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Abstract: Laser processing is a versatile tool that enhances smart materials for diverse industries,
allowing precise changes in material properties and customization of surface characteristics. It drives
the development of smart materials with adaptive properties through laser modification, utilizing
photothermal reactions and functional additives for meticulous control. These laser-processed smart
materials form the foundation of 4D printing that enables dynamic shape changes depending on
external influences, with significant potential in the aerospace, robotics, health care, electronics,
and automotive sectors, thus fostering innovation. Laser processing also advances photonics and
optoelectronics, facilitating precise control over optical properties and promoting responsive device
development for various applications. The application of computer-generated diffractive optical
elements (DOEs) enhances laser precision, allowing for predetermined temperature distribution
and showcasing substantial promise in enhancing smart material properties. This comprehensive
overview explores the applications of laser technology and nanotechnology involving DOEs, under-
scoring their transformative potential in the realms of photonics and optoelectronics. The growing
potential for further research and practical applications in this field suggests promising prospects in
the near future.

Keywords: smart materials; laser processing; modification; material properties; functional additive
introduction; shape memory; 4D printing; optical system; computer-generated diffractive optical
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1. Introduction

Smart materials, alternatively referred to as intelligent materials or materials with
adaptive properties, constitute a fascinating class of materials endowed with the capability
to respond dynamically to changing environmental conditions. These materials exhibit dis-
tinctive properties that empower them to undergo adjustments in their physical or chemical
structure when subjected to external stimuli. Among the impressive array of smart materi-
als, shape memory materials [1-4] stand out, with their unique ability to “remember” and
seamlessly revert to their original shape after deformation. Applications of these materials
span a wide spectrum, from medical implants to the aerospace industry. Magnetic shape
memory materials [5-7] demonstrate a distinctive characteristic of changing shape under
the influence of a magnetic field, making them highly relevant in microelectronics and other
innovative applications. Thermoresponsive materials [8-10], which adapt their properties
in response to temperature fluctuations, have found applications in a wide range of fields,
including medicine, biotechnology, and optoelectronics. Electroactive polymers [11,12], on
the other hand, exhibit promising potential in areas such as robotics, sensor technology, and
biomedical applications, as they transform their shape and dimensions when exposed to an
electric field. The photonic interaction of light with electroactive materials even enables the
conversion of light energy into mechanical energy [13]. Another aspect of adaptability is
the development of electronically controlled smart windows [14] for use in buildings and

Appl. Sci. 2024, 14, 85. https://doi.org/10.3390/app14010085

https://www.mdpi.com/journal/applsci


https://doi.org/10.3390/app14010085
https://doi.org/10.3390/app14010085
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0002-8150-1848
https://doi.org/10.3390/app14010085
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app14010085?type=check_update&version=1

Appl. Sci. 2024, 14, 85

2 0f 33

automobiles, boasting the ability to adjust their transparency as required. As a whole, smart
materials constitute a dynamic and pivotal domain of modern scientific and technological
exploration, offering a broad spectrum of applications across various industries [15].

Laser processing, recognized for its high precision, has become indispensable in vari-
ous areas of industry [16]. Laser technology is widely employed for cutting metallic and
non-metallic materials with exceptional precision, finding applications in diverse sectors,
from automobile manufacturing to the aerospace sector [17,18]. For instance, laser cutting
plays a pivotal role in shaping shape memory alloys, allowing for the production of intricate
miniaturized devices used across a spectrum of applications [19-21]. At the same time, laser
technologies facilitate the production of high-quality engravings and markings on various
materials, serving industries like jewelry, electronics manufacturing, and the production of
medical devices [22,23]. Laser welding, on the other hand, allows for the creation of strong
joints without the need for additional materials, making it a valuable process in the produc-
tion of aviation and aerospace systems [24-26]. The application of lasers in interaction with
smart materials opens the door to more innovative and adaptable technologies, such as the
development of intelligent products capable of modifying their properties through laser
manipulation [27-29]. These fields are continuously advancing, and forthcoming progress
in these areas could result in a broad spectrum of practical applications.

Enhancing the intelligence of materials using laser processing stands as a modern
approach, offering the development of adaptive materials. Laser processing makes it
possible to modify the structure and properties of materials, thus endowing them with
“smart” attributes. This versatile technique allows to modify the surface [30], to synthesize
and process of atomically thin two-dimensional materials [31]. Moreover, laser processing
permits the creation of micro- and nanostructures on material surfaces, enabling the modi-
fication of properties such as adhesion, hydrophobicity, and others. Notably, it facilitates
the creation of self-cleaning surfaces [32-34]. Laser remelting of the near-surface layer
emerges as an effective method for microstructure manipulation, leading to reductions in
thermal conductivity and resistivity. These changes translate into enhanced thermoelectric
performance in metallic materials, as demonstrated through the case of the full-Heusler
compound Fep, VAl in [35].

Laser irradiation can induce a photothermal reaction in materials, which results in
changes in their mechanical properties. Laser processing can be used to change the shape
and dimensions of a material by heating and cooling it. This is beneficial for creating shape
memory materials that are activated using laser beam heating [36,37]. Laser processing
can be used to activate or introduce functional additives into a material, enhancing its
properties [38,39]. For example, laser-doped selective emitter diffusion techniques have
become mainstream in solar cell manufacture [40]. This method is also a promising one-step
method for creating conductive micropatterns for electronic devices and sensors [41].

Laser microfabrication can be employed to create micro-electro-mechanical systems
(MEMS) with adaptive properties, such as microactuators and microsensors [42—44]. Laser
processing can also be used to create optical structures and waveguides on the surface
of materials, which can be useful for developing smart optical devices for photonics and
optoelectronics [45-47]. All of the above-mentioned methods can be adapted for various
materials, including metals, polymers, glasses, and composites. They have applications
in diverse fields such as medicine, electronics, aerospace, and the development of smart
technologies and sensors [48]. These are just a few examples of possible ways to create
smart materials using laser processing, and research in this area continues to advance.

It is worth noting that achieving precision in laser processing and controlling power
density distribution for material modification are of paramount importance. Current optical
systems have their limitations, which can only be circumvented by adopting an inefficient
approach of selecting materials with broader temperature tolerance when designing laser
modification processes. A more contemporary solution involves the utilization of computer-
synthesized diffractive optical elements (DOEs) for shaping laser beams, enhancing the
precision of power density distribution [49].
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The primary goal of this article is to analyze structured data in the field of developing
smart materials using laser technologies. During the analysis, special attention is given to
evaluating the potential and effectiveness of laser processing for addressing various tasks
and challenges. Methods for modifying materials by laser irradiation, including changes to
their structure, properties, and shape, are examined. Prospects for creating smart materials
with use of laser irradiation and their potential applications are discussed. This research
is considered promising and holds significant practical value. It is expected that progress
in the creation of smart materials using laser processing will have a substantial impact on
various industrial sectors.

2. Laser Modification for Smart Materials

Laser modification is a powerful technique employed to modify the physical and
chemical properties of materials, offering a wide array of applications and the ability to
create smart and intelligent materials [50]. By utilizing a laser beam, the material’s surface
can be heated or melted, enabling precise changes in its structure and properties [51,52].
This can involve the creation of micro- and nanostructures on the material’s surface, in-
fluencing its mechanical, optical, or electronic characteristics [53]. One of the notable
features of laser material modification is the precise control of laser parameters, such as
power, pulse duration, and frequency, allowing for fine-tuned material changes. As a result
of laser modification, a material’s properties can be tailored to specific tasks. This may
include enhancing mechanical strength, improving adhesion to other materials, modifying
optical characteristics, and even achieving superhydrophobic and self-cleaning surface
properties [54-56].

To create smart materials, laser modification can be carried out in several ways. Laser
shock treatment is used to form gradient nanostructures in the surface layer, which is one
of the methods of surface intensive plastic deformation under extreme conditions [57,58].
Laser hardening selectively heats the material’s surface to enhance its hardness and wear
resistance, resulting in smart materials with improved durability and resistance to wear and
tear [59-61]. Typically, this process enables the transformation of only the near-surface layer,
but in the case of thin elements, it is feasible to harden the entire depth of the material [62].
To optimize the laser hardening process of a thin-walled medium manganese steel sample
using oscillating beam technology, a simulation was conducted. The simulation involved
defining the power distribution and virtually determining the oscillation frequency. This
approach successfully led to the modification of the shape of the hardened zone during the
experimental laser hardening process using a disc solid-state laser beam source, applying a
power level of 1200 W (Figure 1).

The laser hardening process for medium and high-carbon steels entails locally rais-
ing the temperature and then self-quenching at rapid cooling due to the high thermal
conductivity of the metal, leading to the formation of a martensitic microstructure with
greater hardness compared to the original ferrite—perlite microstructure. In [63], laser
surface hardening of AISI 420 steel was carried out using a diode laser with a wavelength
of 1064 nm. The processing that was aimed at the formation of a hardened surface with
slight melting was performed at 480 W power and scanning speed of 20 mm/s; the size
of the laser spot with a top-hat profile was 3 mm. In Figure 2, the microstructure of the
cross-section of the laser-hardened AISI 420 steel, examined using a stereo microscope, is
displayed. The melt pool had a depth of approximately 370 pm, and each track measured
about 2100 um in width, with slight overlapping. The geometry of the melt pool is related
to the process of heat input, which is influenced by laser power and scanning speed. The
modification of these parameters affect the hardening depth. Thus, increasing the laser
power or decreasing the scanning speed leads to an increase in the hardening depth.
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Figure 1. Schematic of the laser hardening process illustrating the beam power distribution in specific
planes for experimental studies [62].

Figure 2. The microstructure of the cross-section of the laser-hardened AISI 420 steel [63].

Laser alloying involves melting a thin near-surface layer of the material and intro-
ducing alloying elements or compounds, imparting unique properties such as enhanced
corrosion resistance and electrical conductivity [64-66]. Laser boriding of martensitic aging
steels has proven to be highly effective in increasing wear resistance. The study in [67]
demonstrates that changing laser irradiation parameters, such as laser beam energy and
scanning speed, influences the boriding process results in a variety of microstructures in
the obtained boronized layers. These microstructures range from hypoeutectic with a low
boride content to mixed borides, aligning with the Fe-B phase diagram (Figure 3). The
surface laser alloying process involved a fiber laser machine with a wavelength of 1070 nm.
Significant processing parameters included a laser power of 300 W, a laser spot diameter of
1 mm, and a variable laser operating speed ranging between 500 and 1500 mm /min. This
laser boriding method significantly improves wear resistance in martensitic aging steels,
enhancing it by up to 7.5 fold.
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Figure 3. SEM micrographs of laser-boronized layers with different microstructures: (a) hypoeutectic
microstructure with primary dendrites of y-Fe solid solution (y-Fe) and boride-based eutectic (E);
(b) a fully eutectic microstructure; (c) a hypereutectic microstructure with (Fe, Ni, Co),B (referred
to as M B) borides surrounded by eutectic (E); (d) dendritic higher (Fe, Co, Ni, Mo)B (referred to as
MB) borides in a matrix of lower M2B borides; (e) an enlarged view of the microstructure shown in
(d) with marked points for X-ray microanalysis and its results in atomic percentage; (f) an example of
a microstructure with a mixture of borides exhibiting the highest achieved hardness [67].

Laser doping introduces specific elements or dopants into the material’s surface
layer, modifying its electronic properties and enhancing semiconductor characteristics [68].
In such cases, subsequent laser annealing can achieve high crystallinity comparable to
conventional thermal furnace annealing, but with significantly lower heat input or thermal
budget [69]. Laser modification can also activate functional groups on the material’s
surface [70,71], allowing the creation of smart materials with functional properties, such as
chemical sensing for the destruction or inhibition of microorganisms [72].

Laser surface modification can be used to create biocompatible materials for medical
implants, with controlled surface properties that promote tissue integration [73-75]. Laser-
modified surfaces can improve the adhesion of electronic components or create specialized
surfaces for MEMS and sensors [76]. The study in [77] introduced a novel technology for
precision manufacturing of quartz resonators for MEMS. This approach relies on laser-
induced chemical etching of quartz. The key processing steps involve femtosecond UV
laser treatment of alpha quartz plates with Z-cuts, coated with Cr-Au, followed by wet
etching. The laser chemical etching process utilized a laser system with pulse widths
ranging from 270 fs to 10 ps. It generated pulses with a wavelength of 343 nm, reaching a
maximum energy of 40 pJ at a frequency of 175 kHz. The laser output was scanned using
low group delay dispersive mirrors and a Newson galvanometer scanner with an F-Theta
lens. A visual comparison of etched quartz surfaces with and without prior irradiation
is presented in Figure 4. This fabrication method, employing femtosecond laser-induced
chemical etching, enables the attainment of superior surface quality using the same wet
etching parameters.

Laser-induced surface structures have diverse applications, also in antireflective coat-
ings and high-transparency glasses. For the creation of antireflective coatings, femtosecond
laser pulses, with a central wavelength of 1045 nm, a pulse width of 700 fs, and a frequency
of 100 kHz were utilized [78]. In the production of high-transparency glasses, a Yb:KGW
laser amplifier was employed to generate a linearly polarized femtosecond laser with a
central wavelength of 1030 nm, a frequency of 10 kHz, and a pulse duration of 216 fs. The
laser beam was focused by a convex lens [79]. Smart materials with laser-modified surfaces
can be used in automotive components to improve the wear resistance and reduce the
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friction [80-82]. The results of various processes, such as laser remelting, laser texturing,
and laser shock hardening, demonstrated that fluence was the most critical factor influenc-
ing the surface roughness and the microstructure. The optimization of laser parameters
can minimize such defects and modulate specific morphology. Furthermore, oxide films
produced through femtosecond laser deposition have the potential to manage radiative
thermal properties and serve as active energy-saving windows for buildings, satellites, and
spacecraft [83]. The described process, outlined in [83], utilized a laser fluence of 0.27 J/ cm?
for ablating the vanadium oxide target, employing a solid-state Ti:sapphire laser/amplifier.
Thus, laser surface modification stands as a versatile technique for crafting smart materials
by tailoring the surface properties of diverse materials. Its precision in controlling surface
features enables the development of materials with adaptive characteristics suitable for a
wide range of applications.

Cr/Au coated area

Figure 4. Differential interference contrast (DIC) microscopy images of wet-etched quartz surfaces,
with an etch depth of 100 um: (a) quartz surface after 4 h of etching without laser treatment before
etching; (b) quartz surface after 4 h of wet etching under the same conditions as in (a) but after laser
treatment before etching [77].

The fabrication of smart materials using laser surface modification offers a range
of advantages. It enables precise and selective change in a material’s surface properties
while preserving its bulk properties. This method provides high precision for targeted
adjustments to specific areas on the material’s surface. The laser modification method is
highly customizable, allowing for the creation of materials with tailored surface properties
to meet specific application requirements [84-86]. This method can be closely monitored
and controlled to ensure consistent and high-quality surface modifications. It can be ap-
plied to a wide range of materials, including metals and alloys, polymers, ceramics, and
composites [87-89]. These features make laser surface modification an effective technique
for creating smart materials with customized surface properties that can intelligently re-
spond to various impacting factors, offering diverse applications in engineering, electronics,
medicine and biotechnology, as well as in other fields.

Thus, laser material modification is a highly customizable and precise process that
allows for the individual tailoring of material surface properties. This technology finds ap-
plications in various fields, including medicine, electronics, engineering, and biotechnology.
Creating smart materials using laser modification opens up new horizons for develop-
ing innovative products and devices with intelligent and adaptive surface properties,
making this method a crucial tool for future technological advancements and addressing
current challenges.

3. Harnessing Photothermal Reactions and Functional Additive Introduction

Laser modification allows one to utilize the possibilities of photothermal reactions
and encompasses the introduction of functional additives to transform material proper-
ties. The creation of smart materials through photothermal reaction energy allows for the
controlled modification of material properties by using laser beams to manipulate their
physical characteristics. Photothermal reactions involve the utilization of laser beams to
heat materials, ultimately inducing changes in their structure and properties [41,90]. The



Appl. Sci. 2024, 14, 85

7 of 33

process begins by selecting a material capable of absorbing laser radiation, typically within
a specific wavelength range [91]. The laser beam is precisely directed to the material’s
surface, where its energy is efficiently converted into thermal energy. The temperature
increase achieved can be localized and extremely precise due to the focusing of the laser
beam [92,93]. Under the influence of laser irradiation, a photothermal reaction takes place,
resulting in modifications to the material’s internal structure and properties. These changes
may encompass alterations to the crystalline structure, molecular orientation, or other
physical parameters of the material. To achieve the desired material changes, it is crucial to
control laser processing parameters, including laser beam power, duration of exposure, and
the precise location of irradiation [94]. As a consequence of the photothermal reaction, the
material can acquire “smart” properties, leading to changes in its optical, mechanical, or
electrical characteristics, depending on the level or duration of laser exposure [95]. This ca-
pability enables the creation of materials with adaptive properties. Photothermal reactions
play an important role in the production of materials that respond to specific therapeutic
or diagnostic laser procedures [96,97]. By initiating a photothermal reaction through laser
irradiation, precise control and modification of material properties are achieved, making
them “smart” and adaptable for a wide range of applications.

The development of smart materials can also encompass the integration of specialized
additives or compounds through laser processing. These functional additives have the
capacity to introduce novel properties and functionalities to materials [98,99]. For instance,
in [100], a study aimed to enhance the bioactivity and wear resistance of titanium and
its alloys for potential implant applications. This was achieved through laser cladding,
resulting in a multilayer Ca/P (calcium/phosphorus) bio-ceramic coating on the surface
of Ti6Al4V alloy using hydroxyapatite and Ti powder as cladding precursors. The laser
cladding system featured a medium-power fiber laser and a laser head connected through
a QBH standard connector for efficient interchangeability. Laser cladding parameters
included a 400 W laser power, 3 mm/s scanning speed, 2 mm spot diameter, and a 30%
overlap rate. Figure 5 illustrates the laser cladding process employed to produce the mul-
tilayer Ca/P bio-ceramic coating. The resulting coating displayed good biocompatibility
(Figure 4), similar to the commonly used Ti6Al4V alloy for medical implants and showed
in vitro bioactivity by facilitating hydroxyapatite deposition through ion exchange in an
SBF solution, unlike the titanium alloy substrate. Additionally, the coating demonstrated
enhanced wear resistance compared to the Ti alloy substrate.

bax@d Preplace powders

First Second
cladding path  cladding path

T B

& Lap zone

Laser cladding
after drying

Figure 5. Laser cladding process employed to produce the multilayer Ca/P bio-ceramic coating [100].

Using laser processing, various methods are available for the introduction of functional
additives into materials. Alloying, for instance, involves introducing elements or alloys
to enhance a wide range of material properties, such as strength, hardness, and corrosion



Appl. Sci. 2024, 14, 85

8 of 33

resistance. Cladding, on the other hand, revolves around the application of a layer of one
material onto the surface of another, thereby modifying its characteristics [52,101,102]. It is
worth noting that the improper selection of cladding process parameters and the mismatch
of thermophysical properties between the cladded layer and the substrate material can lead
to the development of substantial residual stresses during rapid cooling and heating phases,
potentially resulting in various types of cracks [103]. In [104], NiCrSiBC-WC composite
coatings were studied with different WC mass ratios on carbon steel substrates, revealing
that 40 wt.% WC coatings were crack-free, while those with 50% and 60% WC displayed
cracks (Figure 6a). The integrated control system used at the workstation was finely tuned
with specific processing parameters: a laser power of 1 kW, a laser spot diameter of 2.5 mm,
a laser scanning speed set at 1200 mm/min, and an overlapping rate fixed at 40%. Figure 6b
displays metallographic microscopy images of cladding coatings with different WC types
in Ni60 coatings: spherical, shaped, and flocculent [105]. The processing was conducted
using a semiconductor laser and a five-axis numerical control system. Composite powders
were conveyed using coaxial-powder feeding technology. The processing parameters for
the cladding layer were specified as follows: a laser power of 1.5 kW, a laser scanning speed
of 240 mm/min, a powder feeding rate of 7 r/min, a spot size measuring 4 x 5 mm, with an
overlapping rate set at 40%. It was determined that under the same laser cladding process
conditions, the addition of different WC particles has a different effect on the performance
of Ni60-30 wt.% WC coatings.

Figure 6. Influence of cladding materials on the microscopic morphology of the coating. (a) Mi-
crostructure of NiCrBSi-WC coatings with variable WC contents [104]; (b) microscopic images of
different WC-based coatings in Ni60-30 wt.% WC composite coatings [105].

To produce top-quality laser cladding coatings, the interplay between processing
parameters, microstructure, and mechanical properties is thoroughly examined in [106].
In addition, the study in [107] proposed optimizing the laser cladding process parameters
through intelligent system optimization algorithms. Cladding can also be achieved through
the use of transition layers [108], and the process itself can lead to the creation of functionally
graded materials [109] and refractory high-entropy alloys with distinct microstructures and
properties [110,111]. The application of laser cladding for the fabrication of high-entropy
alloys is thoughtfully presented in [112,113]. This approach, which introduces functional
additives into materials using laser processing, contributes to the creation of smart materials
with tailored and enhanced properties, promising a wide array of applications.

Doping, on the other hand, involves the introduction of specific elements, known as
dopants, into the crystalline structure of a material. This process is carried out to modify
the material’s electronic properties, encompassing conductivity and optical characteris-
tics [114]. Laser processing comes into play when introducing nanoparticles or creating
nanostructures to enhance a material’s conductivity, optical attributes, or other relevant
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characteristics. Moreover, introducing functional additives onto a material’s surface using
laser processing can lead to changes in its adhesion, wettability, or chemical reactivity. Inte-
grating functional elements like quantum dots or fluorophores using laser processing can
result in the development of sensors and detectors with tailored functionality [115]. This
approach allows for the creation of materials with unique functional characteristics, making
them customizable for various applications. Notably, in [116], the laser doping method was
employed, with the application of an ultraviolet nanosecond laser, to co-dope with fluorine
and induce an N-type transition in phosphorus-doped germanium. Similarly, in [117], laser
doping was used for nitrogen doping in 4H-silicon carbide. A KrF excimer laser with a
wavelength of 248 nm was utilized in the experimental study. The pulse duration was 82 ns,
while the repetition frequency was set to 100 Hz. Employing a slit, the laser beam was
narrowed near the center, creating an area of 300 x 300 um on the sample surface. During
the experiment, the laser irradiation frequency ranged from 1 to 200 shots per location
by adjusting the sample scanning speed. The laser irradiation fluence was set within the
range of 2.2 to 3.4 ] cm 2. In [118], this method was applied for heavy doping of thin
silicon-on-insulator layers in conjunction with laser thermal annealing. These examples
underscore the versatility of laser doping as a mean for modifying electronic properties in
different materials for specific applications.

It is worth noting that annealing plays a pivotal role in the semiconductor industry,
serving as a critical process for optimizing semiconductor material properties. Annealing
involves controlled heating and cooling to enhance the crystalline structure, minimize
defects, and manage electrical characteristics. To meet the growing demand for low total
heat input methods, especially driven by innovations like 3D integrated circuits, pulsed
laser annealing has emerged as a promising technique. Pulsed laser annealing offers high
dopant activation levels and minimal surface roughness, making it well-suited for various
semiconductor applications [119]. Numerous studies delve into the applications of laser
annealing. In [120], the paper discussed the preparation and characterization of ZnO
nanofilms (ZNFs) on silicon substrates using a sol-gel-assisted spin-coating process. These
ZNFs were modified by Nd:YAG pulsed laser annealing at specific wavelengths, resulting
in improved structure and electrical properties. The samples were exposed to Nd:YAG
laser beams at varying wavelengths, specifically 1064 nm, 532 nm, and 355 nm. Each
wavelength received 5 pulses, with an energy fluence of approximately 650 mJ/cm?, a
frequency of 1 Hz, laser energy set at 500 mJ, and a window area of about 0.8 cm?. In[121], a
comprehensive analysis of the green laser annealing method for phosphorus-doped silicon
was presented.

Additionally, the study in [122] highlighted the successful solid-phase recrystallization
of partially amorphized silicon-on-insulator structures using pulsed ultraviolet nanosecond
laser annealing. This approach achieved high dopant activation rates with a low overall
heat input, positioning it as a promising technique for 3D sequential integration. In Figure 7,
TEM images showcase a cross-section of a 22 nm-thick silicon-on-insulator structure with
phosphorus implantation, revealing the impact of sub-melt multi-pulse ultraviolet nanosec-
ond laser annealing (UV-NLA). The samples were processed with UV-NLA using a device
equipped with a XeCl excimer laser with a wavelength of 308 nm. The laser had a pulse
duration of 160 ns and operated at a frequency of 4 Hz. Spatial homogenization of the laser
beam was performed to achieve consistent results, ensuring a non-uniformity level below
3%, and generating a top-hat beam, measuring 15 x 15 mm?. The observations highlight
that 30 laser pulses at 0.58 J/cm? can induce partial recrystallization in the amorphous
Si layer, while 100 pulses at the same energy density result in complete recrystallization.
This emphasizes the efficacy of UV-NLA in a sub-melt multi-pulse mode, achieving a
progressive solid-phase recrystallization of the amorphous layer from the crystalline seed.
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Figure 7. TEM images of cross-sections of 22 nm-thick silicon-on-insulator structures: (a) as-
phosphorous-implanted and after sub-melt multi-pulse UV-NLA at 0.58 J/cm? with (b) 30 or
(c) 100 cumulative pulses [122].

Accordingly, laser modification, using photothermal reactions and the introduction
of functional additives, allows for precise control and modification of material properties,
making them adaptable for various applications. Photothermal reactions involve localized
heating through laser irradiation, leading to structural and property changes in materials.
The introduction of functional additives, including polymers, nanoparticles, and metals,
enhances materials with new properties and functionalities. These smart materials find
applications in electronics, aerospace, medicine, and environmental monitoring.

4. Laser Surface Modification by Direct Laser Interference Patterning (DLIP)

DLIP for surface modification of materials utilizes coherent laser beam interference
to create functional periodic microstructures, offering advantages over alternative meth-
ods. It stands out for its capacity to directly create large-scale microstructures, varying
between centimeters to tens of nanometers, showcasing high speed and versatility. The
distinguishing feature of DLIP is that it does not require focused laser beams, which enables
high-performance processing with a substantial depth of focus and expanding structuring
possibilities through laser parameter variations. This makes DLIP a potent and efficient
technique for modifying surface properties across a spectrum of technological applications,
encompassing electrical, optical, and tribological domains. The studies [123,124] provided a
comprehensive discussion of direct laser interference patterning (DLIP), a high-throughput
surface structuring method using overlapping laser beams, with applications in industries
like photonics, optoelectronics, nanotechnology, and biomedicine. Figure 8 showcases the
DLIP treatment of ~500 nm-thick indium tin oxide (ITO) thin films on glass substrates using
a DLIP workstation equipped with a solid-state ultrashort-pulse laser with a maximum
output power of 100 W and a pulse frequency of 1 MHz. The laser operated at a wavelength
of 1030 = 10 nm, with a frequency of 50 kHz, and a pulse duration of 900 £ 100 fs. SEM
images were taken at varying fluence levels to assess the induced microgroove morphology.
In Figure 8a, the SEM image displays the untreated ITO surface, while Figure 8b,c depict the
DLIP-treated surface at F = 250 m] cm 2. The DLIP-treated sample exhibits a well-defined
periodic array of grooves, and on the valleys of the texture, laser-induced periodic surface
structures (LIPSS) are evident. LIPSS features align perpendicular to the laser polarization,
extending on both the bottom and sidewalls of the texture. Spatial frequencies of DLIP
and LIPSS are identified, with a spatial period of Aprip = 5.0 = 0.1 pum for DLIP and
Arpss = 230 £ 20 nm for LIPSS [124].
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Figure 8. SEM images of (a) untreated ITO surface and (b) patterned surface at F = 250 m]J cm 2. The
electrical field’s polarization direction is indicated by the double arrow. (c) Tilted view of the ablated
area of the sample. (d) Absolute value of the two-dimensional Fast Fourier Transform (2D-FFT)
applied to (b) with a zoomed view of the center frequencies. The double-lobes shapes corresponding
to High Spatial Frequency LIPSS are marked by dotted circles [124].

The process of microstructuring in DLIP can engage either photothermal, photochemi-
cal, or a combination of these mechanisms, depending on the interaction between laser light
and the utilized materials [125]. In [126], the DLIP process scheme was presented (Figure 9).
The influence of pulse duration and pulse-to-pulse overlap was investigated. The study
provides insights into surface phenomena and demonstrates efficient structuring of chal-
lenging, low-absorbing polymeric substrates using ultrashort pulsed lasers (266 fs—15 ps)
operating with a frequency of 1 kHz and an emitting IR wavelength of 1030 nm. Here, the
surface modification of polyether ether ketones, advanced polymeric materials replacing
metals and ceramics, was demonstrated using femtosecond pulses. A laser beam with an
elongated shape and a periodic intensity profile, created by the interference of two laser
beams, was utilized to remove material from the surface.

In the connector industry, the reduction in friction during the insertion in detachable
electrical connections is crucial, commonly achieved through connector design and lubri-
cants. This study utilizes DLIP to create asymmetric saw-tooth structures on Sn-coated
Cu plates, showcasing improved performance with lower insertion and higher removal
forces, while maintaining electrical behavior [127]. This study utilized a picolaser system,
incorporating a laser with a pulse duration of 12 ps and a wavelength of 532 nm. The
potential of DLIP has been enhanced by utilizing two beams, enabling the production
of surfaces with two-dimensional periodicity and multiple symmetry axes [128]. This
technique involved picosecond laser writing of a consistent one-dimensional pattern for
different sample orientations, offering versatility in creating diverse two-dimensional peri-
odic structures with varying rotation angles and number of scans. The picosecond laser,
operating at a wavelength of 1064 nm and a spectral bandwidth of <0.3 nm, was chosen for
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its narrow bandwidth, ensuring high-contrast interference patterns throughout the entire
spot size.

"
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Figure 9. Illustration of the DLIP process. A indicates the period of the interference structure formed

on the processed material’s surface, aligning with the structure’s period. The variables h, dx, and dy
denote the height of the structure and the dimensions of the elliptically shaped focal spot of the laser
beam, respectively, while & represents the angle between the laser beams [126].

In [129], surface structures on 4H-SiC were generated using ultrashort pulsed DLIP
(USP-DLIP) and a single Gaussian beam process. Through the utilization of a DOE to split a
single beam into two, the interfered beams produced hierarchical structures, encompassing
high spatial frequency LIPSS (HSFL) and low spatial frequency LIPSS (LSFL). The aspect
ratio control capability of USP-DLIP was demonstrated through experimental results and
Raman analysis, indicating a reduction in crystalline SiC peak intensity following USP-
DLIP irradiation. The study employed a femtosecond laser with linear polarization, a
wavelength of 1030 nm, a pulse duration of 420 fs, a frequency of 100 kHz, a maximum
output power of 2 W, and a beam diameter of 2.4 mm (at 1/e?). In [130], a single-step
method for creating porous photocatalytic surfaces on titanium substrates was introduced
by DLIP with picosecond-range pulses. The study showcased the tunability of composition
and morphology in the resulting surfaces, allowing customization for applications like
antimicrobial surfaces, implant materials, or water treatment, utilizing a DLIP setup with a
DOE and prism for versatile beam manipulation. The laser patterning was executed using
a picosecond laser with a pulse width of 12 ps, a wavelength of 532 nm, a frequency of
100 kHz, and a maximum average power of 10 W.

In [131], the focus was on integrating a diffractive fundamental beam-mode shaper
element, or DOE, into a DLIP optical setup to create a square-shaped top-hat intensity
distribution. The research involved measuring and characterizing interference patterns,
identifying the system’s sensitivity to optical misalignments, and elaborating an optical
system for generating square-shaped interference distributions of energy with a flat-top
intensity profile. The goal was to enhance the homogeneity of surface patterns in applica-
tions involving functionalized surfaces, emphasizing the application of the DOE. In [132], a
diffractive beam-shaping element, or DOE, was integrated into a four-beam DLIP setup,
demonstrating advantages over using a standard Gaussian beam configuration, including
increased structure height, improved pattern uniformity, and enhanced productivity for
specific patterns. The experimental investigations utilized a laser four-beam interference
setup, resulting in the formation of dot-like interference patterns. This setup included a
nanosecond-pulsed laser system operating at a wavelength of 1053 nm, with a maximum
average output power of 4 W, a frequency of 4 kHz, and a pulse duration of 6 ns. Figure 10
illustrates the schematic of the experimental setup, along with the interference intensity
patterns for the setup with and without a DOE.



Appl. Sci. 2024, 14, 85

13 of 33

(@)

Telescope mirror
I

DLIP-pattern

(b) Focused gaussian laser beam

DLIP optics configuration with interference modulation
1

Gaussian laser /
beam profile Lens
(c) i F ) Focused top-hat laser beam
DL Stics Coigiation with interference modulation
| |
FBS \
i | |
i BN NE ST
r ,
| |
v Gaussian laser 3 50 um
— Substrate beam profile Lens

Figure 10. (a) Experimental setup features a compact DLIP optical configuration, with the main beam
divided into four identical sub-beams using a DOE. Inset displays four symmetrically distributed
sub-beams with 0 as the incidence angle and ¢ as the azimuthal angle. Interference intensity patterns
are illustrated for two setup variants: (b) without and (c) with a DOE [132].

Designing materials with micro- and nano-scale two- and three-dimensional structures
introduces a new opportunity for tailoring material properties and enhancing functionali-
ties. The complexity of such designs requires advanced fabrication techniques, particularly
with high resolution on the nanoscale. DLIP emerges as an innovative solution for high-
speed patterning of periodic structures. This method involves overlapping multiple laser
beams on the material’s surface, facilitating rapid and precise customization of material sur-
face microstructures and topographies at industrially relevant scales [133]. Laser-textured
surfaces, gaining prominence for their diverse applications and industrial scalability, have
been extensively studied in research with the purpose of creating functional surfaces.
The study outlined in [134] demonstrates that combining structures with varying feature
sizes, produced different techniques like DLIP, direct laser writing, and LIPSS fabrication
methods not only enhances specific functions but also imparts multiple functionalities
to materials. This includes improvements in surface wetting properties, resistance to ice
formation, self-cleaning capabilities, antibacterial performance, and the enhancement of
optical properties in polymer materials, designed for manufacturing solar cells and organic
light-emitting diodes.

Thus, it has been demonstrated that direct laser interference patterning is a progressive
method to fabricate defect-free periodic micro- and nanostructures for a wide range of
materials, opening up new possibilities for the formation of functional surfaces. DLIP has
been successfully implemented using different pulsed laser sources, processing systems and
configurations. Because of the flexibility of DLIP in terms of fabricated geometry, sizes, and
its compatibility with a wide range of materials, numerous applications become feasible.

5. Shape Change Manipulation Using Laser Processing

Creating smart materials using laser processing and shape change manipulation is
a modern approach that involves using laser irradiation to induce controlled changes in
the shape and dimensions of a material. It is particularly useful for developing materials
with shape memory properties, making it suitable for 4D processes, such as the creation of
objects that can change their shape in response to various cues [135-137]. 4D printing is
an emerging technology that extends the concept of 3D printing by adding an additional
dimension—time. In 4D printing, the printed object is designed to change its shape
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or function over time when exposed to specific environmental conditions or external
stimuli. The process typically involves printing a structure using materials with special
properties, such as shape-memory polymers [138-141] or composites with responsive
elements [142-145], ceramics are also finding applications [146-148]. These materials are
programmed to react to external factors like heat, moisture, light, or magnetic fields. When
the printed object is subjected to the predetermined stimulus, it undergoes a transformation,
changing its shape, structure, or properties. The technology holds great promise, as it allows
for the creation of objects that can adapt and optimize their performance in real time.

The progress in high-temperature ceramics is hindered due to their extreme melting
points and the challenge of crafting complex structures. 4D printing emerges as a solution,
enhancing the geometrical flexibility of ceramics. In [146], a ceramic 4D printing method
combining laser machining, UV /ozone film deposition, and heat treatment is presented. It
induces rapid shape and material changes, allowing versatile structures with tunable bend-
ing. Precursors transform into ZrO,-SiOC ceramics or SiOC glass, showcasing reversible
reconfigurability and shape memory.

The 4D printing of metallic materials often employs specific metal alloys with shape
memory properties. These alloys can include, but are not limited to the following. Nitinol
(Ni-Ti) is a well-known shape memory alloy that consists of nickel and titanium. It is
widely used in various applications due to its excellent shape memory and superelasticity
properties [149-151]. Copper-based shape memory alloys, like Cu-Al-Mg and Cu-Zn-Al,
can be utilized for 4D printing applications, offering good shape memory behavior and
mechanical properties [152,153].

Fe-Mn-Si alloys, containing iron, manganese, and silicon, have emerged as a promising
option for 4D printing. Recent research highlights their potential, as exemplified by [154],
which demonstrated the ability to tailor the microstructure of Fe-Mn-Si shape memory
alloys via changes in laser powder bed fusion parameters. Samples were produced using
laser powder bed fusion (LPBF) with a 200 W fiber laser machine equipped with a quartz F-
Theta lens, resulting in a laser spot diameter of 55 pm. The manufacturing process involved
three different scanning velocities: 100 mm/s, 250 mm/s, and 400 mm/s. The laser power
was consistently maintained at 175 W for all samples. Additionally, a uniform distance
between the centers of the applied tracks was chosen as 100 um. In [155], the impact
of heat treatment and thermomechanical training on both conventional and additively
manufactured FeMnSi-based shape memory alloys was studied. Additive manufacturing
samples were produced using a LPBF machine equipped with a 1070 nm fiber laser and
a spot size of 55 um. The scanning strategy employed a bidirectional approach without
border contour, followed by a 90° rotation between layers. The optimized parameters
consisted of a scanning speed of 225 mm /s, a laser power of 175 W, a layer thickness of
0.03 mm, and a hatch spacing of 0.1 mm. Heat-treated, additively manufactured samples
exhibited the highest total recovery strain due to smaller grain size and a higher volume
fraction of precipitates.

In [156], the study investigated the influence of laser energy density on the properties
of Fe-Mn-Si-Cr-Ni shape memory alloys during the fabrication process, thus offering
insights for optimizing intelligent structures. Fe-Mn-Si-Cr-Ni samples were produced on a
316 stainless steel substrate using the LPBF machine equipped with a 400 W Ytterbium fiber
laser. The hatch spacing and layer thickness were maintained at 0.08 mm and 0.03 mm,
respectively. Throughout the fabrication process, volumetric energy densities were adjusted
in the range of 42 to 300 J/mm?3 by varying both the laser power (ranging from 100 to
360 W) and the scanning speed (ranging from 500 to 1000 mm/s).

The study in [157] introduces an innovative category of buckling-induced architected
Fe-SMAs (BIA Fe-SMAs) composed of Fe-Mn-Si-Cr-Ni, fabricated by 4D printing. These
alloys exhibit significant energy dissipation and shape recovery capabilities, thereby en-
hancing their multifunctionality. The production of samples was conducted using an LPBF
machine equipped with a 1070 nm fiber laser featuring a Gaussian intensity distribution, a
spot size of 55 um, and a maximum output power of 200 W. For experimental investigations,
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(a) Reusable rockets

the laser power was set to 175 W, the layer thickness to 0.1 mm, and the hatch spacing
to 0.03 mm. The applied scanning speed varied between 225 mm/s and 300 mm/s for
different groups of samples. In Figure 11, diverse potential practical applications of 4D
printed BIA Fe-SMAs are visually explored, showcasing their efficiency in absorbing and
dissipating energy in a reusable context.

(b) Car bumper (c) Structural Frame (d) Wind turbines

Nacelle

Figure 11. Examples of potential applications for BIA Fe-SMAs in passive impact and vibration
isolation. (a) Implementation in landing legs for reusable rockets, (b) integration into bumper beams,
(c) vibration isolation for resilient buildings and constructions, and (d) passive dampers for wind
turbine nacelles [157].

Depending on the desired characteristics, other binary or ternary alloys may be used,
such as nickel-titanium-hafnium (Ni-Ti-Hf) [158]. An LPBF machine was configured with
an ytterbium fiber laser with a power of 300 W, operating at a wavelength of 1070 nm
and featuring a spot size of 80 pm. The input parameters for the fabrication of Ni-Ti-Hf
using LPBF encompassed laser power settings of 135 W and 175 W, scanning speeds of
400 mm/s, 600 mm/s, and 950 mm/s, hatch spacings of 135 pm and 140 pm, along with
the layer thickness. The advancement of 4D printing has primarily focused on thermal
shape memory alloys. Nevertheless, with magnetic shape memory alloys, such as those
of the Ni-Mn-Ga system, receiving attention [159]. The choice of alloy depends on the
specific application and the desired behavior of the 4D-printed object. Different alloys
may offer varying levels of shape memory properties, transformation temperatures, and
mechanical characteristics, making it essential to select the most suitable material for the
intended purpose.

Applications of shape change manipulation using laser processing can be varied.
Shape memory alloys and polymers with laser-induced shape change capabilities are used
in minimally invasive medical devices, such as stents and catheters, which can be inserted
in a compact form and then expanded to their functional shape within the body [160,161].
Shape memory materials that respond to laser heating are applied in aerospace components,
such as aircraft wings and control surfaces, to enable adaptive aerodynamics [162]. Smart
materials with shape memory properties are used in robotics to create self-deploying
structures and adaptive robotic components [15]. Shape memory alloys can be integrated
into consumer electronics, such as smartphones, to enable adaptable form factors or user
interfaces [163]. Shape change materials can be employed in automotive applications, such
as self-healing or adaptive panels [164,165]. That is, shape change manipulation using
laser processing is a versatile technique for creating smart materials with shape memory
properties. These materials can be used in a wide range of applications where controlled
changes in shape and dimensions are required, offering unique possibilities for innovation
in various industries.

Thus, the concept of 4D printing has emerged as an innovative technology that adds
a temporal dimension to 3D printing, enabling objects to change shape or function in



Appl. Sci. 2024, 14, 85

16 of 33

response to specific environmental stimuli, making it highly adaptable and promising for
various applications. The use of polymer, composite, and ceramic shape memory materials,
as well as shape memory alloys, such as Nitinol, copper-based alloys, and Fe-Mn-Si alloys,
in 4D printing offers a wide range of options, allowing for materials with varying shape
memory properties to be chosen based on the specific application requirements. These
smart materials are finding applications in the fields of minimally invasive medical de-
vices, aerospace components, robotics, consumer electronics, and automotive innovations,
demonstrating their versatility and potential for advancing various industries.

6. Laser-Processed Smart Materials in Photonics and Optoelectronics

The application of laser processing in the development of smart materials for photonics
and optoelectronics has opened up new frontiers in advanced technology. This innovative
approach involves utilizing laser irradiation to induce controlled changes in the properties
of materials, enabling precise modifications tailored to specific optical and optoelectronic
requirements [166].

In the field of photonics, smart materials created by using laser processing are ap-
plied in the development of reconfigurable photonic devices. As a result of laser-induced
heating, materials can undergo controlled and reversible phase transitions, enabling the
development of materials with dynamic optical properties that respond to external stimuli
such as temperature, light, or magnetic fields. Promising phase-change materials (PCMs)
include chalcogenide compounds and transition-metal oxides [167]. Chalcogenide vitreous
semiconductors find applications in integrated optics, memory cells, and diffractive-optical
elements due to their low absorption in the near and mid-infrared range and reversible
phase transitions from amorphous to crystalline states when exposed to short-wavelength
radiation. The study in [168] presented an approach for accurately predicting the mi-
crostructure and optical response of such phase-change materials during laser-induced
heating. This method is crucial for designing programmable photonic devices, particularly
for applications like all-optical neural networks and PCM-programmable perceptrons.
The samples consisted of 50 nm-thick silicon nitride membrane windows on a 0.5 mm
thick silicon substrate, with a 30 nm amorphous Ge,Sb,Tes film deposited using radio
frequency magnetron sputtering. The simulation of crystallization and melting processes
in amorphous Ge;Sb,Tes involved utilizing a focused Gaussian laser beam. The beam
radius (1/e? intensity) was fixed at 600 nm, while the peak power was adjusted within
the range up to 5.0 mW, and pulse durations varied from 10ns to 1000 ns. These choices
of parameters were determined based on the capabilities of the laser testing system. A
nanosecond laser was employed for processing. Figure 12 illustrates the results of partial
crystallization by changing the laser pulse width from 10 ns to 60 ns at 5.4 mW. In this range,
controllable reflectivity is observed, and longer pulses inducing melting and subsequent
recrystallization, with forming larger grains in the center and smaller grains around the
perimeter. Experimental data align well with simulation results.

In [169], it was demonstrated that subablative ultrashort laser pulses effectively gen-
erate well-organized surface nanostructures in chalcogenide glasses. Irradiation utilized
ultrashort pulses from the Yb:KGW femtosecond laser system at a 1030 nm wavelength,
featuring a pulse duration of 185 fs and a frequency of 200 kHz. The incident laser beam,
normally oriented and linearly polarized, was focused through a lens with a 75 mm fo-
cal length, resulting in a beam spot diameter on the sample’s surface of approximately
70 um (1/e?). Femtosecond laser exposure was employed to create structured patterns in
mid-IR materials, particularly chalcogenide glass (Gep3Sb7Syp), with a focus on developing
photonic devices, including applications in spectroscopy [170]. Three distinct femtosecond
laser systems were employed, each emitting pulses with varying durations. The first system
generated 50 and 100 fs pulses at 850 nm using a Yb-doped fiber. The second system pro-
duced 150 fs pulses at 1030 nm through a Regen amplifier, while the third system delivered
270 fs pulses, also at 1030 nm, using a Yb-doped femtosecond fiber laser. A 0.4-numerical
aperture objective was utilized for the focusing of laser beams on the surface and within the
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sample volume, resulting in a spot size (defined at 1/e?) of 1.94 um for 1030 nm and 1.6 um
for 850 nm. Figure 13 depicts the applied spatio-temporal beam engineering techniques,
utilizing spatial and spectral phase modulation for shaping beams in both spatial and
temporal domains.
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Figure 12. Partial crystallization by changing laser pulse width. (a) Crystal fraction, reflectivity, and
transmissivity in response to a pulse with different widths: controlled reflectance as a function of
pulse duration is observed. (b) Crystallographic microstructures resulting from laser irradiation.
Upper row: simulation. Lower row: experiments. Scale bar: 200 nm [168].
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Figure 13. Techniques of spatio-temporal beam engineering employing spatial and spectral phase
modulation for beam shaping in space and time domains. Examples encompass the creation of
non-diffractive beams, parallel processing, beam slit-shaping, and time-envelope shaping [170].

The study in [171] described the use of ultrafast laser processing to produce multiscale
photonic structures in bulk chalcogenide glasses, enhancing their potential for constructing
efficient embedded spectrometers and saturable absorbers for integrated photonic applica-
tions. A comprehensive structural and optical characterization of germanium antimony
selenide (Ge-Sb-Se) films induced by femtosecond laser micromachining was presented
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in [172], offering valuable insights for the development of versatile photonic devices. Ad-
justing laser power and scanning speed during laser direct writing allowed the creation
of various regions in chalcogenide films. Additionally, the study in [173] investigated the
impact of multiple annealing cycles below the glass transition temperature on the response
of bulk sulfur-based chalcogenide glasses to ultrafast laser pulses, emphasizing the poten-
tial implications of these findings for improving efficient photo-inscription techniques in
integrated photonics. Laser-induced phase transitions, capable of adapting the material’s
refractive index, enabled dynamic control of light propagation. This technology has been
employed in creating reconfigurable photonic circuits, optical switches, and modulators,
offering enhanced versatility in optical signal processing. These developments will have
wide-ranging applications in future intelligent photonic systems [174].

In the field of optoelectronics, laser-processed smart materials play a vital role in
the design of responsive devices. Materials engineered to change their optical properties
under laser irradiation can be integrated into optoelectronic components, such as light-
emitting diodes (LEDs), displays, and sensors. This allows to create adaptive optoelectronic
systems that can dynamically adjust their characteristics based on changing environmental
conditions. The study in [175] focused on Ge-Sb-Se-Te (GSST) materials, highlighting their
remarkable properties as phase-change materials. The research explored both bulk and
thin films of these materials, emphasizing their applications in optoelectronic devices, such
as switching, metasurfaces, de-multiplexers, and modulation concepts. One of the most
common methods for deposition of chalcogenide thin films is the pulsed laser deposition
(PLD) technique [176].

Furthermore, laser micromachining, encompassing techniques like laser ablation
and laser etching, is instrumental in the fabrication of intricate photonic structures such
as diffraction gratings and optical waveguides directly onto materials, allowing for the
tailored design of optical components [177,178]. In [178], experimental studies involving
bi-layer Si/Ti films were conducted using the circular laser writing system equipped with
a continuous-wave DPSS laser, operating with a wavelength of 532 nm and a maximum
power of 2 W. The linear scanning speed of the focused laser spot is determined by the
radial position of the lens, measuring 0.7 pm during experimental studies. For example,
when dealing with a Ti film thickness of approximately 60 nm, the maximum scanning
speed during laser writing reached around 200 mm/s. Laser ablation offers precise material
removal, enabling the creation of microchannels or cavities with sub-micron accuracy.

Direct laser writing, recognized for its versatility and efficiency in producing intricate
photonic devices through localized adjustments in the refractive index of bulk dielectric ma-
terials, was widely employed. It accommodated various transparency ranges, including the
visible, near, or mid-infrared range [46]. In [179], the femtosecond laser system employed
in the investigation had a central wavelength of 800 nm, a frequency of 1 kHz, and a pulse
width of approximately 35 fs. A polarized laser beam was generated using a half-wave plate
polarizer. An objective lens with a numerical aperture of 0.7 and a magnification of 50 x
was focused on the core of the TCFE. The fiber grating was created by periodically scribing
lines along the parallel direction of the core, employing a laser energy setting of 0.3 uJ
and a platform with a scanning speed of 20 um/s. The line length and the period of the
fiber grating were determined by the exposure time. In [180], experimental investigations
were carried out using laser thermochemical recording on a thin metal film, specifically an
ultrathin 10-nm titanium film deposited on a BK7 glass substrate. The experiments utilized
a continuous-wave Yb-fiber laser operating at a wavelength of 1070 nm and featuring a
Gaussian distribution. The laser source was coupled with an optical module that facilitated
the control of scanning speed and allowed for the adjustment of the laser beam diameter
to 35 um at the focal plane. During the track recording, a beam diameter of 85 um and a
scanning speed of 1 mm/s were used. This technology expedites the production of sophis-
ticated optical chips by integrating photonic functions, material ablation, and electrode
patterning, simplifying the process by eliminating the need for multiple lithography steps.
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Laser annealing plays a pivotal role in modifying the crystal structure of materials,
especially semiconductors, to improve their optical and electronic properties, aiding in the
development of photovoltaic devices and optoelectronic circuits. Integrating 2D materials
into silicon photonic devices holds the promise of significantly enhancing optoelectronic
device performance, leading to reduced response times, reduced energy consumption, and
a simplified fabrication process. In [181], laser processing emerged as a powerful tool for
enhancing 2D material-based photonic devices, unlocking advanced design possibilities
for silicon photonic integrated circuits. In [182], laser recrystallization was utilized to
produce ultralong single-crystal SnSe wires with a structure conducive to high thermo-
electric performance at micro- to nanoscale diameters, presenting potential applications in
optoelectronic devices like photodetectors and other components with specific electronic
and optical properties.

Laser doping utilizes laser treatment to introduce specific impurities into materi-
als, enabling the customization of their electrical and optical characteristics for various
optoelectronic applications [183]. The experimental investigations utilized the second
harmonic of a nanosecond-pulsed Nd-laser with a wavelength of 532 nm. Employing two
beam splitters in the experimental setup, the energy density was selected within the range
of 0.1-0.9] cm~2. The generation of amplitude-phase thin gratings occurred under the
Raman-Nath diffraction conditions, with spatial frequencies set at 90, 100, and 150 mm 1.
In contrast, laser-induced functionalization selectively integrates functional groups or
nanoparticles onto a material’s surface, enhancing its optical and electronic characteristics,
providing responsiveness to specific wavelengths or stimuli [184]. These laser-based tech-
niques provide versatile means to tailor materials to meet precise application demands in
the areas of photonics and optoelectronics.

Smart materials fabricated using laser technologies have shown great promise in creat-
ing highly sensitive optical sensors for a range of applications, including environmental
monitoring and medical diagnostics. The study presented in [185] demonstrated advance-
ments in optical fiber sensors through laser micro/nano processing, with a particular
focus on fiber Bragg gratings and cladding waveguide structures, as well as explored their
practical applications. It also investigated the potential of enhanced Rayleigh backscat-
tering fibers achieved through femtosecond laser dot inscription, revealing innovative
sensing capabilities.

In [186], the study explored self-powered wearable optoelectronic devices for mobile
visual communication and addressed thermal limitations in flexible inorganic optoelectron-
ics through innovative light-material interface (LMI) technologies, such as nanowelding
and laser lift-off, as well as physical interlocking and interfacial chemistry. These develop-
ments supported the creation of LMI-based self-powered optoelectronic components like
nanogenerators, energy harvesters, and micro-LEDs. Laser micromachining and doping
played a crucial role in producing photonic integrated circuits (PICs), integrating vari-
ous photonic elements on a single chip, thereby improving data processing speed and
efficiency [187].

Laser processing plays a vital role in manufacturing high-efficiency solar cells by opti-
mizing semiconductor materials’ light-absorbing properties. Using laser technology, have
been created micro- and nanostructures on solar cell surfaces, reducing light reflection and
increasing sunlight absorption, significantly enhancing energy conversion efficiency [188].
Furthermore, laser-processed materials, including quantum dots, are instrumental in de-
veloping next-generation displays with improved color and efficiency. In [189], the study
explored advances in DLIP to synthesize semiconductor quantum dots from the II-VI group,
particularly emphasizing the solid-state approach using laser-assisted conversion. DLIP
was proposed as a potential technique for pixel patterning in quantum dot light-emitting
diodes (QD-LEDs) for display manufacturing, offering a simplified, chemical-free solu-
tion. Laser-written waveguides and gratings have been integral to optical communication
systems, enabling efficient light transmission and routing [190].
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Laser processing is harnessed to fabricate specialized optical fibers tailored for telecom-
munications, medical imaging, and sensing. In [191], the paper detailed the production of
GaSb/Si core fibers and a laser restructuring technique that effectively aggregated substan-
tial GaSb regions without inhibiting photoluminescence at room temperature. Figure 14
illustrates the laser treatment of composite fibers. In Figure 14a, thermal emission images
depict the initial heating of the fiber, where solid silicon appears brighter than the liquid
GaSb/Si alloy due to higher emissivity. Figure 14b shows X-ray computed tomography
of the fiber after heating and translation, indicating the accumulation of GaSb. The blue
arrow indicates the laser scan direction, and the yellow dashed bar represents the size of
the melt zone before laser power reduction, with the liquid composition during the scan
being approximately 40 vol.% GaSb. In Figure 14c, EDX elemental maps display the unifor-
mity of silicon and GaSb phase-segregated regions after translation. Red arrows indicate
locations where cross-sections were prepared. Figure 14d presents 6-26 X-ray diffraction
data, revealing the appearance of {111} GaSb reflections in the segregated fiber [185].
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Figure 14. Laser treatment of composite fibers: (a) Thermal emission images during initial heating,
where solid Si is brighter than the liquid GaSb/Si alloy; (b) XCT of the fiber after heating and
translation, showing GaSb accumulation (scale bar 350 um); (c) EDX elemental maps of silicon and
GaSb regions after translation, with red arrows indicating cross-section locations; (d) 626 X-ray
diffraction data of the segregated fiber [191].

The study in [192] introduced a laser annealing process for crafting specialty optical
fibers with a semiconductor silicon core encased in a glass shell. Figure 15 showcases the
investigation of a silicon core fiber (SCF) using a CMOS camera positioned perpendicular
to the laser beam. In Figure 15a,b, micrographs depict the SCF being heated by a CO,
laser beam at different power levels. Real-time monitoring of the exposed fiber section is
facilitated by the low emissivity of the transparent silica cladding compared to the silicon
core. In Figure 15¢, an intensity line scan along the fiber demonstrates the distinction
between molten silicon and solid silicon based on their differing emissivities, with molten
silicon exhibiting a clear dip in emissivity at the phase transition.
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Figure 15. (a) Micrographs of a silicon core fiber (SCF) being heated by a CO, laser beam.
(b) Micrograph of the same SCF heated at a higher laser power. (c) Intensity line scan along the
fiber, illustrating the clear dip in emissivity at the phase transition between molten silicon and solid
silicon [192].

Similarly, in [193], the flux-assisted molten core method was employed for laser
post-processing on a ZnSe core infused with Cu8GeSe6. The extension of the molten
core technique, introduced in [194], allowed the creation of glass-clad, crystalline gallium
arsenide (GaAs) core fibers, a remarkable accomplishment given GaAs’s challenges, with
laser annealing to separate the Sn and GaAs phases. Lastly, the study in [195] demonstrated
laser recrystallization following the thermal drawing of a fiber with a single-crystalline
tellurium core.

Two-photon lithography (TPL) serves as a versatile additive manufacturing technology
for creating 2D and 3D micro- and nanostructures with sub-wavelength resolution [196].
Usually, a tunable femtosecond laser is employed as the excitation source, operating in
a working range of 690-1040 nm, with a pulse width of 140 fs and a pulse frequency of
80 MHz. Ti:Sapphire-based oscillators are considered ideal for TPL applications due to
their ability to provide a broad range of available wavelengths with ultrashort pulses. Also,
these lasers meet the requirements for high intensity and temporal precision needed to
initiate two-photon processes. Recent advancements in laser technology have broadened
the application of TPL-fabricated structures in microelectronics, photonics, optoelectronics,
microfluidics, and plasmonic devices. In [197], research focused on the controlled pre-
cipitation of metallic nanostructures into glassy matrices, offering efficient synthesis for
applications in photonics, optoelectronics, and telecommunications. The second, third,
and fourth harmonic of a Q-switched Nd:YAG laser, operating at wavelengths of 532 nm,
355 nm, and 266 nm, respectively were utilized to perform the laser irradiation. The laser
pulses had an energy of approximately 40 m]J, corresponding to an energy density per
pulse of about 0.36 J]/cm?, and a duration of around 10 ns, with a pulse frequency of
2 Hz. Throughout the experiments, the pulse energy density remained constant, while
the number of laser pulses varied. This was achieved through the modification of silver
nanoparticles within silicate glasses and size control via post-exchange treatments such as
thermal annealing and laser irradiation.

Thus, laser-processed smart materials represent a significant advancement in photonics
and optoelectronics. Their ability to respond to external stimuli and adapt their optical
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properties offer new avenues for innovative photonic and optoelectronic devices, fostering
more dynamic, efficient, and versatile technologies in these fields.

7. Computer-Generated Diffractive Optical Elements for Laser-Processed
Smart Materials

Computer-generated DOEs hold significant promise for the manufacturing and mod-
ification of laser-processed materials [49]. They enable the precise shaping of material
structures, leading to improvements in their physical and mechanical properties by laser
modification [198-200]. DOEs are structures that introduce specific phase shifts into the
incoming wave to create the desired phase profile of the outgoing beam [201]. They offer
such advantages as high efficiency, precision, compact size, and flexibility, with two pri-
mary types: beam splitters and beam shapers. Beam splitters divide the laser beam into
multiple beams, while beam shapers transform input beams into uniform spots of specific
shapes. Figure 16 presents various diffractive structures demonstrating their capacity to
redirect and divide incident radiation.
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Figure 16. Illustration of diffractive structures. The upper panel shows phase delay maps for
each structure, and the lower panel outlines intensity distribution in the focal plane. Symmetrical
distributions are visualized in two halves, with the left corresponding to amplitude distribution and
the right to intensity distribution. Structure (a) functions as a shifted lens, directing radiation away
from the optical axis, with increased aberrations observed in the zoomed-in focal spot as the shift
from the optical axis increases. Structure (b) combines a binary phase grating with a converging lens,
creating two spots alongside the optical axis. Structure (c) pairs a sinusoidal phase grating with a
converging lens, while structure (d) is a Dammann grating, forming a 3 x 2—point matrix joined
with a converging lens [201].

Laser processing for smart materials often requires the accurate irradiation of specific
surface areas with adjustable intensity. For example, in laser hardening of steels, it is neces-
sary to achieve uniform martensitic transformation and avoid uneven superheating laser
hardening of steels, it is necessary to achieve uniform martensitic transformation and avoid
overheating non-uniformities. However, the use of laser beams with limited sizes provided
by standard laser equipment typically requires the creation of multiple tracks, leading to
issues with the uniformity of hardening. Various optical systems for shaping of laser beams
have limited intensity adjustment capabilities, which hinder adaptation to the geometric
features of processed objects and the required thermal cycles for the chosen material. The
use of free-form DOEs allows for the dynamic adaptation of the laser beam, ensuring,
when required, the relative uniformity of the hardened profile [202]. Such an approach
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includes solving the inverse heat conduction problem to achieve desired thermal effects in
materials. The benefits of this approach are evident, particularly in enhancing temperature
field parameters during laser heat treatment, including ensuring uniform temperature
distribution. In the experimental phase of the study, chromium-nickel-molybdenum steel
samples were processed using a CO; laser. The laser processing was carried out with
varying the laser power between 800 and 1000 W, with a processing speed of 10-13 mm/s.
The modified laser optical system was equipped with a DOE as the beam-focusing mirror.
The laser beam was precisely focused to shape an approximately rectangular laser spot with
a specified power density distribution. Additionally, the importance of integrating optical
system components for real-time adjustments to the laser beam’s shape and intensity has
been emphasized.

A technique for laser local annealing of sheet aluminum and titanium alloys was
formulated [203], expanding the potential for shaping these materials and improving the ac-
curacy of structural component production. Titanium alloys, critical for durability in power
and aerospace industries, encounter challenges in cold shaping due to high deformation
resistance, hardening, and susceptibility to cracking. The utilization of computer-generated
DOEs facilitates laser heating, the preferred method for creating local processing zones,
significantly enhancing the properties of the pseudo-alpha titanium alloy Ti-2Al-1.5Mn [49].
The annealing zone exhibits a granular structure comprising the a-phase and a small
amount of the 3-phase. The fibrous structure formed by plastic deformation was elimi-
nated through this laser annealing, forming a well-defined grain structure. The laser power
was set at 450 W, and the processing speed is maintained at 6 mm/s. For redistribution of
the power density in the focal spot of the laser beam, subsequently shaped by a DOE, a
telescopic system consisting of two lenses was used. Figure 17 illustrates the microstructure
of the cross-section of the Ti-2Al-1.5Mn rolled sheet titanium alloy after laser annealing.
Research demonstrated that laser annealing augmented ultimate tensile strain and reduced
the minimum bend angle for cold deformation, presenting opportunities to forming options
for Ti-2Al-1.5Mn with higher accuracy and without additional heating.

Figure 17. Microstructure of Ti-2Al-1.5Mn rolled sheet titanium alloy after laser annealing using
DOEs, highlighting the annealing zone (1) and initial structure (2). Laser heating enhanced pseudo-
alpha titanium alloy properties, fostering a granular structure with improved ultimate tensile strain
and reduced minimum bend angle for cold deformation [49].

Computer-generated DOEs offer innovative possibilities for tailoring material char-
acteristics and performance with exceptional precision. In this way, for example, their
applications facilitate the development of more sensitive optical sensors for a wide range
of applications, including medical diagnostics, environmental monitoring, and security
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technologies [204]. In [205], DOEs enabled high spatial multiplexing of femtosecond laser
pulses with a sub-MHz repetition rate, showcasing a single-step, cost-effective, and versa-
tile lithographic tool that does not require a mask. This advancement facilitated ultrahigh
micropatterning rates and the creation of mm-sized surface-enhanced infrared absorption
sensors. The experimental setup utilized fundamental-harmonic pulses generated by a
laser with a central wavelength of 1030 nm and a duration of 300 fs. These pulses were
generated with an energy of around 5 yJ and a frequency ranging from 0 to 2 MHz. The
optical configuration included not only lenses and a galvanometric scanner but also a DOE
made of fused silica.

An encouraging application of computer-generated DOEs involves the precise fabrica-
tion of nanostructures in the form of porous and oxide-metallic materials. Manipulating
nanostructure morphology within specific regions of the laser-affected zone can be ef-
fectively addressed by modifying the laser beam’s shape and redistributing its energy,
particularly power density [206-208]. For the processing tasks, a CO, laser with diffu-
sion cooling and radio frequency excitation was utilized. The laser generated pulses with
durations ranging from 0.026 to 125 ms, and the average power of the laser beam was
adjusted within the range of 200 W to 330 W. Using a laser beam modulated within the
range of 3 Hz to 5 kHz, studies have revealed that the collaborative impact of thermal
influences originating from laser pulses and laser-induced vibrations, specifically within
the sound frequency spectrum, leads to a significant enhancing in the diffusion coefficient
within materials. The crucial element for enhancing mass transfer in the solid phase of
metallic materials, whether of the heated in an oxidation-free environment or selectively
oxidable metallic materials, was recognized as the dynamic stress—strain state caused by
laser-induced vibrations.

This innovative approach involves the use of computer-generated DOEs for shaping
the laser beam, enhancing the precision of energy transmission onto material surfaces,
even those with intricate shapes. It opens up avenues for exploration and innovation,
including laser processing to reduce the friction coefficient of silicon carbide ceramics [209].
DOEs employ micro-scaled relief for changing the phase of the light wave, allowing us
to control the light intensity profiles in various applications. DOEs find applications in
laser material processing, microscopy, and scientific fields, offering solutions for different
wavelengths, beam sizes, and working distances [210]. Exploring computer-synthesized
diffractive optical elements for laser processing, the study in [211] showcased enhanced
material properties, including improved hardness, wear resistance, and weld strength,
achieved through precise control of spatial beam power distribution.

The utilization of computer-generated DOEs shows great promise for precision engi-
neering and offers solutions for crafting nanostructures in diverse materials. They enable
meticulous control over the spatial distribution of laser energy, making them a valuable
asset in enhancing smart material performance and characteristics across various indus-
trial sectors. The potential for ongoing research and practical applications in this field is
expanding, indicating good prospects for the near future.

8. Conclusions

Laser processing enhances smart materials, enabling adaptive transformations for a
wide range of industries. This modern approach to enhancing material intelligence enables
the creation of surface modifications, atomically thin materials, and micro- and nanos-
tructures, offering the potential for self-cleaning surfaces and improved thermoelectric
performance in metals. Laser irradiation and processing also facilitate the development
of shape memory materials, the introduction of functional additives, and the creation of
MEMS with adaptive properties, impacting diverse fields such as medicine, electronics,
aerospace, and photonics. This promising area of research aims to harness laser processing
to address various challenges, with the potential to revolutionize multiple industrial sectors
by creating smart materials with enhanced adaptability and intelligent functions.
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Laser modification is a versatile technique for changing the properties of materials,
offering precision and customization in shaping their surface characteristics, making it
an essential tool for applications in medicine, electronics, engineering, and biotechnol-
ogy. It enables the creation of smart materials by selectively adjusting material surfaces,
preserving their bulk properties, and achieving targeted modifications. This method is
highly customizable, suitable for a wide range of materials, and is used in diverse fields,
promising innovative solutions with adaptive surface properties for technological advances
and contemporary challenges.

Laser modification, encompassing photothermal reactions and functional additive
integration, enables precise control and customization of material properties, facilitating
adaptability for diverse applications. Photothermal reactions, driven by localized laser heat-
ing, induce structural and property changes in materials. Functional additives, including
polymers, nanoparticles, and metals, enhance materials with new properties and function-
alities, finding utility in electronics, aerospace, medicine, and environmental monitoring.

DLIP, utilizing coherent laser beam interference, stands out as an exceptionally ver-
satile and rapid method for crafting large-scale defect-free micro- and nanostructures
on surfaces, finding diverse applications, encompassing electrical, optical, and tribolog-
ical domains. The distinctive feature of the method, not requiring focused laser beams,
enables high-performance processing with a substantial depth of focus, making DLIP
a potent and efficient technique for modifying surface properties across diverse techno-
logical applications. This method has been successfully implemented using different
pulsed laser sources, processing systems and con-figurations for a wide range of materials.
DLIP applications open new perspectives for fabrication of multifunctional surfaces for
advanced applications.

The combination of laser processing and smart materials has become the basis for
4D printing, which allows objects to change shape or function depending on external
influences. Shape memory materials, including shape memory alloys and polymers, play
a pivotal role in this technology, offering a wide range of possibilities for applications
in the aerospace, robotics, health care, consumer electronics, and automotive industries.
The versatility and adaptability of these materials make them a promising avenue for
innovation and advancement in various sectors.

Laser processing of smart materials opens up new opportunities in photonics and
optoelectronics, enabling precise control over the optical properties of materials and facil-
itating the development of responsive devices. In photonics, it has led to the creation of
programmable photonic devices through laser-induced phase changes and nanostructuring,
offering potential applications in fields like all-optical neural networks and photonic inte-
grated circuits. In optoelectronics, laser processing is instrumental in engineering materials
capable of dynamically adjusting their optical characteristics, enhancing the performance
of devices such as LEDs and displays. These advancements significantly impact various
applications, including the fabrication of photonic integrated circuits, improved solar cell
efficiency, the production of LEDs with quantum dots for displays, optical fiber manufac-
turing, and two-photon lithography, ultimately shaping a more dynamic, efficient, and
versatile future for photonics and optoelectronics.

Computer-generated DOEs provide precise control over laser beam power density,
which enhances the precision of laser-based material manufacturing and modification. This
technology provides the possibility of creating predetermined temperature distribution and
allows real-time adjustments to the laser beam’s shape and intensity, effectively overcoming
existing limitations in optical systems. These advancements hold substantial potential for
enhancing material properties in laser processing for smart materials. Briefly described are
laser processing technologies and nanotechnologies using diffractive optical elements: laser
local annealing of aluminum and titanium alloy sheets, enhancement of coating adhesion
strength, reduction of friction coefficient in silicon carbide ceramics, selective modification
of dual-phase steels, as well as precise fabrication of nanostructures in the form of porous
and oxide-metallic materials. In the area of photonics and optoelectronics, these elements
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act as innovative tools, facilitating the development of adaptive materials with dynamically
alterable optical characteristics, enabling the creation of intelligent optical devices and
metamaterials, and promoting advances in 3D printing and microfabrication technologies.

The expanding potential for continued research and practical applications in this field
suggests highly favorable prospects in the near future.
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