Processing: A Review. Sensors 2020, 20, 6971. [Google Scholar] [CrossRef]

	



Wikszak, E.; Thomas, J.; Burghoff, J.; Ortaç, B.; Limpert, J.; Nolte, S.; Fuchs, U.; Tunnermann, A. Erbium fiber laser based on intracore femtosecond-written fiber Bragg grating. Opt. Lett. 2006, 31, 2390–2392. [Google Scholar] [CrossRef]

	



Grobnic, D.; Mihailov, S.; Smelser, C.; Ding, H. Sapphire Fiber Bragg Grating Sensor Made Using Femtosecond Laser Radiation for Ultrahigh Temperature Applications. IEEE Photon. Technol. Lett. 2004, 16, 2505–2507. [Google Scholar] [CrossRef]

	



Lai, Y.; Zhou, K.; Sugden, K.; Bennion, I. Point-by-point inscription of first-order fiber Bragg grating for C-band applications. Opt. Express 2007, 15, 18318–18325. [Google Scholar] [CrossRef] [PubMed]

	



Wolf, A.; Dostovalov, A.; Bronnikov, K.; Babin, S. Arrays of fiber Bragg gratings selectively inscribed in different cores of 7-core spun optical fiber by IR femtosecond laser pulses. Opt. Express 2019, 27, 13978–13990. [Google Scholar] [CrossRef] [PubMed]

	



Dostovalov, A.V.; Wolf, A.A.; Parygin, A.V.; Zyubin, V.E.; Babin, S.A. Femtosecond point-by-point inscription of Bragg gratings by drawing a coated fiber through ferrule. Opt. Express 2016, 24, 16232–16237. [Google Scholar] [CrossRef] [PubMed]

	



Maigyte, L.; Purlys, V.; Trull, J.; Peckus, M.; Cojocaru, C.; Gailevičius, D.; Malinauskas, M.; Staliunas, K. Flat lensing in the visible frequency range by woodpile photonic crystals. Opt. Lett. 2013, 38, 2376–2378. [Google Scholar] [CrossRef]

	



Maigyte, L.; Gertus, T.; Peckus, M.; Trull, J.; Cojocaru, C.; Sirutkaitis, V.; Staliunas, K. Signatures of light-beam spatial filtering in a three-dimensional photonic crystal. Phys. Rev. A 2010, 82, 043819. [Google Scholar] [CrossRef]

	



Wong, S.; Deubel, M.; Pérez-Willard, F.; John, S.; Ozin, G.; Wegener, M.; vonFreymann, G. Direct Laser Writing of Three- Dimensional Photonic Crystals with a Complete Photonic Bandgap in Chalcogenide Glasses. Adv. Mater. 2006, 18, 265–269. [Google Scholar] [CrossRef]

	



Gailevičius, D.; Purlys, V.; Maigytė, L.; Peckus, M.; Staliūnas, K. Chirped axisymmetric photonic microstructures for spatial filtering. J. Nanophotonics 2014, 8, 084094. [Google Scholar] [CrossRef]

	



Purlys, V.; Maigyte, L.; Gailevičius, D.; Peckus, M.; Malinauskas, M.; Gadonas, R.; Staliunas, K. Spatial filtering by axisymmetric photonic microstructures. Opt. Lett. 2014, 39, 929–932. [Google Scholar] [CrossRef]

	



Gailevičius, D.; Koliadenko, V.; Purlys, V.; Peckus, M.; Taranenko, V.; Staliunas, K. Photonic crystal microchip laser. Sci. Rep. 2016, 6, 34173. [Google Scholar] [CrossRef]

	



Gailevičius, D.; Purlys, V.; Staliunas, K. Photonic crystal spatial filters fabricated by femtosecond pulsed Bessel beam. Opt. Lett. 2019, 44, 4969–4972. [Google Scholar] [CrossRef] [PubMed]

	



Davis, K.M.; Miura, K.; Sugimoto, N.; Hirao, K. Writing waveguides in glass with a femtosecond laser. Opt. Lett. 1996, 21, 1729–1731. [Google Scholar] [CrossRef] [PubMed]

	



Caulier, O.; Coq, D.; Bychkov, E.; Masselin, P. Direct laser writing of buried waveguide in As2S3 glass using a helical sample translation. Opt. Lett. 2013, 38, 4212. [Google Scholar] [CrossRef]

	



Long, X.; Bai, J.; Zhao, W.; Stoian, R.; Hui, R.; Cheng, G. Stressed waveguides with tubular depressed-cladding inscribed in phosphate glasses by femtosecond hollow laser beams. Opt. Lett. 2012, 37, 3138–3140. [Google Scholar] [CrossRef]

	



Shah, L.; Arai, A.Y.; Eaton, S.M.; Herman, P.R. Waveguide writing in fused silica with a femtosecond fiber laser at 522 nm and 1 MHz repetition rate. Opt. Express 2005, 13, 1999–2006. [Google Scholar] [CrossRef] [PubMed]

	



Yang, W.; Corbari, C.; Kazansky, P.G.; Sakaguchi, K.; Carvalho, I.C. Low loss photonic components in high index bismuth borate glass by femtosecond laser direct writing. Opt. Express 2008, 16, 16215–16226. [Google Scholar] [CrossRef]

	



Osellame, R.; Taccheo, S.; Marangoni, M.; Ramponi, R.; Laporta, P.; Polli, D.; Silvestri, S.; Cerullo, G. Femtosecond writing of active optical waveguides with astigmatically shaped beams. J. Opt. Soc. Am. B 2003, 20, 1559–1567. [Google Scholar] [CrossRef]

	



Liao, Y.; Qi, J.; Wang, P.; Chu, W.; Wang, Z.; Qiao, L.; Cheng, Y. Transverse writing of three-dimensional tubular optical waveguides in glass with a slit-shaped femtosecond laser beam. Sci. Rep. 2016, 6, 28790. [Google Scholar] [CrossRef]

	



Nasu, Y.; Kohtoku, M.; Hibino, Y. Low-loss waveguides written with a femtosecond laser for flexible interconnection in a planar light-wave circuit. Opt. Lett. 2005, 30, 723–725. [Google Scholar] [CrossRef]

	



Zhang, B.; Xiong, B.; Li, Z.; Li, L.; Lv, J.; Lu, Q.; Wang, L.; Chen, F. Mode tailoring of laser written waveguides in LiNbO3 crystals by multi-scan of femtosecond laser pulses. Opt. Mater. 2018, 86, 571–575. [Google Scholar] [CrossRef]

	



Eaton, S.M.; Zhang, H.; Herman, P.R.; Yoshino, F.; Shah, L.; Bovatsek, J.; Arai, A.Y. Heat accumulation effects in femtosecond laser-written waveguides with variable repetition rate. Opt. Express 2005, 13, 4708–4716. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, H.; Eaton, S.M.; Li, J.; Herman, P.R. Femtosecond laser direct writing of multiwavelength Bragg grating waveguides in glass. Opt. Lett. 2006, 31, 3495–3497. [Google Scholar] [CrossRef] [PubMed]

	



Marshall, G.D.; Ams, M.; Withford, M.J. Direct laser written waveguide-Bragg gratings in bulk fused silica. Opt. Lett. 2006, 31, 2690–2691. [Google Scholar] [CrossRef] [PubMed]

	



Osellame, R.; Maselli, V.; Vazquez, R.M.; Ramponi, R.; Cerullo, G. Integration of optical waveguides and microfluidic channels both fabricated by femtosecond laser irradiation. Appl. Phys. Lett. 2007, 90, 231118. [Google Scholar] [CrossRef]

	



Vazquez, R.M.; Osellame, R.; Nolli, D.; Dongre, C.; Vlekkert, H.; Ramponi, R.; Pollnau, M.; Cerullo, G. Integration of femtosecond laser written optical waveguides in a lab-on-chip. Lab Chip 2009, 9, 91–96. [Google Scholar] [CrossRef] [PubMed]

	



Djogo, G.; Li, J.; Ho, S.; Haque, M.; Ertorer, E.; Liu, J.; Song, X.; Suo, J.; Herman, P.R. Femtosecond laser additive and subtractive micro-processing: Enabling a high-channel-density silica interposer for multicore fibre to silicon-photonic packaging. Int. J. Extreme Manuf. 2019, 1, 045002. [Google Scholar] [CrossRef]

	



Bricchi, E.; Klappauf, B.G.; Kazansky, P.G. Form birefringence and negative index change created by femtosecond direct writing in transparent materials. Opt. Lett. 2004, 29, 119–121. [Google Scholar] [CrossRef] [PubMed]

	



Sudrie, L.; Franco, M.; Prade, B.; Mysyrowicz, A. Writing of permanent birefringent microlayers in bulk fused silica with femtosecond laser pulses. Opt. Commun. 1999, 171, 279–284. [Google Scholar] [CrossRef]

	



Sakakura, M.; Lei, Y.; Wang, L.; Yu, Y.H.; Kazansky, P.G. Ultralow-loss geometric phase and polarization shaping by ultrafast laser writing in silica glass. Light Sci. Appl. 2020, 9, 15. [Google Scholar] [CrossRef] [PubMed]

	



Shimotsuma, Y.; Hirao, K.; Qiu, J.; Kazansky, P.G. Nano-modificationinside transparent materials by femtosecond laser single beam. Mod. Phys. Lett. B 2005, 19, 225–238. [Google Scholar] [CrossRef]

	



Shimotsuma, Y.; Hirao, K.; Qiu, J.; Miura, K. Nanofabrication in transparent materials with a femtosecond pulse laser. J. Non-Cryst. Solids 2006, 352, 646–656. [Google Scholar] [CrossRef]

	



Richter, S.; Miese, C.; Doring, S.; Zimmermann, F.; Withford, M.J.; Tunnermann, A.; Nolte, S. Laser induced nanogratings beyond fused silica—Periodic nanostructures in borosilicate glasses and ULE™. Opt. Mater. Express 2013, 3, 1161–1166. [Google Scholar] [CrossRef]

	



Liao, Y.; Ni, J.; Qiao, L.; Huang, M.; Bellouard, Y.; Sugioka, K.; Cheng, Y. High-fidelity visualization of formation of volume nanogratings in porous glass by femtosecond laser irradiation. Optica 2015, 2, 329–334. [Google Scholar] [CrossRef]

	



Beresna, M.; Kazansky, P.G. Polarization diffraction grating produced by femtosecond laser nanostructuring in glass. Opt. Lett. 2010, 35, 1662–1664. [Google Scholar] [CrossRef]

	



Bricchi, E.; Mills, J.D.; Kazansky, P.G.; Klappauf, B.G.; Baumberg, J.J. Birefringent Fresnel zone plates in silica fabricated by femtosecond laser machining. Opt. Lett. 2002, 27, 2200–2202. [Google Scholar] [CrossRef]

	



Papazoglou, D.G.; Loulakis, M.J. Embedded birefringent computer-generated holograms fabricated by femtosecond laser pulses. Opt. Lett. 2006, 31, 1441–1443. [Google Scholar] [CrossRef]

	



Cai, W.; Libertun, A.R.; Piestun, R. Polarization selective computer-generated holograms realized in glass by femtosecond laser induced nanogratings. Opt. Express 2006, 14, 3785–3791. [Google Scholar] [CrossRef] [PubMed]

	



Beresna, M.; Gecevičius, M.; Kazansky, P.G. Polarization sensitive elements fabricated by femtosecond laser nanostructuring of glass [Invited]. Opt. Mater. Express 2011, 1, 783–795. [Google Scholar] [CrossRef]

	



Beresna, M.; Gecevičius, M.; Kazansky, P.G.; Gertus, T. Radially polarized optical vortex converter created by femtosecond laser nanostructuring of glass. Appl. Phys. Lett. 2011, 98, 201101. [Google Scholar] [CrossRef]

	



Tsai, Y.J.; Larouche, S.; Tyler, T.; Llopis, A.; Royal, M.; Jokerst, N.M.; Smith, D.R. Arbitrary birefringent metamaterials for holographic optics at λ = 155 μm. Opt. Express 2013, 21, 26620–26630. [Google Scholar] [CrossRef] [PubMed]

	



Bricchi, E.; Kazansky, P.G. Extraordinary stability of anisotropic femtosecond direct-written structures embedded in silica glass. Appl. Phys. Lett. 2006, 88, 111119. [Google Scholar] [CrossRef]

	



Gallais, L.; Commandré, M. Laser-induced damage thresholds of bulk and coating optical materials at 1030 nm, 500 fs. Appl. Opt. 2013, 53, A186–A196. [Google Scholar] [CrossRef] [PubMed]

	



Gu, M.; Li, X. The Road to Multi-Dimensional Bit-by-Bit Optical Data Storage. Opt. Photonics News 2010, 21, 28–33. [Google Scholar] [CrossRef]

	



Shimotsuma, Y.; Sakakura, M.; Miura, K.; Qiu, J.; Kazansky, P.G.; Fujita, K.; Hirao, A. Application of Femtosecond-Laser Induced Nanostructures in Optical Memory. J. Nanosci. Nanotechnol. 2007, 7, 94–104. [Google Scholar] [CrossRef]

	



Gu, M.; Li, X.; Cao, Y. Optical storage arrays: A perspective for future big data storage. Light Sci. Appl. 2014, 3, e177. [Google Scholar] [CrossRef]

	



Beresna, M.; Gecevičius, M.; Kazansky, P.G.; Taylor, T.; Kavokin, A.V. Exciton mediated self-organization in glass driven by ultrashort light pulses. Appl. Phys. Lett. 2012, 101, 053120. [Google Scholar] [CrossRef]

	



Zhang, J.; Gecevičius, M.; Beresna, M.; Kazansky, P.G. Seemingly Unlimited Lifetime Data Storage in Nanostructured Glass. Phys. Rev. Lett. 2014, 112, 033901. [Google Scholar] [CrossRef]

	



Taylor, R.S.; Hnatovsky, C.; Simova, E.; Rajeev, P.P.; Rayner, D.M.; Corkum, P.B. Femtosecond laser erasing and rewriting of self-organized planar nanocracks in fused silica glass. Opt. Lett. 2007, 32, 2888–2890. [Google Scholar] [CrossRef] [PubMed]

	



Chen, F.S.; LaMacchia, J.T.; Fraser, D.B. Holographic storage in lithium niobate. In Landmark Papers on Photorefractive Nonlinear Optics; World Scientific: Singapore, 1995; pp. 33–35. [Google Scholar] [CrossRef]

	



Mizeikis, V.; Purlys, V.; Paipulas, D.; R, B.; Juodkazis, S. Direct Laser Writing: Versatile Tool for Microfabrication of Lithium Niobate. J. Laser Micro. Nanoeng. 2012, 7, 345–350. [Google Scholar] [CrossRef]

	



Rusitschka, S.; Curry, E. Big Data in the Energy and Transport Sectors. In New Horizons for a Data-Driven Economy; Springer International Publishing: Cham, Switzerland, 2016; pp. 225–244. [Google Scholar] [CrossRef]

	



Chon, J.W.M.; Gan, X.; Gu, M. Splitting of the focal spot of a high numerical-aperture objective in free space. Appl. Phys. Lett. 2002, 81, 1576–1578. [Google Scholar] [CrossRef]

	



Bomzon, Z.; Gu, M.; Shamir, J. Angular momentum and geometrical phases in tight-focused circularly polarized plane waves. Appl. Phys. Lett. 2006, 89, 241104. [Google Scholar] [CrossRef]

	



Wyant, J.C.; Creath, K. Basic wavefront aberration theory for optical metrology. Appl. Opt. Opt. Eng. 1992, 11, 2. [Google Scholar]

	



Kontenis, G.; Gailevičius, D.; Jonušauskas, L.; Purlys, V. Dynamic aberration correction via spatial light modulator (SLM) for femtosecond direct laser writing: Towards spherical voxels. Opt. Express 2020, 28, 27850–27864. [Google Scholar] [CrossRef]

	



Bonora, S.; Jian, Y.; Zhang, P.; Zam, A.; Pugh, E.N.; Zawadzki, R.J.; Sarunic, M.V. Wavefront correction and high-resolution in vivo OCT imaging with an objective integrated multi-actuator adaptive lens. Opt. Express 2015, 23, 21931–21941. [Google Scholar] [CrossRef]

	



Li, L.; Wang, D.; Liu, C.; Wang, Q.H. Zoom microscope objective using electrowetting lenses. Opt. Express 2016, 24, 2931–2940. [Google Scholar] [CrossRef]

	



Salter, P.S.; Baum, M.; Alexeev, I.; Schmidt, M.; Booth, M.J. Exploring the depth range for three-dimensional laser machining with aberration correction. Opt. Express 2014, 22, 17644. [Google Scholar] [CrossRef]

	



de la Cruz, A.R.; Ferrer, A.; Gawelda, W.; Puerto, D.; Sosa, M.G.; Siegel, J.; Solis, J. Independent control of beam astigmatism and ellipticity using a SLM for fs-laser waveguide writing. Opt. Express 2009, 17, 20853–20859. [Google Scholar] [CrossRef]

	



Sakakura, M.; Sawano, T.; Shimotsuma, Y.; Miura, K.; Hirao, K. Fabrication of three-dimensional 1 × 4 splitter waveguides inside a glass substrate with spatially phase modulated laser beam. Opt. Express 2010, 18, 12136–12143. [Google Scholar] [CrossRef] [PubMed]

	



Simmonds, R.D.; Salter, P.S.; Jesacher, A.; Booth, M.J. Three dimensional laser microfabrication in diamond using a dual adaptive optics system. Opt. Express 2011, 19, 24122–24128. [Google Scholar] [CrossRef]

	



Courvoisier, A.; Booth, M.J.; Salter, P.S. Inscription of 3D waveguides in diamond using an ultrafast laser. Appl. Phys. Lett. 2016, 109, 031109. [Google Scholar] [CrossRef]

	



Bharadwaj, V.; Courvoisier, A.; Fernandez, T.T.; Ramponi, R.; Galzerano, G.; Nunn, J.; Booth, M.J.; Osellame, R.; Eaton, S.M.; Salter, P.S. Femtosecond laser inscription of Bragg grating waveguides in bulk diamond. Opt. Lett. 2017, 42, 3451–3453. [Google Scholar] [CrossRef]

	



Wang, P.; Qi, J.; Liu, Z.; Liao, Y.; Chu, W.; Cheng, Y. Fabrication of polarization-independent waveguides deeply buried in lithium niobate crystal using aberration-corrected femtosecond laser direct writing. Sci. Rep. 2017, 7, 41211. [Google Scholar] [CrossRef] [PubMed]

	



Huang, L.; Salter, P.; Karpiński, M.; Smith, B.; Payne, F.; Booth, M. Waveguide fabrication in KDP crystals with femtosecond laser pulses. Appl. Phys. A 2014, 118, 831–836. [Google Scholar] [CrossRef]

	



Vizsnyiczai, G.; Kelemen, L.; Ormos, P. Holographic multi-focus 3D two-photon polymerization with real-time calculated holograms. Opt. Express 2014, 22, 24217–24223. [Google Scholar] [CrossRef] [PubMed]

	



Horie, Y.; Arbabi, A.; Arbabi, E.; Kamali, S.M.; Faraon, A. High-speed, phase-dominant spatial light modulation with silicon-based active resonant antennas. ACS Photonics 2017, 5, 1711–1717. [Google Scholar] [CrossRef]

	



Zhu, G.; Whitehead, D.; Perrie, W.; Allegre, O.J.; Olle, V.; Li, Q.; Tang, Y.; Dawson, K.; Jin, Y.; Edwardson, S.P.; et al. Investigation of the thermal and optical performance of a spatial light modulator with high average power picosecond laser exposure for materials processing applications. J. Phys. D Appl. Phys. 2018, 51, 095603. [Google Scholar] [CrossRef]

	



Park, J.; Jeong, B.G.; Kim, S.I.; Lee, D.; Kim, J.; Shin, C.; Lee, C.B.; Otsuka, T.; Kyoung, J.; Kim, S.; et al. All-solid-state spatial light modulator with independent phase and amplitude control for three-dimensional LiDAR applications. Nature Nanotechnol. 2020, 16, 69–76. [Google Scholar] [CrossRef] [PubMed]

	



Marcinkevičius, A.; Juodkazis, S.; Watanabe, M.; Miwa, M.; Matsuo, S.; Misawa, H.; Nishii, J. Femtosecond laser-assisted three-dimensional microfabrication in silica. Opt. Lett. 2001, 26, 277–279. [Google Scholar] [CrossRef] [PubMed]

	



Kiyama, S.; Matsuo, S.; Hashimoto, S.; Morihira, Y. Examination of Etching Agent and Etching Mechanism on Femotosecond Laser Microfabrication of Channels Inside Vitreous Silica Substrates. J. Phys. Chem. C 2009, 113, 11560–11566. [Google Scholar] [CrossRef]

	



Ross, C.A.; Maclachan, D.G.; Choudrury, D.; Thomson, R.R. Optimisation of ultrafast laser assisted etching in fused silica. Opt. Express 2018, 26, 24343–24356. [Google Scholar] [CrossRef] [PubMed]

	



Chen, F.; Deng, Z.; Yang, Q.; Bian, H.; Du, G.; Si, J.; Hou, X. Rapid fabrication of a large-area close-packed quasi-periodic microlens array on BK7 glass. Opt. Lett. 2014, 39, 606–609. [Google Scholar] [CrossRef]

	



Matsuo, S.; Sumi, H.; Kiyama, S.; Tomita, T.; Hashimoto, S. Femtosecond laser-assisted etching of Pyrex glass with aqueous solution of KOH. Appl. Surf. Sci. 2009, 225, 9758–9760. [Google Scholar] [CrossRef]

	



Juodkazis, S.; Yamasaki, K.; Mizeikis, V.; Matsuo, S.; Misawa, H. Formation of embedded patterns in glasses using femtosecond irradiation. Appl. Phys. A 2004, 79, 1549–1553. [Google Scholar] [CrossRef]

	



Hu, Y.; Rao, S.; Wu, S.; Wei, P.; Qiu, W.; Wu, D.; Xu, B.; Ni, J.; Yang, L.; Li, J.; et al. All-Glass 3D Optofluidic Microchip with Built-in Tunable Microlens Fabricated by Femtosecond Laser-Assisted Etching. Adv. Opt. Mater. 2018, 6, 1701299. [Google Scholar] [CrossRef]

	



Butkus, S.; Rickus, M.; Sirutkaitis, R.; Paipulas, D.; Sirutkaitis, V. Fabrication of High Aspect Ratio Channels in Fused Silica Using Femtosecond Pulses and Chemical Etching at Different Conditions. J. Laser Micro. Nanoen. 2019, 14, 19–24. [Google Scholar]

	



LoTurco, S.; Osellame, R.; Ramponi, R.; Vishnubhatla, K.C. Hybrid chemical etching of femtosecond laser irradiated structures for engineered microfluidic devices. J. Micromech. Microeng. 2013, 23, 1–8. [Google Scholar] [CrossRef]

	



Bu, M.; Melvin, T.; Ensell, G.J.; Wilkinson, J.S.; Evans, A.G. A new masking technology for deep glass etching and its microfluidic application. Sens. Actuators A 2004, 115, 476–482. [Google Scholar] [CrossRef]

	



Venturini, F.; Navarrini, W.; Resnati, G.; Metrangolo, P.; Vazquez, R.M.; Osellame, R.; Cerullo, G. Selective Iterative Etching of Fused Silica with Gaseous Hydrofluoric Acid. J. Phys. Chem. C 2010, 114, 18712–18716. [Google Scholar] [CrossRef]

	



LoTurco, S. Hybrid chemical etching of femtosecond irradiated 3D structures in fused silica glass. MATEC Web Conf. 2013, 8, 05009. [Google Scholar] [CrossRef]

	



Choudhury, D.; Ródenas, A.; Paterson, L.; Jaque, D.; Kar, A.K. 3D Microfabrication in YAG Crystals by Direct Laser Writing and Chemical Etching. In Proceedings of the Lasers and Electro-Optics Pacific Rim Conference (Optical Society of America, 2013), Kyoto, Japan, 30 June–4 July 2013; p. 14. [Google Scholar]

	



Paiè, P.; Bragheri, F.; Carlo, D.D.; Osellame, R. Particle focusing by 3D inertial microfluidics. Microsyst. Nanoeng. 2017, 3. [Google Scholar] [CrossRef] [PubMed]

	



Randles, A.B.; Esashi, M.; Tanaka, S. Etch rate dependence on crystal orientation of lithium niobate. IEEE Trans. Ultrason. Ferroelectr. Freq. Control. 2010, 57, 2372–2380. [Google Scholar] [CrossRef] [PubMed]

	



Matsuo, S.; Tabuchi, Y.; Okada, T.; Juodkazis, S.; Misawa, H. Femtosecond laser assisted etching of quartz: Microstructuring from inside. Appl. Phys. A 2006, 84, 99–102. [Google Scholar] [CrossRef]

	



Wortmann, D.; Gottmann, J.; Brandt, N.; Horn-Solle, H. Micro- and nanostructures inside sapphire by fs-laser irradiation and selective etching. Opt. Express 2008, 16, 1517–1522. [Google Scholar] [CrossRef]

	



Gottmann, J.; Wortmann, D.; Horstmann-Jungemann, M. Fabrication of sub-wavelength surface ripples and in-volume nanostructures by fs-laser induced selective etching. Appl. Surf. Sci. 2009, 255, 5641–5646. [Google Scholar] [CrossRef]

	



Horstmann-Jungemann, M.; Gottmann, J.; Wortmann, D. Nano- and Microstructuring of SiO2 and Sapphire with Fs-laser Induced Selective Etching. J. Laser. Micro. Nanoeng. 2009, 4, 135–140. [Google Scholar] [CrossRef]

	



Juodkazis, S.; Nishimura, K.; Tanaka, S.; Misawa, H.; Gamaly, E.G.; Luther-Davies, B.; Hallo, L.; Nicolai, P.; Tikhonchuk, V.T. Laser-Induced Microexplosion Confined in the Bulk of a Sapphire Crystal: Evidence of Multimegabar Pressures. Phys. Rev. Lett. 2006, 96, 166101. [Google Scholar] [CrossRef]

	



Hörstmann-Jungemann, M.; Gottmann, J.; Keggenhoff, M. 3D-Microstructuring of Sapphire using fs-Laser Irradiation and Selective Etching. J. Laser. Micro. Nanoeng. 2010, 5, 145–149. [Google Scholar] [CrossRef]

	



Capuano, L.; Pohl, R.; Tiggelaar, R.M.; Berenschot, J.W.; Gardeniers, J.E.; RÖMer, G.R.B.E. Morphology of single picosecond pulse subsurface laser-induced modifications of sapphire and subsequent selective etching. Opt. Express 2018, 26, 29283–29295. [Google Scholar] [CrossRef] [PubMed]

	



Capuanoa, L.; Tiggelaar, R.; Berenschot, J.; Gardeniers, J.; Römer, G. Fabrication of millimeter-long structures in sapphire using femtosecond infrared laser pulses and selective etching. Opt. Laser Eng. 2020, 133, 106114. [Google Scholar] [CrossRef]

	



Juodkazis, S.; Nishi, Y.; Misawa, H. Femtosecond laser-assisted formation of channels in sapphire using KOH solution. Phys. Status Solidi RRL 2008, 2, 275–277. [Google Scholar] [CrossRef]

	



Li, Q.; Chen, Q.; Niu, L.; Yu, Y.; Wang, L.; Sun, Y.; Sun, H. Sapphire-Based Dammann Gratings for UV Beam Splitting. IEEE Photon. J. 2016, 8, 2500208. [Google Scholar] [CrossRef]

	



Li, Q.; Yu, Y.; Wang, L.; Cao, X.; Liu, X.; Sun, Y.; Chena, Q.; Duan, J.; Sun, H. Sapphire-Based Fresnel Zone Plate Fabricated by Femtosecond Laser Direct Writing and Wet Etching. IEEE Photon. Technol. Lett. 2016, 28, 1290–1293. [Google Scholar] [CrossRef]

	



Matsuo, S.; Tokumi, K.; Tomita, T.; Hashimoto, S. Three-Dimensional Residue-Free Volume Removal inside Sapphire by High-Temperature Etching after Irradiation of Femtosecond Laser Pulses. Laser Chem. 2008, 2008, 892721. [Google Scholar] [CrossRef]

	



Hermans, M.; Gottmann, J.; Riedel, F. Selective, Laser-Induced Etching of Fused Silica at High Scan-Speeds Using KOH. J. Laser. Micro. Nanoeng. 2014, 9, 126–131. [Google Scholar] [CrossRef]

	



Li, X.; Xu, J.; Lin, Z.; Qi, J.; Wang, P.; Chu, W.; Fang, Z.; Wang, Z.; Chai, Z.; Cheng, Y. Polarization-insensitive space-selective etching in fused silica induced by picosecond laser irradiation. Appl. Surf. Sci. 2019, 485, 188–193. [Google Scholar] [CrossRef]

	



Sugioka, K.; Masuda, M.; Hongo, T.; Cheng, Y.; Shihoyama, K.; Midorikawa, K. Three-dimensional microfluidic structure embedded in photostructurable glass by femtosecond laser for lab-on-chipapplications. Appl. Phys. A 2004, 79, 815–817. [Google Scholar] [CrossRef]

	



Gottmann, J.; Hermans, M.; Repiev, N.; Ortmann, J. Selective Laser-Induced Etching of 3D Precision Quartz Glass Components for Microfluidic Applications-Up-Scaling of Complexity and Speed. Micromachines 2017, 8, 110. [Google Scholar] [CrossRef]

	



Kim, S.; Kim, J.; Joung, Y.H.; Ahn, S.; Choi, J.; Koo, C. Optimization of selective laser-induced etching (SLE) for fabrication of 3D glass microfluidic device with multi-layer micro channels. Micro Nano Sys. Lett. 2019, 7, 15. [Google Scholar] [CrossRef]

	



Sugioka, K.; Cheng, Y.; Midorikawa, K. Three-dimensional micromachining of glass using femtosecond laser for lab-on-a-chip device manufacture. Appl. Phys. A 2005, 81, 1–10. [Google Scholar] [CrossRef]

	



Bellouard, Y.; Lehnert, T.; Bidaux, J.E.; Sidler, T.; Clavel, R.; Gotthardt, R. Local annealing of complex mechanical devices: A new approach for developing monolithic micro-devices. Mater. Sci. Eng. 1999, 273, 795–798. [Google Scholar] [CrossRef]

	



Bellouard, Y. Shape memory alloys for microsystems: A review from a material research perspective. Mater. Sci. Eng. A 2008, 481, 582–589. [Google Scholar] [CrossRef]

	



Gottmann, J.; Hermans, M.; ortmann, J. Microcutting and Hollow 3D Microstructures in Glasses by In-volume Selective Laser-induced Etching (ISLE). J. Laser. Micro. Nanoeng. 2013, 8, 15–18. [Google Scholar] [CrossRef]

	



Tičkūnas, T.; Perrenoud, M.; Butkus, S.; Gadonas, R.; Rekštytė, S.; Malinauskas, M.; Paipulas, D.; Bellouard, Y.; Sirutkaitis, V. Combination of additive and subtractive laser 3D microprocessing in hybrid glass/polymer microsystems for chemical sensing applications. Opt. Express 2017, 25, 26280–26288. [Google Scholar] [CrossRef]

	



Wu, D.; Xu, J.; Niu, L.G.; Wu, S.Z.; Midorikawa, K.; Sugioka, K. In-channel integration of designable microoptical devices using flat scaffold-supported femtosecond-laser microfabrication for coupling-free optofluidic cell counting. Light Sci. Appl. 2015, 4, e228. [Google Scholar] [CrossRef]

	



Wu, D.; Niu, L.G.; Wu, S.Z.; Xu, J.; Midorikawa, K.; Sugioka, K. Ship-in-a-bottle femtosecond laser integration of optofluidic microlens arrays with center-pass units enabling coupling-free parallel cell counting with a 100% success rate. Lab Chip 2015, 15, 1515–1523. [Google Scholar] [CrossRef]

	



Bückmann, T.; Stenger, N.; Kadic, M.; Kaschke, J.; Frölich, A.; Kennerknecht, T.; Eberl, C.; Thiel, M.; Wegener, M. Tailored 3D mechanical metamaterials made by dip-in direct-laser-writing optical lithography. Adv. Mater. 2012, 24, 2710–2714. [Google Scholar] [CrossRef]

	



Jonušauskas, L.; Baravykas, T.; Andrijec, D.; Gadišauskas, T.; Purlys, V. Stitchless support-free 3D printing of free-form micromechanical structures with feature size on-demand. Sci. Rep. 2019, 9, 17533. [Google Scholar] [CrossRef]

	



Yang, D.; Liu, L.; Gong, Q.; Li, Y. Rapid Two-Photon Polymerization of an Arbitrary 3D Microstructure with 3D Focal Field Engineering. Macromol. Rapid Commun. 2019, 40, 1900041. [Google Scholar] [CrossRef]

	



Dubey, A.K.; Yadava, V. Laser beam machining—A review. Int. J. Mach. Tools Manuf. 2008, 48, 609–628. [Google Scholar] [CrossRef]

	



Garškaitė, E.; Alinauskas, L.; Drienovsky, M.; Krajcovic, J.; Cicka, R.; Palcut, M.; Jonušauskas, L.; Malinauskas, M.; Stankeviciute, Z.; Kareiva, A. Fabrication of a composite of nanocrystalline carbonated hydroxyapatite (cHAP) with polylactic acid (PLA) and its surface topographical structuring with direct laser writing (DLW). RSC Adv. 2016, 6, 72733–72743. [Google Scholar] [CrossRef]

	



Ye, G.; Wang, W.; Fan, D.; He, P. Effects of femtosecond laser micromachining on the surface and substrate properties of poly-lactic acid (PLA). Appl. Surf. Sci. 2020, 538, 148117. [Google Scholar] [CrossRef]

	



Binder, P.S. Flap dimensions created with the IntraLase FS laser. J. Cataract. Refract. Surg. 2004, 30, 26–32. [Google Scholar] [CrossRef]

	



Kruger, J.; Kautek, W.; Lenzner, M.; Sartania, S.; Spielmann, C.; Krausz, F. Laser micromachining of barium aluminium borosilicate glass with pulse durations between 20 fs and 3 ps. Appl. Surf. Sci. 1998, 127–129, 892–898. [Google Scholar] [CrossRef]

	



Ben-Yakar, A.; Byer, R.L. Femtosecond laser ablation properties of borosilicate glass. J. Appl. Phys. 2004, 96, 5316–5323. [Google Scholar] [CrossRef]

	



Xu, S.; Qiu, J.; Jia, T.; Li, C.; Sun, H.; Xu, Z. Femtosecond laser ablation of crystals SiO2 and YAG. Opt. Commun. 2007, 274, 163–166. [Google Scholar] [CrossRef]

	



Furusawa, K.; Takahashi, K.; Kumagai, H.; Midorikawa, K.; Obara, M. Ablation characteristics of Au, Ag, and Cu metals using a femtosecond Ti:sapphire laser. Appl. Phys. A 1999, 69, S359–S366. [Google Scholar] [CrossRef]

	



Žemaitis, A.; Gaidys, M.; Gečys, P.; Račiukaitis, G.; Gedvilas, M. Rapid high-quality 3D micro-machining by optimised efficient ultrashort laser ablation. Opt. Lasers Eng. 2018, 114, 83–89. [Google Scholar] [CrossRef]

	



Gafner, M.; Kramer, T.; Remund, S.M.; Holtz, R.; Neuenschwander, B. Ultrafast pulsed laser high precision micromachining of rotational symmetric parts. J. Laser Appl. 2021, 33, 012053. [Google Scholar] [CrossRef]

	



Giridhar, M.S.; Seong, K.; Schülzgen, A.; Khulbe, P.; Peyghambarian, N.; Mansuripur, M. Femtosecond pulsed laser micromachining of glass substrates with application to microfluidic devices. Appl. Opt. 2004, 43, 4584–4589. [Google Scholar] [CrossRef]

	



Nikumb, S.; Chen, Q.; Li, C.; Reshef, H.; Zheng, H.; Qiu, H.; Low, D. Precision glass machining, drilling and profile cutting by short pulse lasers. Thin Solid Films 2005, 477, 216–221. [Google Scholar] [CrossRef]

	



Queste, S.; Salut, R.; Clatot, S.; Rauch, J.Y.; Malek, C.G.K. Manufacture of microfluidic glass chips by deep plasma etching, femtosecond laser ablation, and anodic bonding. Microsyst. Technol. 2010, 16, 1485–1493. [Google Scholar] [CrossRef]

	



Ke, K.; Hasselbrink, E.F.; Hunt, A.J. Rapidly Prototyped Three-Dimensional Nanofluidic Channel Networks in Glass Substrates. Anal. Chem. 2005, 77, 5083–5088. [Google Scholar] [CrossRef] [PubMed]

	



Li, Y.; Qu, S.; Guo, Z. Fabrication of microfluidic devices in silica glass by water-assisted ablation with femtosecond laser pulses. J. Micromech. Microeng. 2011, 21, 075008. [Google Scholar] [CrossRef]

	



Jonušauskas, L.; Rekštytė, S.; Buividas, R.; Butkus, S.; Gadonas, R.; Juodkazis, S.; Malinauskas, M. Hybrid Subtractive-Additive-Welding Microfabrication for Lab-on-Chip (LOC) Applications via Single Amplified Femtosecond Laser Source. Opt. Eng. 2017, 56, 094108. [Google Scholar] [CrossRef]

	



Bellouard, Y.; Hongler, M.O. Femtosecond-laser generation of self-organized bubble patterns in fused silica. Opt. Express 2011, 19, 6807–6821. [Google Scholar] [CrossRef]

	



Li, Y.; Itoh, K.; Watanabe, W.; Yamada, K.; Kuroda, D.; Nishii, J.; Jiang, Y. Three-dimensional hole drilling of silica glass from the rear surface with femtosecond laser pulses. Opt. Lett. 2001, 26, 1912. [Google Scholar] [CrossRef]

	



Bhuyan, M.K.; Courvoisier, F.; Lacourt, P.A.; Jacquot, M.; Furfaro, L.; Withford, M.J.; Dudley, J.M. High aspect ratio taper-free microchannel fabrication using femtosecond Bessel beams. Opt. Express 2010, 18, 566–574. [Google Scholar] [CrossRef]

	



Liao, Y.; Ju, Y.; Zhang, L.; He, F.; Zhang, Q.; Shen, Y.; Chen, D.; Cheng, Y.; Xu, Z.; Sugioka, K.; et al. Three-dimensional microfluidic channel with arbitrary length and configuration fabricated inside glass by femtosecond laser direct writing. Opt. Lett. 2010, 35, 3225. [Google Scholar] [CrossRef]

	



Sugioka, K.; Hanada, Y.; Midorikawa, K. Three-dimensional femtosecond laser micromachining of photosensitive glass for biomicrochips. Laser Photonics Rev. 2010, 4, 386–400. [Google Scholar] [CrossRef]

	



Ju, Y.; Liao, Y.; Zhang, L.; Sheng, Y.; Zhang, Q.; Chen, D.; Cheng, Y.; Xu, Z.; Sugioka, K.; Midorikawa, K. Fabrication of large-volume microfluidic chamber embedded in glass using three-dimensional femtosecond laser micromachining. Microfluid. Nanofluid. 2011, 11, 111–117. [Google Scholar] [CrossRef]

	



Liao, Y.; Song, J.; Li, E.; Luo, Y.; Shen, Y.; Chen, D.; Cheng, Y.; Xu, Z.; Sugioka, K.; Midorikawa, K. Rapid prototyping of three-dimensional microfluidic mixers in glass by femtosecond laser direct writing. Lab Chip 2012, 12, 746–749. [Google Scholar] [CrossRef] [PubMed]

	



Gissibl, T.; Thiele, S.; Herkommer, A.; Giessen, H. Two-photon direct laser writing of ultracompact multi-lens objectives. Nature Photon. 2016, 10, 554–560. [Google Scholar] [CrossRef]

	



Dietrich, P.I.; Blaicher, M.; Reuter, I.; Billah, M.; Hoose, T.; Hofmann, A.; Caer, C.; Dangel, R.; Offrein, B.; Troppenz, U.; et al. In situ 3D nanoprinting of free-form coupling elements for hybrid photonic integration. Nature Photon. 2018, 12, 241–247. [Google Scholar] [CrossRef]

	



Hahn, V.; Kalt, S.; Sridharan, G.M.; Wegener, M.; Bhattacharya, S. Polarizing beam splitter integrated onto an optical fiber facet. Opt. Express 2018, 26, 33148–33157. [Google Scholar] [CrossRef] [PubMed]

	



Choi, H.K.; Ryu, J.; Kim, C.; Noh, Y.C.; Sohn, I.B.; Kim, J.T. Formation of Micro-lens Array using Femtosecond and CO2 lasers. J. Laser Micro. Nanoeng. 2016, 11, 341–345. [Google Scholar]

	



Schwarz, S.; Hellmann, R. Fabrication of Cylindrical Lenses by CombiningUltrashort Pulsed Laser and CO2 Laser. J. Laser Micro. Nanoeng. 2017, 12, 76–79. [Google Scholar] [CrossRef]

	



Schwarz, S.; Gotzendorfer, B.; Rung, S.; Esen, C.; Hellmann, R. Compact Beam Homogenizer Module with Laser-Fabricated Lens-Arrays. Appl. Sci. 2021, 11, 1018. [Google Scholar] [CrossRef]

	



Dudutis, J.; Pipiras, J.; Schwarz, S.; Rung, S.; Hellmann, R.; Račiukaitis, G.; Gečys, P. Laser-fabricated axicons challenging the conventional optics in glass processing applications. Opt. Express 2020, 28, 5715–5730. [Google Scholar] [CrossRef]

	



Lin, C.H.; Jiang, L.; Chai, Y.H.; Xiao, H.; Chen, S.J.; Tsai, H.L. Fabrication of microlens arrays in photosensitive glass by femtosecond laser direct writing. Appl. Phys. A 2009, 97, 751–757. [Google Scholar] [CrossRef]

	



Pan, A.; Gao, B.; Chen, T.; Si, J.; Li, C.; Chen, F.; Hou, X. Fabrication of concave spherical microlenses on silicon by femtosecond laser irradiation and mixed acid etching. Opt. Express 2014, 22, 15245–15250. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, F.; Wang, C.; Yin, K.; Dong, X.R.; Song, Y.X.; Tian, Y.X.; Duan, J.A. Quasi-periodic concave microlens array for liquid refractive index sensing fabricated by femtosecond laser assisted with chemical etching. Sci. Rep. 2018, 8, 2419. [Google Scholar] [CrossRef] [PubMed]

	



Weingarten, C.; Schmickler, A.; Willenborg, E.; Wissenbach, K.; Poprawe, R. Laser polishing and laser shape correction of optical glass. J. Laser Appl. 2017, 29, 011702. [Google Scholar] [CrossRef]

	



Martinez, S.; Lamikiz, A.; Ukar, E.; Calleja, A.; Arrizubieta, J.A.; de Lacalle, L.N.L. Analysis of the regimes in the scanner-based laser hardening process. Opt. Lasers Eng. 2017, 90, 72–80. [Google Scholar] [CrossRef]

	



Weingarten, C.; Steenhusen, S.; Hermans, M.; Willenborg, E.; Schleifenbaum, J.H. Laser polishing and 2PP structuring of inside microfluidic channels in fused silica. Microfluid. Nanofluid 2017, 21. [Google Scholar] [CrossRef]

	



Serhatlioglu, M.; Ortaç, B.; Elbuken, C.; Biyikli, N.; Solmaz, M.E. CO2 laser polishing of microfluidic channels fabricated by femtosecond laser assisted carving. J. Micromech. Microeng. 2016, 26, 115011. [Google Scholar] [CrossRef]

	



Xu, G.; Dai, Y.; Cui, J.; Xiao, X.; Mei, H.; Li, H. Simulation and experiment of femtosecond laser polishing quartz material. Integr. Ferroelectr. 2017, 181, 60–69. [Google Scholar] [CrossRef]

	



Taylor, L.L.; Xu, J.; Pomerantz, M.; Smith, T.R.; Lambropoulos, J.C.; Qiao, J. Femtosecond laser polishing of germanium. Opt. Mater. Express 2019, 9, 4165–4177. [Google Scholar] [CrossRef]

	



Fan, Z.; Sun, X.; Zhuo, X.; Mei, X.; Cui, J.; Duan, W.; Wang, W.; Zhang, X.; Yang, L. Femtosecond laser polishing yttria-stabilized zirconia coatings for improving molten salts corrosion resistance. Corros. Sci. 2021, 184, 109367. [Google Scholar] [CrossRef]

	



Mills, B.; Heath, D.J.; Feinaeugle, M.; Grant-Jacob, J.A.; Eason, R.W. Laser ablation via programmable image projection for submicron dimension machining in diamond. J. Laser Appl. 2014, 26, 041501. [Google Scholar] [CrossRef]

	



Courvoisier, F.; Zhang, J.; Bhuyan, M.K.; Jacquot, M.; Dudley, J.M. Applications of femtosecond Bessel beams to laser ablation. Appl.Phys. A 2012, 112, 29–34. [Google Scholar] [CrossRef]

	



Kim, H.Y.; Yoon, J.W.; Choi, W.S.; Kim, K.R.; Cho, S.H. Ablation depth control with 40 nm resolution on ITO thin films using a square, flat top beam shaped femtosecond NIR laser. Opt. Lasers Eng. 2016, 84, 44–50. [Google Scholar] [CrossRef]

	



Hernandez-Rueda, J.; Götte, N.; Siegel, J.; Soccio, M.; Zielinski, B.; Sarpe, C.; Wollenhaupt, M.; Ezquerra, T.A.; Baumert, T.; Solis, J. Nanofabrication of Tailored Surface Structures in Dielectrics Using Temporally Shaped Femtosecond-Laser Pulses. ACS Appl. Mater. Interfaces 2015, 7, 6613–6619. [Google Scholar] [CrossRef] [PubMed]

	



Singh, S.; Argument, M.; Tsui, Y.Y.; Fedosejevs, R. Effect of ambient air pressure on debris redeposition during laser ablation of glass. J. Appl. Phys. 2005, 98, 113520. [Google Scholar] [CrossRef]

	



Gerhard, C.; Roux, S.; Brückner, S.; Wieneke, S.; Viöl, W. Low-temperature atmospheric pressure argon plasma treatment and hybrid laser-plasma ablation of barite crown and heavy flint glass. Appl. Opt. 2012, 51, 3847–3852. [Google Scholar] [CrossRef]

	



Butkus, S.; Gaižauskas, E.; Paipulas, D.; Viburys, Ž.; Kaškelyė, D.; Barkauskas, M.; Alesenkov, A.; Sirutkaitis, V. Rapid microfabrication of transparent materials using filamented femtosecond laser pulses. Appl. Phys. A 2013, 114, 81–90. [Google Scholar] [CrossRef]

	



Pan, Y.J.; Yang, R.J. A glass microfluidic chip adhesive bonding method at room temperature. J. Micrromech. Microeng. 2006, 16, 2666–2672. [Google Scholar] [CrossRef]

	



Haisma, J.; Hattu, N.; Pulles, J.T.; Steding, E.; Vervest, J.C. Direct bonding and beyond. Appl. Opt. 2007, 46, 6793–6803. [Google Scholar] [CrossRef]

	



Tamaki, T.; Watanabe, W.; Nishii, J.; Itoh, K. Welding of transparent materials using femtosecond laser pulses. Jpn. J. Appl. Phys. Part 2 2005, 44, L687–L689. [Google Scholar] [CrossRef]

	



Tamaki, T.; Watanabe, W.; Itoh, K. Laser micro-welding of transparent materials by a localized heat accumulation effect using a femtosecond fiber laser at 1558 nm. Opt. Express 2006, 14, 10460–10468. [Google Scholar] [CrossRef] [PubMed]

	



Richter, S.; Nolte, S.; Tunnermann, A. Ultrashort pulse laser welding—A new approach for high-stability bonding of different glass. Phys. Procedia 2012, 39, 556–562. [Google Scholar] [CrossRef]

	



Richter, S.; Zimmermann, F.; Shutter, D.; Budnicki, A.; Tunnermann, A.; Nolte, S. Ultrashort pulse induced laser wlding of glasses without optical contacting. In Proceedings of the SPIE LASE, San Francisco, CA, USA, 28 January–2 February 2017; Volume 10094, p. 1009411. [Google Scholar] [CrossRef]

	



Helie, D.; Begina, M.; Lacroix, F.; Vallee, R. Reinforced direct bonding of optical materials by femtosecond laser welding. Appl. Opt. 2012, 51, 2098–2106. [Google Scholar] [CrossRef] [PubMed]

	



Chen, J.; Carter, R.M.; Thomson, R.R.; Hand, D.P. Avoiding the requirement for pre-existing optical contact during picosecond laser glass-to-glass welding. Opt. Express 2015, 23, 18645–18657. [Google Scholar] [CrossRef] [PubMed]

	



Watanabe, W.; Onda, S.; Tamaki, T.; Itoh, K.; Nishii, J. Space-selective laser joining of dissimilar transparent materials using femtosecond laser pulses. Appl. Phys. Lett. 2006, 89, 021106. [Google Scholar] [CrossRef]

	



Zhang, G.; Stoian, R.; Zhao, W.; Cheng, G. Femtosecond laser Bessel beam welding of transparent to non-transparent materials with large focal-position tolerant zone. Opt. Express 2018, 26, 917–926. [Google Scholar] [CrossRef]

	



Greco, V.; Marchesini, F.; Molesini, G. Optical contact and Van der Waals interactions: The role of the surface topography in determining the bonding strength of thick glass plates. J. Opt. A Pure Appl. Opt. 2001, 3, 85–88. [Google Scholar] [CrossRef]

	



Cvecek, K.; Odato, R.; Dehmel, S.; Miyamoto, I.; Schmidt, M. Gap bridging in joining of glass using ultrashort laser pulses. Opt. Exp. 2015, 23, 5681–5693. [Google Scholar] [CrossRef] [PubMed]

	



Miyamoto, I.; Cvecek, K.; Schmidt, M. Crack-free conditions in welding of glass by ultrashort laser pulse. Opt. Express 2013, 21, 14291–14302. [Google Scholar] [CrossRef] [PubMed]

	



Miyamoto, I.; Cvecek, K.; Okamoto, Y.; Schmidt, M. Novel fusion welding technology of glass sing ultrashort pulse lasers. Phys. Procedia 2010, 5, 482–493. [Google Scholar] [CrossRef]

	



Shimizu, M.; Sakakura, M.; Ohnishi, M.; Shimotsuma, Y.; Nakaya, T.; Miura, K.; Hirao, K. Mechanism of heat-modification inside a glass after irradiation with high-repetition rate femtosecond laser pulses. J. Appl. Phys. 2010, 108, 073533. [Google Scholar] [CrossRef]

	



Huang, H.; Yang, L.M.; Liu, J. Ultrashort pulsed fiber laser welding and sealing of transparent materials. Appl. Opt. 2012, 51, 2979–2986. [Google Scholar] [CrossRef]

	



Zimmermann, F.; Richter, S.; Döring, S.; Tünnermann, A.; Nolte, S. Ultrastable bonding of glass with femtosecond laser bursts. Appl. Opt. 2013, 52, 1149–1154. [Google Scholar] [CrossRef] [PubMed]

	



Carter, R.M.; Troughton, M.; Chen, J.; Elder, I.; Thomson, R.R.; Esser, M.J.D.; Lamb, R.A.; Hand, D.P. Towards industrial ultrafast laser microwelding: SiO2 and BK7 to aluminum alloy. Appl. Opt. 2017, 56, 4873–4881. [Google Scholar] [CrossRef] [PubMed]








[image: Micromachines 12 00499 g001 550] 





Figure 1. Principle schemes of main nonlinear processes: (a) linear ionization, (b) nonlinear (multi-photon) ionization, (c) tunneling ionization and (d) avalanche ionization. 
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Figure 2. Focused laser beam spot diameter required to induce nonlinear effects dependency on radiation intensity. 
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Figure 3. Glass modification examples. (a) unmodified material, (b,c) type I of glass modification or refractive index changes. (d)—type III modification or nano/micro-voids [40]. 
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Figure 4. Examples of type II glass modification and visualization of nanogratings direction dependency to light polarization. (a) Nanogratings induced with light polarization perpendicular to scanning direction- the angle between polarization and scanning direction 90°, (b) 45° and (c) 0°. (d) Nanogratings modification after etching [41]. 
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Figure 5. Principle of transverse mode filtering in microchip laser by application of laser-made photonic crystal embedded in a glass chip. The solution is compact and allows to achieve a high degree of control over the spatial characteristics of a laser, depending on the geometry of inserted element. Adopted from [64]. 
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Figure 6. An image depicting encoding of information using type II modification induced birefringence. While both of the images seem to be written in the same volume (image on the left) images of Maxwell (center) and Newton (right) can be separated by exploiting imaging along both optical axes. Taken from [100]. 
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Figure 7. Example of microfluidic devices. (a–c) nozzle for biological applications, (d) glass connector for capillary electrophoresis, diameter 15 mm, thickness 2 mm [154]. 
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Figure 8. Example of microfluidic devices. (a,b) microfluidic chip created for cell sorting, (c,d) most important nodes of a chip are shown more detailed [154]. 
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Figure 9. (a–c) Example of a hybrid microfluidic device [160]. 
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Figure 10. The precision of profile of the ultrafast laser-made axicon with subsequent CO2 polishing and comparison to commercial high-precision and standard counterparts. The un-polished and polished laser-made profiles are offset to better reveal the difference between them. Reproduced from [195]. 
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Figure 11. Cross-section of the welding process (a) welding dependency on focal position. The focal position is changed in this order from image A to D: −24.1 μm, −40.0 μm, −86.5 μm and −107.3 μm, Corresponding schemes of these process are shown from picture 1 to 4, (b) welding dependency on pulse energy, the pulse energy is increasing in this order from image A to D: 10.1, 11.23, 12.9 and 18.8 μJ, schemes of the corresponding process are shown in pictures 1 to 4 [220]. 
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