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. " . , . 1. Introduction
The use of photons to directly or indirectly drive chemical reactions has

revolutionized the field of nanomaterial synthesis resulting in appearance of
new sustainable laser chemistry methods for manufacturing of micro- and
nanostructures. The incident laser radiation triggers a complex interplay
between the chemical and physical processes at the interface between the

As a component of chemical reactions,
light has been appreciated since long ago.
Figure 1 exhibits the chronologically ar-
ranged milestones that represent the main

solid surface and the liquid or gas environment. In such a multi-parameter
system, the precise control over the resulting nanostructures is not possible
without deep understanding of both environment-affected chemical and
physical processes. The present review intends to provide detailed
systematization of these processes surveying both well-established and
emerging laser technologies for production of advanced nanostructures and
nanomaterials. Both gases and liquids are considered as potential reacting
environments affecting the fabrication process, while subtractive and additive
manufacturing methods are analyzed. Finally, the prospects and emerging

applications of such technologies are discussed.

developments that gradually led to the sub-
ject of this article over decades and cen-
turies. The relationship between chem-
istry and light was discovered when study-
ing the photosynthesis process in plants
by Priestley, Ingenhousz, Mayer, and Pf-
effer in the 18" and 19" centuries. Then
Timiriazeff, in his works “Device for study-
ing the decomposition of carbon dioxide”
(1868) and “Croonian lecture. - The cosmi-
cal function of the green plant” (1904),!
analyzed the photochemical process going
on in the green leaf, under the influence
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Figure 1. (Top panel) Timeline showing key events defining appearance
and development of surveyed laser chemistry methods toward several
highlighted future technologies. (Bottom panel) Sketch illustrating diver-
sity of physical and chemical processes involved in the formation of nanos-
tructures and nanotextured materials by laser chemistry methods.

of light, which resulted in the concept of “the chemical effect
of light”.

It should be noted that in parallel, research in the field of de-
veloping photographic images also led to the recognition of the
chemical effect of light. Silver salts were found to be easily re-
duced to metallic silver under the action of light; this observa-
tion permitted to develop photosensitive compounds used for im-
age fixing. The first photographs, or “silver pictures”, were taken
back in 1802 by Wedgwood who captured images with light sensi-
tive materials. Subsequent research led to the expansion of pho-
tosensitive compositions to include photosensitive glasses, and
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gradual understanding that the image consisted of submicro-
scopic particles of gold, silver, or copper.[??

Subsequently, the chemical effect of light was discovered for
a remarkably wide range of substances and phenomena, and
classified according to the types of initiated chemical transfor-
mations, such as oxidation and reduction, polymerization, con-
densation, isomeric, and stereoisomeric changes, ring scission
and hydrolysis!* The importance of light wavelength in initiating
chemical reactions has also been established, as well as asym-
metric synthesis with circularly polarized light, etc.5-%! In the
1950s, the light absorption and photochemistry were considered
and generalized for a wide list of organic molecules, thus provid-
ing conceptualization of photo-polymerization processes.[*]

Thus, in the beginning of the 20™ century, the basic princi-
ples of photochemistry were established. The first law of photo-
chemistry (also known as the Grotthuss—Draper law, 1840) stated
that the light must be absorbed by a chemical substance in or-
der for a photochemical reaction to take place, while the second
law of photochemistry (the Stark—Einstein law or photochemical
equivalence, 1908) stated that each photon of light absorbed by a
chemical system can activate no more than one molecule). Thus,
photo-excitation was recognized as the first step in a photochem-
ical process, followed by further chemical transformations.

By the middle of the 20" century, the main concepts, postu-
lates and laws of photochemistry were already formulated, while
this scientific direction was established as a significant branch of
chemistry. By then, a wide range of inorganic and organic com-
pounds had been discovered that undergo chemical reactions
when exposed to light.

In this regard, Maiman’s demonstration of the ruby laser that
took place on May 16, 1960 hit “a fertile ground” and caused an
immediate reaction from researchers. As early as in November
1960, Schawlow reported on the prospects of using laser radia-
tion in chemistry.’) Subsequently, a large number of brilliant
scientists joined this topic (A. Zewail, V.S. Letokhov, A. M. Ronn,
N.V. Karlov and many others) who ensured a rapid progress in
this area."*1% As a result, a new direction in chemistry and, in
particular, photochemistry was formed, i.e., laser chemistry.

Thus, it can be argued that the first laser revolution in chem-
istry occurred in 1960, i.e., when first lasers were built. The use
of a new light source, which was able to provide high monochro-
maticity, coherence, intensity, and directionality of optical radia-
tion, made it possible to launch and study completely new chemi-
cal processes and phenomena. The main new research directions
focused on stimulation of chemical reactions via selective excita-
tion of vibrational levels in molecules induced by IR lasers, chem-
ical reactions induced by single UV or visible laser photons, selec-
tive two-step reactions requiring two photons for their induction,
isotope separation by selective laser excitation, and so on refs.
[16,20-22].

Almost simultaneously with ruby laser invention, first demon-
strations of laser ablation phenomena were published by sev-
eral groups in 1963(2>2% followed by the development of thin-
film deposition techniques demonstrated by Smith and Tuner in
1965.17] In the same year, self-organised periodically-arranged
damages were reported on semiconductor surfaces exposed to
high-intensity Q-switched ruby laser radiation.?®] Such struc-
tures, referred to as ripples or LIPSS (laser-induced periodic
surface structures) now, have their period comparable, or up
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to ten times finer than the laser wavelength used for their
production. The creation of new types of lasers (with wider
spectral and energy characteristics, as well as continuous and
pulsed generation modes) entailed their immediate introduction
into laser chemistry related research. All this helped develop
and promote new ideas about homogeneous and heterogeneous
chemical processes induced by photo-chemical or/and thermo-
chemical effects under laser radiation, thus contributing to the
rapid progress of synthetic chemistry.[2>3% As a result, by the end
of the 20 century, laser chemistry became a dynamically devel-
oping science, considering not only fundamental issues of the
synthesis/transformation of substances, but also analytical prob-
lems of their characterization.

The possibility of forming metal tracks in the laser irradiated
area at the liquid/substrate interface was first demonstrated in
197931 being an idea of localizing the process of metallic coat-
ing formation during electroplating by means of laser radiation.
Von Gutfeld and colleagues from IBM succeeded in deposition
of metallic Au, Ni, and Cu lines on a cathode surface immersed
in electroplating bath. The localization of the plating process was
achieved by highly localized heating caused by an argon or kryp-
ton laser beam focused on the cathode, which resulted in ~1000-
fold enhancement of plating rates.’?34 Strictly speaking, this
process was laser-enhanced electrodeposition due to tempera-
ture increase at the metalsolution interface, which resulted in the
shift of the rest potential, an increase in charge transfer rate, and
strong microstirring.3?!

Further experiments demonstrated that conductive metal lines
could be obtained without applying electric field.3>38 Thus, well-
localized, a few um wide, and highly conductive structures were
deposited as a result of laser exposure of the substrate placed
in a precursor-containing liquid. Metallic structures appeared
on the substrates within laser focal spot via photo-thermally
driven redox processes. Later, this approach was called laser-
induced chemical liquid phase deposition (LCLD), by analogy
with laser chemical vapor deposition (LCVD). Formation of dis-
persed nanoparticles (NPs) generated by laser ablation of solid
targets immersed into a liquid phase was reported by Fojtik and
Henglein as early as in 1993.3%40 Later, this discovery trans-
formed into an efficient technology of pulsed laser ablation in
liquids (LAL or PLAL, see Section 5.4), a family of convenient ap-
proaches that often allow for nanostructures with defined compo-
sition, sizes, and morphology. Not only additive manufacturing
but also subtractive processes can be improved by laser-induced
chemistry. Heating and chemical decomposition of absorbing
liquids can be applied for ablation of transparent materials in
the laser-induced back-side wet etching (LIBWE) process demon-
strated for the first time by Ikeno and coauthors in 1989.[!]

Since the beginning of 2000, synergistic joining of several im-
portant factors affecting the laser chemistry direction could be
observed (Figure 1, top panel). First of all, a rapid development
of nanotechnology as an independent and highly demanding
field of human activity has stimulated the need for flexible and
high-performing synthesis approaches (including environment-
friendly or green ones). At the same time, laser systems gener-
ating ultrashort (femtosecond) laser pulses have become more
and more widespread for applications related with a laser-matter
interaction (including laser nanopatterning and nano-optics). In
our opinion, this has led to the second laser revolution in chem-
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istry, where the laser focal spot can be considered as a precisely
localized chemical reactor providing unique experimental con-
ditions for fabrication of functional nanomaterials unattainable
via classical chemistry. Brief analysis through the Web of Science
database confirms the mentioned timeline and gives an enlight-
ening statistics, where the annual number of publications con-
taining laser, chemical and nanostructures keywords in either ab-
stract or title has been growing rapidly since 2001. Consequently,
the citation of such papers also started growing at the same time
and exceeds 7000 citations per year now.

At the turn of the 20" and 21°! centuries, there was an explo-
sive growth in publications demonstrating both the transforma-
tion of known effects (for example, laser ablation) into potent
techniques for the synthesis of a wide range of nano-objects and
the development of new approaches of laser synthesis. In par-
allel, many concise and informative reviews on nanostructures
produced under laser illumination have been published to date.
However, most of them deal with thorough description of a par-
ticular method, followed by discussing generated materials and
their applications. Moreover, their attention was mainly focused
on long-history laser approaches such as laser ablation, pulsed
laser synthesis, laser melting/fragmentation in liquids, etc.[**-0

Meanwhile, the sweeping development of laser chemistry
brings forward a rich variety of recently developed approaches
such as LCLD, PLAL, laser-induced hydrothermal growth
(LIHG), etc., all being associated with laser effect on various me-
dia and have their own peculiarities in terms of experimental re-
alization and underlying mechanisms. At the same time, there is
still a lack of detailed reviews on each such method, and, what
is more important, no integral visio of the laser-accompanying
processes resulting in nanostructured materials.

Therefore, this review intends to provide generalization and
systematization of laser-assisted chemistry approaches for syn-
thesis of nano-objects and nanomaterials with a specific focus
on the interplay of chemical and physical processes driven by
laser irradiation, and the resulting formation of nanomaterials
and nanostructures. In addition, it also discusses the examples of
chemical activity control through various processes, such as pho-
tochemical or thermochemical regimes of laser exposure, with
the overall goals being consideration of laser-induced processes’
variety from unified standpoints, and systematizing the “toolbox
of laser approaches” for modern nanotechnology.

2. General Description of Laser-Matter Interaction

Initially, the interactions between matter and light are fundamen-
tally non-thermal processes. When using lasers for processing,
the relevant stimulations can be categorized into the substrate’s
solid excitations, the medium’s excitations, and the adsorbate-
adsorbent system’s excitations. In solids, light can interact with
optically active elementary excitations such as different types of
electronic excitations: phonons, excitons, polaritons, magnons,
polarons, and localized or non-localized electronic or vibrational
states related to defects, impurities, or the solid surface. On the
other hand, the light pulse duration and intensity can signifi-
cantly affect the regime of interaction governing the types of pro-
cesses involved in the light-matter interaction on different time-
scales from femtoseconds up to milliseconds. As a result, the

© 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH

3SUB0 1T SUOWILIOD) BAIIERID 3|qedi|dde ayy Aq pauienob afe S3oNte YO ‘88N JO Sa|nJ 1oy AReld 1 auluQ 43|\ UO (SUOIIPUOD-pUR-SWLIB)/I0D S| 1M Areiq 1 BUIUO//SANY) SUOIIIPUOD pUe SWB | U} 88S *[i7202/20/62] Uo AriqiTauluQ AB|IA * ASIBAIUN JISUN A 8[Nyasyooyyde - Yaineing T Aueba3 Aq /SiS0ovz0z Wipe/Z00T OT/I0p/wod A3 1M Akeiq fjoul|uo//sdny wo.j papeojumod ‘0 ‘8Z0E9TIT


http://www.advancedsciencenews.com
http://www.afm-journal.de

ADVANCED
SCIENCE NEWS

FUNCTIONAL

www.advancedsciencenews.com

a Heating C
Photo-excitation %

Physical

©
0
hv  hv T =
-~ - =& . Ty (D]
Photochemistry A+B—AB e
" >

- '+ v

¢ o v
[

Thermochemistry

www.afm-journal.de

| I ] Excitation
[~ |Carrier heating
[ ]lattice heating
[ JAuger
[ ]Pressure waves
[ ]Melting / ablation
[ lVapor/plasma
Cavitation bubble| ]
Excitation
[ ] Dissociation
[ | Solvated & in liquid
oL IRadicals in liquid
Z [ ] Cluster nucleation
E‘ Nanostructure growth | |
% Oxidation/nitridation/reduction I:l
- | | | | |
fs ps ns s ms s

Figure 2. a) Light interaction with solids related to photo-excitation via interband transitions between the valence band (VB) and conduction band (CB);
and optical heating via intraband transitions in the conduction band (CB) b) Light interaction with a molecular system 'A’, where the upper part is a
scheme for the competition between thermal and photochemical reactions with different times 7, and 74 for ground and excited states, respectively.
77 is the characteristic recombination time accompanied by heat generation. c) Schematic illustration of the timescales of main physical (upper part)

and chemical (lower part) processes.

selection of wavelength, pulse duration, and intensity of incident
light is critical to control laser-induced processes.

2.1. Electron-Hole Pair Generation in Solid-State Materials

Generation of free charge carriers is essential for surface chem-
istry because the electrons and holes at the surface stimulate
chemical reactions acting as a reducing/oxidizing agents. First,
let’s consider light interaction with solid-state dielectric or semi-
conductor materials, which can play the role of substrate for fur-
ther chemical reactions on interfaces solid-liquid or solid—gas.
When materials with bandgap E, are exposed to light with energy
hv > E,, it is primarily absorbed by bound electrons from the va-
lence band (VB) which is called interband transition (Figure 2a).
This process increases concentration of electrons n, in conduc-
tion band (CB), which is around <10 cm 3 for low-power excita-
tion (almost no heating), 10'¥~10%! cm~3 for mid-power excitation
(considerable heating), and >10*' cm~3 for high-power excitation
(material melting and ablation). The general equation of the pho-
toexcited carrier density n_ kinetics can be expressed as:3%!

on, o*n, 5 3
oy =D —An = Brl —Crl+ G (1)

where D is the diffusion coefficient, G~I; - e7** is a carrier gen-
eration rate (@ = a; + ay; is the sum of linear and nonlinear ab-
sorptions of the solid material, I; is the incident light intensity),
while A is the coefficient related to non-radiative trap recombi-
nation, B is the bimolecular radiative recombination (in the case
without considerable fraction of excitons), and C is the Auger re-
combination. The excited or hot carrier will quickly thermalize
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the lattice via phonon emission and generate heat at a charac-
teristic time that can be from sub-ps timescale. The radiative re-
combination processes are relatively slow and typically not faster
than 0.1 ns except stimulated emission processes, which occur
from ~10 psl®!l down to sub-ps!*?) time-scales in various nanos-
tructures, which require quite specific conditions (resonator and
narrow fluence range) and usually are not relevant to the pro-
cesses discussed here. This allows for neglecting the coefficient
B in many practical cases.I>*>* For photon energy comparable
with the work function of the electrons, the list of the electron
loss mechanisms can be extended by the photoionizationl>*>%]
and thermionic emission.[** The source term for the electrons
G in the Equation (1) is sometimes described as ref. [54].

ar Brra
G=—I+—77I"4+6 2
hV 2’1\/ an ( )

where f1,, is the two-photon absorption coefficient and 6, is the
frequency of collisional impact ionisation.

At the same time, at high carrier concentrations n, > 10¥cm™
(i-e., at laser fluence closer to material ablation threshold) contri-
bution of the Auger recombination, a band-to-band three-particle
scattering, becomes significant at time-scale starting from 10~12s.
This process involves either a collision of two electrons in the
conduction band and recombination with a hole in the valence
band or a collision of two holes in the valence band followed by
recombination with an electron in the conduction band. Charge
carrier recombination on defects is typically slow and occurs in
time-scale 10'-10° ns, being important only for the cases of low-
fluence excitation, when faster processes are negligible (e.g., in
solar cells or optoelectronic devices), which is also out of the
scope of our review.

3
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Equation (1) can also be applied not only for bulk materials,
but also for nanoparticles and nanostructures. Taking into ac-
count their optical resonances!®® is critical, because local field
enhancement can strongly affect generation rate G and spatial
distribution of free carriers.l%”]

There are other processes, which change the energy-
distribution function but do not reduce the number of free
carriers: electron—electron and electron—phonon relaxations
occurring in the valence band. The time between electron-to-
electron collisions (z,) is very short and ranges from 10 fs to 1 ps.
In contrast, electron-phonon relaxation times are much longer
due to the significant difference in mass between electrons and
ions and hence, a small fraction of the kinetic energy exchanged
in each collision. Depending on the strength of electron-phonon
coupling, relaxation time can range from several to hundreds of
picoseconds.*®! Similar electron-phonon relaxation times are ob-
served for quasi-free electrons in semiconductors like silicon.!>’!
In many applications like photocatalysis,[®) photovoltaics,!®!]
or generally, in photochemistry,#%] it is important to extract
such “hot” electrons before their relaxation to the bottom of CB.
However, generally, the electron—phonon interaction results in
material heating, which we discuss in the next Section 2.2.

2.2. Heat Generation and Dissipation, Slow and (Ultra)Fast
Heating

In the case of metals, conduction band electrons have very high
density ~#10% cm™ and absorb incident light via intraband tran-
sitions within a thin layer of around 10-30 nm (known as intra-
band transitions, see Figure 2a). As we discussed in the previous
section, the concentration of free carriers in semiconductors and
dielectrics can be controlled by laser intensity, and these electrons
can also absorb light via intraband transitions. In both cases, the
excess of energy in the electronic sub-system is converted to heat
via electron—photon relaxation.

Temperature distributions induced by the absorption of laser
radiation can be calculated based on the heat equation. In the
most general case, the temperature T = T(x, ) is a function of
both the spatial coordinates x and the time t. With fixed laser pa-
rameters the temperature distribution depends on the optical ab-
sorption within the irradiated zone, and on the transport of heat
out of this zone. In the absence of heat transport by convection
and thermal radiation, the heat equation can be written as:

0T (x, )
P(T)ey(T)—

= VIk(T)VI (%, 1)] = Q(x 1) &)

where p is the mass density, ¢,(T) is the specific heat at constant
pressure, k is thermal conductivity and Q(x, t) is a heat source
(typically Gaussian function in time and space).

Within the electron system, the excitation energy is thermal-
ized within, typically, 10 fs to 1 ps. Thermalization between the
electron subsystem and the lattice is much slower, typically of
the order of 1100 ps, depending on the strength of electron—
phonon couplingT’, _ , in various materials. If the pulse duration
is longer than the characteristic time of electron—phonon relax-
ation, one can assume that electron and lattice sub-systems are
in equilibrium and apply Equation (3). Thus, femtosecond laser
excitation generates a hot electron gas with temperature T, up to
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10* K in the regime of laser melting or ablation. The transient
non-equilibrium state between the hot electrons and the lattice
is manifested in temperatures T, and T, which can be calculated
from the corresponding heat equations. This description is de-
noted as the two-temperature model.l®*®] In the laboratory sys-
tem, the coupled nonlinear equations for T, and T can be written,
in a general form, as:

oT
C.(T,) T V[T, T)VT,| =T (T.)[T. - T| + Q(x. 1) (4)
and

C(:r)£ = V[x(T)VT]+ T _(T.) [T. - T (5)

ot

where C, and C are the heat capacities (per unit volume) of the
electron and lattice subsystems, respectively. The temperature de-
pendence of the lattice thermal conductivity x (T) is important for
semiconductors!®! but is usually neglected for metals.[>*]

The system of Equations (4) can be also applied for semicon-
ductors along with the equation for photo-excited carriers gener-
ation, diffusion, and recombination Equation (1). Based on this
fundamental background, one can model the behavior of a solid
substrate, which is critical to predict the conditions for various
laser-induced processes: heating, melting, and ablation, as well as
the spatial and temporal distribution of these phenomena. One
of the important predictions that can be made, if one estimates
the speed of lattice heating that can be converted to the speed
of material thermal expansion, resulting in pressure waves gen-
eration at sub-nanosecond time scale.[”] These pressure waves
can be as high as 1-100 GPa assisting to laser ablation (see more
details in Section 5.4) and even to the bubble formation in sur-
rounding liquid.

All this knowledge on thermal dynamics in the irradiated ma-
terial is crucially important for laser-assisted thermally-induced
growth at the solid-liquid interface (Section 5.2), direct laser
metallization (Section 5.2), laser surface texturing (Section 5.3),
doping (Section 5.4), pulsed laser ablation (Section 5.4), and
laser-induced wet etching (Section 5.5). In principle, Equa-
tions (1),(4), and (5) along with modified absorption coefficient
using Mie theory!®®l can be applied for laser interaction with
nanoparticles!®7?! during or after their growth, which is espe-
cially important to take into account for the description of frag-
mentation, autocatalytic growth, or doping (Section 5).

2.3. Photochemical Processes
2.3.1. Photochemical Versus Thermal

Photochemical processes are often quite complex and they usu-
ally overlap with parallel thermal processes affecting them. One
of the general scenarios is shown in Figure 2b. A and A* char-
acterize the system in the ground state and in the photoexcited
state, respectively. If we neglect radiative recombination, non-
radiative transitions A*—A can be described by the thermal re-
laxation time 7;. The characteristic times for the reaction of A
and A* with species B are 7, and 7., which are also functions
of temperature. In the case of 77 < <7, and 7, < <7 4., the ex-
citation energy is rapidly dissipated into heat and the molecules
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in the ground state react more actively than in the photoexcited
state. In this case, the reaction is thermally activated. In the case
of r;> 1, and 7, > >7,,, the process is mainly photochemically
activated. The reaction takes place via excited species A*. In the
case of T < <7, T < <T 4, but 7, > >7 4., or if all these times
are comparable, both the ‘thermal channel and the photochemi-
cal channel are important.

Photochemical synthesis is known to be a useful approach
for creating molecules that are hard to make using heat-
assisted reactions. However, controlling photochemical reactions
is more complicated because the excited states involved are very
short-lived and highly reactive, even at low temperatures. Usu-
ally, changing the shape or electronic properties of the reac-
tant molecule alters the reaction pathways in photochemical
reactions.l’”! Purely photochemical processes typically occur in
organic molecules, where multiple transitions are possible, lead-
ing to charge transfer with potential dissociation or isomerization
processes, such as the transition between cis and trans isomers.
For example, upon photon absorption, the covalently bound 11-
cis retinal isomerizes to the all-trans form, enabling rhodopsin
to activate transducin, its G protein. All-trans retinal is then re-
leased from the protein and reduced to all-trans retinol.l”?]

There are a few types of photochemical charge transfer
processes in organic and organometallic molecules includ-
ing Ligand-to-Metal Charge Transfer (LMCT), Metal-to-Ligand
Charge Transfer (MLCT), Photoredox Catalysis in Organic
Synthesis!”?] and in Organic Photovoltaics.l”*] For example, the
population of the LMCT excited states upon light irradiation of
abundant and inexpensive 3d-metal complexes represents an ef-
fective platform to access open-shell intermediates of high syn-
thetic value.””] Examples of such metals in the 3d-block include
Ti(IV), Fe(IlI), and Cu(II). Irradiating Cu(II)-X complexes is one
of the oldest methods for generating radicals (X:) via LMCT ex-
cited states. When Cu(Il) salts are dissolved in specific organic
solvents and exposed to the full spectrum of a mercury lamp
(UV+visible light), they undergo photoreduction from Cu(II) to
Cu(l).

Additionally, photochemical processes may be considered in
photochromic complexes!’®) where photo switchable organic
compounds are attached to metal complexes.l””! The photoin-
duced mechanism in photochromic complexes involves pho-
ton absorption, electronic excitation, structural reorganization,
formation of a new isomer or state, relaxation to the ground
state, and reversibility. For the photocontrollable parts, ther-
mally and photochemically stable chromophores (azobenzene,
diarylethene, spiropyran, etc.) are usually used. And for the
metal complexes, a wide variety of compounds that have various
functions (redox response, luminescence, magnetism, etc.) are
applied.l”®]

Photochemical laser processing dominates when the excita-
tion energy’s overall thermalization is slower than the character-
istic time of the reaction (see Scheme in Figure 2b). This condi-
tion is often true for chemical reactions of excited molecules with
themselves or with the substrate surface, photoelectron transfer,
chemisorption of species on solid surfaces, and photochemical
desorption of species from surfaces. For instance, if we consider
the case where the molecules are already adsorbed on the semi-
conductor surface, photoexcited charge carriers (see Section 2.1)
can interact directly with the adsorbate to initiate a reaction. In
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purely photochemical processes, the system’s temperature re-
mains almost unchanged under laser-light irradiation. Laser pho-
tochemistry can differ significantly from standard photochem-
istry that uses lamps due to the high excitation densities, which
can result in multiphoton absorption (see Equation (2)) or induce
other nonlinear optical effects.

2.3.2. Molecular Systems Photo-Excitation

As discussed in the previous Section 2.3.1, in liquid media and
gases, light can induce electronic, vibrational, and rotational
transitions within single molecules A—A* (Figure 2b). When
molecules or atoms adhere to a solid surface, their electronic
and vibrational characteristics are altered, leading to variations
in absorption cross-sections and selection rules for optical ab-
sorption, as well as additional vibrational transitions. Light can
either increase or decrease the density of adsorbed species by ex-
citing the solid, gas, or liquid-phase molecules, or the adsorbate-
adsorbent complex.

There are some typical scenarios of single-photon (linear) ex-
citation. If a molecule in the excited electronic state is unstable,
the excitation results in a rapid dissociation within a time range of
around 107'* t0 10713 s, as shown in Figure 2c. In the gas phase, it
is unlikely that relaxation and energy transfer between molecules
will occur in such a short period and the dissociation dominates.
If the excited electronic state is stable, dissociation only occurs
for photon energies (hv) larger than the energy of dissociation
(E,). However, dissociation of isolated molecules is sometimes
observed even for smaller photon energies. This phenomenon
is known as spontaneous predissociation and is related to tran-
sitions from the initially excited electronic state to an unstable
state or to a stable electronic state whose dissociation energy is
below the originally excited state. The final state can also be the
electronic ground state itself; then, the molecule dissociates if hv
> E,. The typical times for predissociation are between 10712 and
1076 .39

One of the most important examples of photo-excitation play-
ing key role in many laser-induced nanofabrication processes is
photo-ionization of water, where electrons become hydrated on a
timescale of 300 fs with lifetimes up to 100 ns in pure water and
up to 40 ps in strongly acidic solution.l”®! In organic liquids, sol-
vated electrons can have lifetimes up to several microseconds.[*!
Water radical cations rapidly decompose into water molecules
within 50 fs.8! Finally, a hydrated electron can also recombine
with two molecules of water within ~1 ns producing hydroxyl
anion OH™ and stable H, in the reaction 2H,O0 + 2¢~ =20H™ +
H,.[2 These processes are schematically illustrated in Figure 2c.
One can compare these time scales with those from previous Sec-
tions 2.1 and 2.2 to better understand the overall dynamics of
various laser-induced thermal and photo-chemical processes that
occur during laser-matter interaction.

The primary drawback of single-photon  excita-
tion/dissociation processes concerning laser-chemical process-
ing is the inflexibility of available lasers to match the maxima of
dissociative transitions in the medium to far ultraviolet range.

Multi-photon processes (MP) provide another efficient way to
excite and dissociate molecules using laser light at a specific
wavelength or a wider range of precursor molecules. The number
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of excited molecules in MP processes is dependent on the pho-
ton flux in a nonlinear manner. Coherent two-photon absorption
occurs when the single photon energy is smaller than the energy
difference between the first excited state and the ground state,
while sequential two-photon absorption occurs when a molecule
is transferred to the first excited state by absorbing a single pho-
ton and dissociates upon absorbing an additional photon. The
first step in this sequential excitation is usually referred to as
ground state absorption, the following absorptions as excited
state absorption. For multiphoton absorption of order n, the ab-
sorption rate is proportional to the n-th power of the incident
intensity, meaning that such absorption rates can be very small
for relatively low or moderate optical intensities, but can become
dominant for high light intensities. Therefore, pulsed lasers with
high peak intensity are required for efficient MP processing, but
they may cause substrate damage, so irradiation geometry where
the laser beam propagates parallel to the substrate surface is of-
ten used. By using ultrashort laser pulses these harmful effects
can be additionally minimized and localized in space because of
the nonlinear character of absorption.

In single, isolated molecules, electronic excitations decay
within 107 to 107° s, while low excited vibrational levels have
a lifetime of approximately 107> s. With high molecular densi-
ties used in laser-chemical processing, energy randomization be-
tween molecules with vibrational mismatches < kT occurs via col-
lisions within 107%° to 10~ s leading to partial quenching of the
excited state. It is important to note that at high laser intensities,
excitation and energy relaxation mechanisms can be significantly
altered compared to those observed at low to medium intensities.
For instance, in polyatomic molecules, highly excited vibrational
states may have lifetimes of only in the range between hundreds
of femtoseconds up to the picosecond scale.

2.3.3. Homogeneous Versus Heterogeneous Photo-Induced Processes

Laser-induced chemical synthesis and processing of materials
is the activation of chemical reactions resulting in the new
nanophase formation, coating, patterning, or physicochemical
modification of surfaces. Namely, this includes such reactions in
volume or on the surface as oxidation, nitridation, etching, syn-
thesis, alloying, doping, exchange of surface atoms/molecules,
metallization, decomposition, reduction, and polymerization.
For such processes as gas-flow mediated oxidation, nitridation,
and reduction, the time scale of reaction initiation can be as short
as sub-nanosecond similarly to the time needed for nucleation,
while considerable growth of layers or nanostructures based on
these reactions is usually longer than microseconds.[8384]

Remarkably, modern laser technologies together with basic
fundamental principles can make all these processes both macro-
scale and micro-scale. Indeed, the main reason is that laser-
induced activation or enhancement of a chemical reaction can
take place homogeneously, heterogeneously, or via a combina-
tion of both. A homogeneous reaction is activated simultane-
ously within the volume of the homogeneous gas, liquid, or solid
medium. A heterogeneous reaction is induced at nucleation cen-
ters, which can be e.g., solid—gas or solid-liquid interfaces, vari-
ous defects, within the solid surface itself or in adsorbateadsor-
bent systems.

Adv. Funct. Mater. 2024, 2405457 2405457 (7 of 35)

www.afm-journal.de

Both heterogeneous and homogeneous laser-induced reac-
tions may be activated photothermally, or photochemically, or
photophysically (i.e., by a combination of both). It should be
noted that homogeneous nucleation requires relatively high su-
persaturation compared to heterogeneous processes.[85] On the
other hand, heterogeneous processes developing at the interface
are much more complex compared to homogeneous reactions
because of a large number of interphase effects (various types of
sorption, diffusion, catalytic reactions, mutual solubility of com-
ponents, evaporation, etc.), mutual influence contacting media,
various processes, and conditions at the interface. It is believed
that the activation of reactions developing under heterogeneous
conditions requires less energy compared to the activation energy
of homogeneous chemical reactions. This leads to significantly
high sensitivity of heterophase reactions to external, in particu-
lar optical, influence. It should be noted that heterogeneous re-
actions themselves have a huge impact on chemical processes,
while the effect of laser radiation on the interface provides ad-
ditional ways to control these processes: changing the chemical
activity of each of the contacting media, influencing the process
of sorption of chemical reagents or chemical reaction products in
the field of laser exposure.

The possibility of controlling heterogeneous chemical reac-
tions by laser irradiation is discussed in a number of theoreti-
cal works.[%¢%7] For example, issues of resonant excitation of ad-
sorbed atoms and molecules and their subsequent transition to
the desorbed state, surface selective diffusion and changes in the
catalytic properties of adsorbents, control of the interaction po-
tential of the adsorbate with the surface are considered due to
laser exposure in the UV or IR ranges.®#)] In addition, laser
radiation can have a significant impact on the processes of het-
erogeneous catalysis by changing the concentration of reactants
through selective desorption or changing the number of active
sites on the surface of the adsorbent. At the same time, the chem-
ical reaction at the interface can be stimulated either by thermo-
or photo-effect of laser radiation.

Such a variety of possible homogeneous and heterogeneous
chemical reactions determines the general structure of this
review - consideration of laser-induced processes in homoge-
neous (liquid) and heterogeneous (liquid/solid, gas/solid) sys-
tems. More details and regimes for these processes are given in
Sections 3, 4, and 5.

2.4. Optical Effects

Large-area photo-chemical or thermal processing can be per-
formed with the weakly focused laser beam propagating either
perpendicular (normal incidence) or parallel to the surface. Such
irradiation geometries permit the fabrication of nanoparticles or
nanostructures at high throughput. In addition to this, laser-
induced processes make it possible to ensure spatial and tem-
poral localization of initiated chemical reactions, which predeter-
mines the conditions for the formation of substances and ma-
terials structured at the nanoscale over large areas. Remarkably,
the products of these reactions can strongly interact with the in-
cident light, where the optical resonances (i.e., plasmons(®! or
Mie resonances)/®®“!] play a key role. More specifically, metal-
lic NPs are known to exhibit resonant light absorption and
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related thermalization when the incident laser wavelength
matches the excitation of localized plasmonic resonances (LPR)
associated with oscillations of free electron plasma in the reso-
nant cavity formed by the NP.[%2] LPR spectral position is largely
defined by the nanoparticle geometry and material optical con-
stants, which opens up pathways to achieve resonant light-matter
interaction at practically any spectral range spanning from UV to
IR wavelengths. LPR-mediated resonant absorption allows to en-
hance efficiency of light-to-heat conversion within the nanoscale
volume defined by the NP dimensions rather than diffraction-
limited focusing capabilities of the optical lenses.[®*}] This pro-
vides deep-subwavelength heat localization having important
practical applications including high-resolution plasmonic nano-
lithography and information recording,®*®”] nanoscale local-
ization of plasmon-assisted chemical reactions!®®1%2] and anti-
cancer therapy,[191% just to name a few. Ultrafast heating of
LPR-supporting nanoparticles and surrounding reacting media
with pulsed laser exposure is of high interest for promoting spe-
cific chemical reactions that can not be realized under slow bulk
heating conditions.[19:1%]

In addition to plasmonic heating effects, the resonant ther-
malization in semiconductor and dielectric nanoparticles sup-
porting so-called magnetic- and electric-type Mie resonances
have recently gained substantial research interest.’! Excitation
of such resonances in low-loss materials leads to strong local-
ization of the electromagnetic energy inside the Mie-resonant
nanoparticles as opposed to the LPR-based absorption in plas-
monic ones.’!l Despite the absorption coefficient of common
materials used to create Mie-resonant NPs for visible spectral
range (such as TiO,, Si, GaSe, or Ge) is not that large, such reso-
nant light localization was found to give rise to strong photother-
mal effects in some cases overcoming those for plasmonic-based
nanomaterials.['%-111] Light localization in Mie-resonant nanos-
tructures boosts inherent Raman scattering and nonlinear opti-
cal effects!!?114] being also promising for improving efficiency
of localized chemical reactions.['?11%]

Additionally, excitation of material surfaces/interfaces by rel-
atively large laser spot have gained increasing interest in recent
years, particularly in nano-optics, where surface waves or local-
ized modes excited at nanostructured interfaces, as well as waveg-
uided modes in thin films lead to strongly enhanced and inhomo-
geneous light intensity distribution (see examples in Sections 4.1,
5.2,5.3, and 5.4.5) resulting in LIPSS formation.

Spatially localized laser-induced chemical processing allows
for single-step direct substrate patterning with lateral dimensions
down into the nanometer range. This can be performed by scan-
ning a focused laser beam across the substrate surfacel!2012] (di-
rect writing), by projecting the laser light via a mask,['??] by in-
terference of laser beams,!'?3] by means of microlens arrays!'?*l
or spatial light modulators,[!#] by techniques based on scanning
probe microscopy,!'?%!?’] by using adaptive optics,[*?®! or by for-
mation of strong near-field around various nano-objects.['29-131]

3. Laser Synthesis in Liquids
3.1. Homogeneous Growth
In liquids, the laser energy absorbed by a molecule can exceed the

binding energy of valence electrons, which can cause generation
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of various types of highly excited radicals and solvated electrons
(see Section 2.3.2) potentially launching chemical reactions. Such
homogeneous laser-induced chemical reactions take place under
specific conditions and kinetics, thus resulting in unique prod-
ucts. In 2002, Abid et al. demonstrated pioneering results on laser
synthesis of metallic NPs in solution of metal salt.['3?] In sharp
difference to classical chemical synthesis, the demonstrated pro-
cess, referred to as laser synthesis in liquid (LSL), required no
reducing agents in the working liquid that only contained aque-
ous solution of silver nitrate.

Figure 3a demonstrates schematically a typical LSL experiment
where laser radiation is directed through a cell wall and focused
inside the liquid. There, highly intense laser radiation promotes
development of nonlinear processes (multiphoton absorption,
tunnel and avalanche ionization) and plasma formation. As a re-
sult, dissociation of the solution components and generation of
solvated electrons, hydrogen, hydroxyl radicals, etc. take place,
all such species then participating in the reduction of metal ions.
Thus, an important feature of the method is the possibility of
using solutions with no reducing agents, with the reduction of
metal ions taking place due to high-energy electrons and radicals
generated in situ under laser exposure,[133134]

To date, direct laser synthesis has been widely applied to
produce monometallic NPs of Au,141-1#44] Ag [132145] Py [146] and
Pd,[**7148] for which solutions of corresponding metal salts and
typically either ns-pulsed visible-range or fs-pulsed near-IR lasers
were used. Through the multiphoton ionization of the solvent,
the high power density laser radiation was found to generate sol-
vated electrons and active radials, the latter species then reducing
metal ions in the solution.'*"] A distinctive feature of NPs ob-
tained in this way was their small size (less than 10 nm in almost
all presented cases) and narrow size distribution.

The reduction efficiency of metal ions per incident photon is
known to be 1073.["%%] Kinetics of multiphoton photolysis and
radical-mediated reduction of Au NPs was discussed in ref. [151]
revealing the importance of initial solution’s pH on such nucle-
ation mechanisms.

The LSL approach was further evolved toward fabrication of
bimetallic NPs (such as Au-Ag) via exposure of mixtures of cor-
responding metal precursors to fs-laser pulses.[*>>1>3] Formation
of Au-Ag nanoalloy was found to result from the reduction of
metal ions by laser-generated radicals followed by alloy formation
due to collision and coalescence of formed metal atoms. Optical
spectroscopy confirmed formation of heterometallic NPs with an
absorption band around 440-510 nm, i.e., between the plasmon-
mediated absorption bands of pure silver and gold NPs. Laser
exposure duration was also found to affect the reaction kinet-
ics: A deviation of the Au/Ag ratio in the produced NPs from
that in the pristine solution was observed under short irradi-
ation times (shorter than 60 min). Other important bimetallic
structures (such as Pt-Au and Pt-Fe) in the form of NPs were
also produced under fs-laser irradiation of aqueous solutions
containing H,PtCl; and HAuCl, or iron (III) chloride FeCl;,
respectively.'>*1%] Diverse carbon nanomaterials were also pro-
duced by means of LSL upon direct laser exposure of organic
liquids (such as acetone, toluene and benzene as well as wa-
ter/benzene and ferrocene/benzene solutions).['>6-162] The effect
of pulse duration on the resulting products formed upon laser
ablation of neat organic liquids (acetone, ethanol, n-hexane, and
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Figure 3. a) Schematically illustrated setup of typical LSL experiment. Bottom of panel (a) illustrates diversity of light-induced decomposition channels
of water molecules serving as a source of solvated electrons and radicals that take part in reductive LSL reactions. b) Graphically illustrated reduction
assisted by generated radicals and solvated electrons, agglomeration driven by optical forces, self-organization and light-driven anisotropic growth taking
part in LSL of functional nanomaterials. c) Schematic representation of Au-Ag@carbon nanoparticle formation, with SEM of product shown in panel (d).
e) TEM image of Ag nano-triangles produced by plasmon-mediated laser-induced reshaping of Ag seeds in precursor-containing liquid. f) SEM image of
LSL-grown Ag nanowires. g) EDX mapping images of Pt-loaded (1 wt.%) covalent organic framework. h) Optical photograph of colloid crystal solution
self-organized into square lattice via laser-driven hydrodynamic flows. Magnified color image provides Lindemann analyses of the highlighted photograph
area. i) Crossed-Nicols polarized optical images of the laser-grown d-form NaClO; chiral micro-crystal. Reproduced with permission from!'3%] Copyright
2010, Springer Nature (c and d),['*¢] Copyright 2010, American Chemical Society (e),['*”] Copyright 2010, Elsevier (f),l'38] Copyright 2022, Springer
Nature (g),['**] Copyright 2017, Springer Nature (h) andl'#°] Copyright 2023, Optical Society of America (i).

toluene) was recently studied by Frias Batista et al.[1®] Both the
reaction kinetics and product distribution were found to change
upon laser pulse extension from femtoseconds to picosecond
pulses: The formation of solvent molecule dimers and oxidized
molecules was suppressed, while enhancing the yield of gaseous
molecules, sp-hybridized carbons and fluorescent carbon dots
was enhanced.
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In the processes described above, the redox reactions are trig-
gered by electrons and radicals generated by intense laser ra-
diation. Alternatively, the chemical reactions can be photostim-
ulated at significantly lower intensities of the laser radiation.
In this case the solution should contain not only the metal
precursor, but also some reducing or photosensitizing agents.
The photocatalized effect results in reduction of metal ions to
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metal, the following nucleation and metal NPs grow. The de-
tailed review of photochemical synthesis is presented by Jara
etal.[134

The LSL approach was also adopted to produce metal@carbon
nano-composites through UV-laser exposure of precursor so-
lutions containing diverse supramolecular complexes having
a central bimetallic core stabilized by the alkynyl and phos-
phine ligands.['**] The authors showed that depending on cho-
sen complex composition and irradiation time, multi-yolk-shell
nanostructures with bimetallic Au-Ag NPs (15 nm) encapsulated
into carbon nanospheres (20-200 nm) could be produced (see
Figure 3d). The mechanism of metal @ carbon nanostructure for-
mation was found to include: i) photo-induced decomposition
of precursor molecules, ii) transformation of the heterometal-
lic cluster core to bimetal NPs via red-ox intramolecular reaction
and aggregation of metal species, and iii) simultaneous aggrega-
tion of carbon-rich organic building blocks formed from carbona-
ceous matrix and multi-yolk-shell architecture as schematically
shown in Figure 3c,d.

3.2. Seed-Mediated Growth

Photochemical growth of NPs can also be realized using the LSL
technique under rather mild laser intensities well below plasma
formation threshold. However, additional reducing agents (such
as, e.g., citrates) are typically required in this case.l'*#165] Laser
illumination was shown to initiate photochemical nanoparticle
growth from metal ions adsorbed on colloidal metal NPs used
as seeds in the presence of citrate. An important modality of
such a method is its ability to control the shape of the resulting
NPs through laser radiation. For example, Maillard et al. demon-
strated spherical, triangular and disk-like Ag NPs by irradiating
colloids of metallic Ag seeds, silver nitrate and citrate with a
CW Ar-laser.'%®l The initially spherical Ag NPs were shown to
evolve into triangular ones as a result of photochemical reactions
that stimulated asymmetric NP growth (reshaping; Figure 3b)
coming from the specific polarization- and shape-dependent
distribution of plasmon-mediated electromagnetic hot
spots.

Light-driven reshaping of Ag NPs with even more diverse ge-
ometries was reported by Stamplecoskie and Scaianol'*®! who
applied multiple LEDs with wavelengths from 405 to 720 nm
to control the morphology of resulting NPs. They demonstrated
that radiation wavelength affected the hot spot distribution as-
sociated with various localized plasmon mode excitation in the
Ag seeds, which provided diverse opportunities to control the
growth of NPs and their optical properties. Figure 3e shows a
representative TEM image of such triangular Ag NPs produced
through the above-mentioned route. High-aspect-ratio NPs (such
as nanorods, nanowires, or nanofibers) are also of high impor-
tance, since their plasmonic properties can be shifted toward the
near-IR spectral range, i.e., the range of optical transparency of
biological tissues and telecom-band laser sources. The LSL tech-
nique was adopted to produce such nanostructures using UV ir-
radiation of solutions with metal precursor in the presence of a
catalyst and stabilizing agent or through the template synthesis
via UV-photoirradiation of PVA/DNA scaffolds in the presence
of negatively charged seed particles.!'37167-16] Figure 3f demon-
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strates an example of Ag nanowires grown under UV-laser expo-
sure of a precursor containing silver nitrate and phosphomolyb-
dic acid that acted as a catalyst and stabilizing agent.[!*”]

Similar to metallic nano-seeds stimulating the above-
mentioned anisotropic plasmon-mediated growth of NPs,
other types of nano-inclusions in the form of colloids or pow-
ders can be added into the liquid containing precursors (and
sometimes reducing agents) to produce nanomaterials with even
more sophisticated morphology and composition. Hence, here,
we only mention several nano-composites produced through
photo-induced growth, to distinguish them from those fabricated
by means of thermal-assisted PLAL discussed in Section 5.6. Hu
et al. reported LSL of the binary alloy PtX (X = Ag, Cu, Co, and
Ni) NPs generated by ns-laser irradiation of Pt nanopowders
aqueous salt solutions.!'’?l The formation of such bimetallic
NPs was described to occur through laser fragmentation of the
pristine Pt powder followed by its alloying by precursor metal
ions reduced by solvated electrons and free radicals.

Semiconductor seeds can also be applied to produce hy-
brid NPs by means of LSL. In this approach, also referred
to as photodeposition,!17! laser irradiation can cause excitation
of valence-band electrons which then migrate to seed’s sur-
face and take part in the photoreduction of metal-ion precur-
sors from the surrounding liquid. In this respect, nanoscale
semiconductor seeds act as optical radiation absorbers, re-
ducing agents and provide active surface sites for prefer-
ential growth of metallic NPs. This route was widely ap-
plied for fabrication of diverse metal-semiconductor nano-
composites, including Pt/TiO, 172774 Pd/TiO,, '’ Au/TiO,
NPs,[178] Au/ZnO nanopencils,['’”) and Pt-decorated covalent or-
ganic frameworks.["*] Finally, similar LSL routes were widely
adopted to produce nano-hybrids made of common 2D nano-
materials decorated with noble metal NPs, such as, e.g., Pt/TiS,,
Pt/TaS,, Ag/MoS, and Pt/MoS, nanocomposites,['7518 a5 well
as NP-decorated graphenel '8! or reduced graphene oxides,182183]
to name just some. For more details, those who are interested
can address recent review on photodeposition of metal NPs over
semiconductor seeds by Wenderich et al.l'”!]

3.3. Laser-Trapping-Assisted Growth

Laser-induced agglomeration, which can further lead to nucle-
ation and crystallization, is known to happen in homogeneous
molecular solutions or in suspensions when laser power is high
enough either to induce a hydrodynamic flow!*! or optical trap-
ping forces!!®!] overcoming the Brownian motion. This type of
growth has a purely physical nature and does not involve chem-
ical reactions, but we shortly address it here for its similarity
to the LSL process discussed earlier in this section. Such laser-
induced agglomeration processes permit to grow microcrystals
in the focal laser spot directly in a precursor-containing liquid
as schematically illustrated in Figure 3b. The first use of this
approach was reported by Sugiyama et al.'®°] who focused a
near-IR CW laser inside evaporating DO, containing glycine
molecules, which resulted in formation of glycine crystals after
15 min of exposure. The authors attributed this effect to optical
attraction and trapping due to a large dipole moment of glycine
molecules. In this method, the laser beam power was found to
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Figure 4. a) Scheme illustrating methods of gas-assisted laser nanostructuring of materials: i) gas-assisted growth of nanostructures, ii) gas-assisted
etching of semiconductors and iii) hybrid surface nanotexturing. b-d) SEM images providing examples of gas-assisted nanotextured morphologies:
b) spiral-shape SiO, ridge recorded on the Si substrate, c) Grating-like structures composed of SiO, ridges produced on the Si wafer surface by its
laser-induced periodic surface structuring, d) Ge nanowire grown from the Au nanoparticle in Ar atmosphere containing Ge,Hg precursor, e) etched Si
in chlorine gas at 100 Torr and f) hyperdoped spiky Si surface laser-patterned in SFq. Reproduced with permissions froml'8°] Copyright 2024, Elsevier
(b),[101 Copyright 2020, John Wiley & Sons (c),l"®"! Copyright 2015, American Chemical Society (d),!'®?! Copyright 1993, Elsevier (e) and!"®3! Copyright

2006, AIP Publishing (f).

be less important for optical trapping then the gradient of optical
field.[18¢]

An interesting development of the LSL technique was recently
suggested by Toyoda et al.l'*l who demonstrated formation of
chiral NaClO; microcrystals with high crystal enantiomeric ex-
cess (a merit of structural chirality) using an optical vortex beam
with a helical wavefront. It was shown that the crystal chirality
could be flexibly controlled by manipulating the direction of he-
lical wavefront rotation of the vortex beam and its topological
charge, thus providing pathways to locally grow enantioselective
microcrystals. An example of such microscrystals is provided in
Figure 3(i).

The self-organization and agglomeration in the laser-trapping-
assisted growth is usually assigned either to the laser-induced
hydrodynamic flow or to the optical trapping forces.[13%134] In
ref. [187] silver nanoparticles were generated in colloidal poly-
mers under action of a 4 = 532nm CW laser with P = 0.1 W.
The growth of the nanoparticles increases the light absorption,
the polymer temperature grows and the Marangoni convection
moves the particles to the edge of the beam forming a dark ring
surrounding the laser beam. The opposite flow was observed by
Yusupov et al.:!'8] a filament of up to 14 cm length and 10-80 um
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in diameter was formed in the direction of the laser light propaga-
tion as a 400-um optical fiber was immersed into a suspension of
Ag nanoparticles in the form of Ag/albumin complex. The laser
power was in the range 0.3-8.0 W and the filament was stable
during the illumination. As the laser was switched off, the fila-
ment disappeared due to the Brownian motion.

4. Laser-Assisted Chemistry at the Solid—Gas
Surfaces

Next, we will further consider the case when pulsed laser radia-
tion is focused on the interface between a fully transparent gas
environment and a solid light-absorbing material (Figure 4a).
Once the electrons in the exposed material absorb the incident
photons, an electron—phonon relaxation subsequently thermal-
izes the lattice establishing at picosecond timescale a certain
temperature distribution that follows, to some extent, the lateral
profile of the laser beam with the largest temperature induced
near the interface. Laser-generated heat in the irradiated mate-
rial is a well-known phenomenon allowing to boost the kinetics
of the interface chemical reactions. Potential reactions involve
structural transformations of the near-surface material atoms
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stimulated by interaction with surrounding gas molecules such
as doping, oxidation, nitridation, or carbonization. Notewor-
thy, the temperature increase also enhances the diffusion of
near-surface atoms facilitating penetration of the gas molecules
deeper inside the material. The laser patterning experiments can
be carried out in the vacuum chamber under control of the gas
precursor pressure and content that allows to regulate the onset
of laser-driven physical and chemical processes. Depending on
the stability of the compounds formed within the laser-irradiated
surface area either additive (such as gas-assisted growth; Sec-
tion 4.1) or substractive/hybrid (such as gas-assisted etching or
texturing/doping; Sections 4.2 and 4.3) nanofabrication tech-
niques can be realized, yet the underlying mechanisms are rather
similar in most of the cases.

4.1. Gas-Assisted Localized Growth
Achieving a certain temperature (T,,) can activate the chemical
reactions before the material will proceed to the molten state,
while ultrashort pulse duration ensures heat confinement within
the focal spot area and highest lateral resolution, in its turn. For
example, efficient oxidation of titanium can be initiated above
T,, = 600 °C under ambient atmosphere,['** allowing to lo-
cally grow nanocrystalline TiO, nanoridges within the laser fo-
cal spot!'%! (Figure 4a(i)). The transparent oxide ridges focus the
incident laser radiation at their bottom increasing the temper-
ature at the metal-oxide interface and stimulating the diffusion
of the metal and oxygen ions.!*] This provides one of the possi-
ble positive feedback mechanisms stimulating the ripple growth.
Scanning the sample surface by a laser beam allows free-form
writing of the oxide ridges at high spacial resolution.'8%1%] Ex-
ample of the produced spiral-shape ridge on the crystalline sili-
con surface is shown in Figure 4b. Alternatively, highly regular
nanogratings made of oxide ridges can be created through the
more convenient way using interference of the incident and scat-
tered laser radiation. Such oxidized nanogratings typically ref-
ereed to as LIPSS were demonstrated on diverse materials in-
cluding Ti,197-199] Sj [190] W/ [198] Cp,[196] Nijl200] and HE.2%! Growth
of the TiN-containing LIPSS upon patterning of the titanium
films in nitrogen-rich atmosphere was demonstrated in ref. [202]
Figure 4c demonstrates hierarchical LIPSS formed by period-
ically arranged oxide protrusions on the crystalline Si surface
upon its scanning with linearly polarized laser beam.['%]
Laser-driven growth of the surface protrusions can be consid-
ered as non-ablative self-terminating processes that stops once
the oxide thickness reaches a certain level preventing further
interaction of the material atoms beneath oxide layer with gas
molecules. The process can be also characterized by minimal
amount of the surface debris and molten-state ejecta, while con-
trol over the gas pressure provide additional opportunity for reg-
ulation of the nanofabrication process. Typically, the larger the
difference between the oxidation (T,,) and melting (T,,,;,) tem-
peratures of the certain laser-processed material, the more regu-
lar and stable nanotextures can be recorded with broad range of
laser processing parameters. Considering high regularity of the
formed morphology, their facile production and rather unique
ability to imprint high-quality LIPSS even on the curvy surfaces,
the potential application areas of this technology include diffrac-
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tive color marking,[198:203.204] genging and production of grating-
type templates for subsequent coating with other materials (for
example, noble-metal-coated gratings for plasmonic biosensors).
Structural surface coloring via growth of the uniform oxide
layer over the highly reflective pristine material was considered
as promising technology for optical filtering, information en-
cryption and anti-counterfeiting.[2%-20%1 Additionally, Poimenidis
et al. recently reported laser-patterned Ni and Fe electrodes
for both enhanced hydrogen production and increased charge
storage.?%”] Surface oxidation simultaneously with nanomor-
phology growth can also create anti-reflective layer reducing re-
fractive index jump at the air-material interface.l'”! Such an ap-
proach typically works well for IR-transparent crystalline mate-
rials (such as silicon, germanium, ZnS, etc.) having rather large
refractive index and high Fresnel reflection at the interface, in
its turn.

Localized heat-activated growth of the isolated upright-
standing Ge nanowires in the presence of 3% germane (GeH,)
in hydrogen was reported in ref. [208]. By controlling the growth
temperature and exposure time, the authors demonstrated the
ability to vary the height and geometry (cross-section) of the
nanowires. Another interesting example of laser gas-assisted
growth technique was suggested by Martino et al., realizing lo-
cal formation of the Ge nanowires upon thermal decomposi-
tion of the Ge,H, precursor in Ar atmosphere.['!l High lo-
calization of the growth process was achieved by placing the
Au nanoparticles of the substrate acting as local nano-heaters
under CW-laser exposure for precursor molecule decomposi-
tion as shown on Figure 4d. The technology holds promise
for diverse optoelectronic and nanophotonic applications, where
metal-semiconductor nanostructures are highly demanding.[2%!

4.2. Gas-Assisted Dry Etching

Laser-assisted dry etching is technically very similar to the above
mentioned laser gas-assisted growth (Section 4.1), yet a change
in the environment leads to the opposite effect: the etching is
usually done in the atmosphere of halogen-containing molecules
providing free halogen atoms. Three main etching mechanisms
can be identified:(% 1) The increase in the surface temperature
above the activation temperature leads to a chemical reaction be-
tween the surface and the environment. 2) The incident laser
light excites the free charge carriers at the surface, which activate
the chemical reaction between the surface and the gas. 3) The gas
photolysis takes place and the active atoms or radicals destroy the
solid surface. The products of these laser-activated reaction are
gases, the gas molecules leave the surface and create no passiva-
tion layer, so that the laser-illuminated solid surface can further
react with the molecules coming from the gaseous state. The etch
rate depends on the laser intensity, wavelength and on the con-
centration of the etching molecules in the environment.*!! The
experiments show that the etched depth per pulse is proportional
to the square root of the gas pressure in the lower pressure range
but this dependence saturates at higher pressures.[210-212]

Dry laser etching of semiconductors is usually performed in
halogen-containing gaseous environments like e.g., SF,, CCl,,
CH,Br or Cl,.130.192:210213-216] Comparison of the etching rates of
Siin CCl,, CHCl;, CH,Cl,, CH,Cl shows that the the etching rate
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grows with the number of Cl atoms per molecule.?1%! The most
probable chain of reactions in this case is as follows: first free Cl
atoms are generated either by photolysis or by electrons excited
to the conduction band of the Si. In the second step gaseous sil-
icon tetrachloride is formed in the reaction Si+4Cl = SiCl,1 if
the surface temperature is above 57.7°C (see Figure 4a(ii)). Ex-
ample of the Si surface laser patterned in the SF; atmosphere
is shown in Figure 4e. Similar reactions happen in SF, with sili-
con tetrafluoride formation at the final stage. Usually UV excimer
lasers are used due to high photon energy able to break the gas
molecule more easily than visible or infrared lasers. However
the energy of the stretching mode between the S and F atoms
in the SF, molecule is exactly at 4 = 10.6 um (943 cm™') cor-
responding to one of the wavelengths of the CO, laser!?'’] en-
abling its application for etching in SF, environment. Although
the later should absorb at least 30 photons at the A = 10.6 um
wavelength, in pure SF gas in the pressure range between 0.1
and 5 mBar, the collisions between the molecules lead to redistri-
bution of the excitation between them, but not to decrease in the
average vibrational energy.**! Such multiphoton dissociation ex-
cited by CO, laser radiation is also observed in CF,1.[2!8] The etch-
ing of metals and oxides involves more complex processes, since
salts appearing at the surface during the etching are solid and
form a passivating layer. However, the correlation between the
experimentally-observed etching rates and the vapor pressures of
these salts shows that they can be removed by the incident laser
radiation.[?]

Gas-assisted dry etching can take place as a side effect in the
process of laser ablation under atmospheric conditions due to
approximately 20% of oxygen content in the atmospheric air.
Kononenko et al. studied ablation of diamond in different at-
mospheres and observed that the ablation threshold in experi-
ments done in oxygen-free environments are higher, than that
performed in the air.??°! This observation highlights the role of
the laser-assisted etching in air at low laser fluences.

Additionally, hybrid processes combining material oxidation
followed by its etching was recently reported by Bronnikov et al.
upon fs-laser texturing of amorphous germanium (a-Ge) in ambi-
ent air and vacuum environments.?!) The authors showed that
laser-induced heating of a-Ge initially drives its oxidation Ge +
0, = GeO, at temperature above 470 °C and partial reduction
of the formed dioxide to less stable configuration GeO,, (GeO, =
GeO,, + Ge) that can sublimate at temperatures comparable to
those required for oxidation.[?2] This allows ultra-clean ablation-
free laser etching of Ge without generating any debris typically
ejected at the molten state in the form of nanoparticles. Reduc-
tion of the amount of oxygen in the processing chamber by vac-
uuming was found to regulate the oxidation/sublimation speed
allowing to control the grating morphology.[2?!]

4.3. Gas-Assisted Hybrid Nanotexturing

Laser-induced heating below phase transition can stimulate for-
mation of vacancies and defective sites in the irradiated mate-
rial. These sites can be occupied by the thermally decomposed
surrounding gas molecules causing local doping of the material
within the focal spot. Doping is well known method for tailor-
ing key optoelectronic properties of the common semiconduc-
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tors such as silicon and germanium.??3-225] Appearance of novel
2D semiconducting materials (e.g., graphene or transition metal
dichalcogenides) commonly synthesized in the form of micro-
scale flakes has pushed forward the development of the meth-
ods allowing localized or site-selective doping. Kim et al. reported
laser exposure of 2D MoS, nanoflakes in phosphene PH, gas en-
vironment resulting in controllable p-type doping of the mate-
rial by phosphorus within the irradiation area.??’! Noteworthy,
photo-decomposition of the precursor gas molecules can be re-
alized with UV light also inducing doping of the target material
nearby, as it was recently reported for graphene doping in Cl, gas
environment.!??’!

Laser-induced transition from the solid to the molten state
allows the surrounding gas precursor molecules adsorbed on
the surface of the irradiated material to easily penetrate inside
the material producing a highly hyper-doped near-surface layer
(Figure 4a(iii)). Extensive studies of the laser-induced hyperdop-
ing of monocrystalline Si in the SF gas atmosphere was carried
by Mazurs group last two decades stimulated by high importance
of this material for optoelectronic devices and its transparency
at IR wavelengths.[193228229] These studies showed the possibil-
ity to create sulfur-rich near-surface layer rendering initially IR-
transparent Si with the ability to absorb the photons with below-
bandgap energies through the formation of impurity-mediated
absorption levels. Laser texturing of the Si surface that proceeds
simultaneously with its hyperdoping can create a well-developed
surface morphology resulting from the material melting, redis-
tribution driven by electromagnetic/hydrodynamic mechanisms
and ablative removal.?%l An example of such spiky morphol-
ogy with nearly 100% absorbance at wavelength up to mid-IR
range formed on the monocrystalline Si laser-textured in SF
atmosphere is provided in Figure 4f.2*!] Noteworthy, ultrafast
thermalization/quenching rates driven by multi-pulse laser expo-
sure upon texturing create defects in the monocrystalline Si that
also contributes to enhanced absorbance of the sub-band photons
along with impurity-mediated levels.

5. Laser-Assisted Chemistry at the Solid-Liquid
Interface

In a sharp contrast to the case of laser structuring in reactive
gas surrounding discussed in Section 4, transparent liquid
environment offers potentially much higher concentrations of
the reacting chemical species within a focal laser spot opening
diverse pathways for photo- and thermo-assisted nanostructure
formation. In this respect, precursor-containing liquid can act as
a source of newly formed nanostructures that will be precisely
deposited over the solid target (substrate) within laser focal spot.
The substrate in this case can provide charge carriers and active
surface sites for nucleation and growth of the nanostructures
via diverse photo- or thermal-induced redox reactions. Trans-
parent liquid layer enhances a heat dissipation from the light
absorbing material facilitating its faster cooling/quenching,
while uneven temperature distribution established in the lig-
uid layer creates convection flows naturally mixing chemical
precursors. Such an interplay between physical and chemical
light-driven processes at the solid-liquid interface provides a set
of additive methods, which allow hydro-thermal growth of the
semiconducting crystals (Section 5.1), photo-induced decoration
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Figure 5. a) Diversity of laser nanostructuring methods in reacting liquids (from left to right): laser-induced hydrothermal growth (LIHG) in precursor
solution, Direct laser metallization (DLM), hybrid nanotexturing that combines ablative patterning of the surface with its decoration/doping by atoms
from precursor solution, PLAL and laser-induced back-side wet etching (LIBWE). b) SEM image of ZnO nanowire array locally grown of a flexible PI sub-
strate. c) Optical image of CH;NH;PbBr; perovskite microcrystals produced by laser-induced growth in precursor solution followed by lamp exposure.
d) EDX map of deposited metals and their positions in the periodic table. e) Photograph of copper electrodes on a polyimide film. f) The NiO temper-
ature sensor on the model hand with temperature-sensitive artificial skin and enlarged illustration of skin thermos-receptors. g) Thermoreceptor array
based on NiO subsensors with an enlarged image of the subsensor (scale bars: 4 cm and 100 um (inset)). h) Monocrystalline Si patterned in aqueous
Cu(NOs3), solution resulting in formation of LIPSS decorated by cubic Cu nanoparticles. i) 3D model of a Ag-decorated Si nanograting reconstructed
from a series of SEM images of cross-sectional FIB cuts. j) Monocrystalline Si surface laser-patterned in liquid CS,. TEM images of PLAL-generated
Co/CoO (k), Pb/PbS () and MoC/C core/shell NPs (m). n) High-aspect-ration channels produced in glass substrate using absorbing liquid with ab-
sorbent with phosphoric acid (40 wt.%). o) Microlens array produced on a quartz substrate. p) SEM image of sapphire surface with a grating structure
produced by LIBWE. Reproduced with permission from[233] Copyright 2015, American Chemical Society (b),[23¢] Copyright 2016, American Chemical
Society (c),1232] Copyright 2016, American Chemical Society (d),[?33] Copyright 2011, American Chemical Society (e),!?3#] Copyright 2019, John Wiley &
Sons (f,g),12371Copyright 2021, American Chemical Society (h),!238] Copyright 2022, John Wiley & Sons (i),[2>*] Copyright 2018, American Chemical Soci-
ety (j),12%%1 Copyright 2010, John Wiley & Sons (k),[24'] Copyright 2010, American Chemical Society (I),1242] Copyright 2010, American Chemical Society
(m),[243] Copyright 2020, Elsevier (n),[244] Copyright 2007, IOP Publishing (0),[24*] Copyright 2007, Optical Society of America (p).

sions of functional nanomaterials!**#%! discussed in Section 5.4.
Moreover, additional effects such as formation of vapor bubbles

of free-from interface by metallic nanoparticles, as well as
localized surface metallization with conductive microstructures.

The set of diverse methods for direct laser metallization (DLM)
(Figure 5a(ii),d—g)!#**-%**] - Laser-Induced Chemical Liquid Phase
Deposition (LCLD), Laser-Induced Deposition (LID) via pho-
toreduction, 2PP-assisted laser-induced deposition, DLM with
viscous precursors, as well as localized laser-induced surface acti-
vation followed by chemical deposition - are carefully surveyed in
Section 5.2.

In contrast to the additive methods, ablative (or subtractive)
laser texturing of solid targets affected by the presence of the
precursor-containing liquid layer can also be realized. Upon such
patterning, morphological perturbations caused by laser expo-
sure of the solid target can proceed simultaneously with ther-
mal decomposition of the precursors molecules in the vicinity
of ablation area, resulting in hybrid (subtractive + additive) pat-
terning discussed in Section 5.3. The liquid layer also helps to
collect and remove the ejected debris formed upon laser-textured
surface sites resulting in formation of more clean morphology.
Atoms, clusters and nanoparticles ejected under laser ablation of
target material can react with the surrounding liquid that is com-
monly used in the so-called Pulsed Laser Ablation (Modification
or Fragmentation) in Liquid (PLAL) for generation of suspen-
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and plasma at the material-liquid interface also come into action
affecting the patterning process. The former typically results in
deterioration of the laser beam profile for subsequently incident
laser pulses, once the generated vapor bubbles usually exist in
the system much longer as compared to micro- or millisecond
timescale of the interval between the laser pulses.[?*¢] Finally, the
liquid layer itself can be used to absorb laser energy transferring
the laser-generated heat to the substrate and causing its modifi-
cation (Section 5.5). Similarly to the laser-texturing of the mate-
rials in the reactive gas environment, patterning below a react-
ing liquid layer can be formally divided into additive, subtrac-
tive, and hybrid approaches that are schematically illustrated in
Figure 5a and arranged according to typical fluence/temperature
maintained at the interface.

5.1. Laser-Assisted Hydrothermal Growth at the Solid-Liquid
Interface

Laser-assisted thermally-induced growth also referred to as Laser-
Induced Hydrothermal Growth (LIHG) represents a sort of
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Figure 6. a) Schematically illustrated diversity of DLM-related methods: i) Laser-induced deposition (LID) involving either photo- or thermal-induced
processes, ii) LID assisted by two-photon polymerization (2PP) for spatial localization of the LID process, iii) Laser reductive sintering of oxide NPs ink
film, iv) Selective surface activation induced by a laser followed by electroless copper plating, v) Laser-induced selective structuring of polymer loaded
with activator. b) Si nanowires decorated with Au-Ag-C NPs. ) u-chip of 20 pm diameter spots of plasmonic nanoparticles. d) EDX maps and SEM image
of complex oxides deposited by LITV (scale bar: 1 mm). e) 3D conductive Au microstructures fabricated by simultaneous photopolymerization and LID.
f) SEM images of laser-printed multi-layered (Pt-ZnO-Ag) functional electronic element. g,h) SEM images of transparent mesh-type Ni electrodes. i)
Copper patterns deposited from DES by picosecond laser. j) A flexible PET with a circuit pattern made by SSAIL. k) Optical micrographs and SEM images
of copper deposited on PEN. I) Photographs of copper structures on PET produced by SSAIL. m) Laser activated ABS (left) and circuit patterns after
electroless copper plating (right). Figures reproduced with permission from:[2°3] Copyright 2016, Royal Society of Chemistry (b),[2>*] Copyright 2023,
IOP Publishing (d),[?3%] Copyright 2016, John Wiley & Sons (e),[2°%] Copyright 2023, Springer Nature (f),[257] Copyright 2014, American Chemical Society
(g,h),[2°%] Copyright 2023, Elsevier (i),[2>°] Copyright 2020, Elsevier (j),[2°0] Copyright 2022, Springer Nature (k,1),1281 Copyright 2016, American Chemical

Society (m).

bottom-up fabrication approach allowing to create microscale
structures within a laser focal spot via thermally-induced self-
organization processes in the liquid precursor solution. Substrate
in this case acts as a light-absorbing medium hosting localize
heat source within a focal laser spot, as well as providing defec-
tive surface sites for preferential growth. Laser-generated heat
can activate decomposition of the precursor molecules to neu-
tral atoms in the vicinity of the interface or initiate nucleation
and subsequent growth of the self-organized nanocrystals from
liquid-phase precursors. The mechanism of the growth is sim-
ilar to the diffusion-limited aggregation (DLA), which is able to
generate localized dendrite structures.?*’] The convection stimu-
lated by the laser-induced localized temperature gradient induces
the directional up-streaming flow around the structure and turns
the dendritic pattern to a bunch of flow-oriented nanowires. For
example, Yeo et al. reported laser-induced hydrothermal localized
growth of ZnO and TiO, nanowires by CW-laser exposure of the
substrates in zinc nitrate hexahydrate/hexamethylenetetramine/
polyethylenimine and hydrochloric acid/distilled water /titanium
butoxide precursor solutions, respectively.[2*>2*8] Example of the
grown micro-scale structure composed of densely arranged ZnO
nanocrystals is provided in Figure 5b. Once the typical activa-
tion temperatures of the growth process is rather low (typically
below 200°C that does not cause intense boiling of the precur-
sor solution), any type of the substrate can be used including
flexible polymer substrates with rather low melting temperature.
Considering simplicity of realization, flexibility of the process
and diverse choice of alternative metal oxide materials,[>4%%0]
the method is attractive for realization of catalytically active sur-
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faces, super-capacitors, UV photodetectors and other optoelec-
tronic micro-devices. Another example is laser-induced localized
grow of the light-emitting perovskite microcrystals on the sub-
strate from the precursor solution containing CH;NH;Br and
PbBr, dissolved in dimethylformamide.[2**2°! Considering out-
standing optielectronic and light-emitting properties of halide
perovskite, on-demand laser-controlled growth of microcrystals
holds promise for diverse applications including optical circuits,
micro-optics and gas sensors.[2>2!

5.2. Direct Laser Metallization at the Solid-Liquid Interface

5.2.1. Photo-Induced Deposition of Metal Nanoparticles Over Solid
Interfaces

Photoreduction of metal precursors can be driven at the solid—
liquid interface by photons with energies adjusted to the ab-
sorption band of the related liquid. The corresponding single-
step method referred to as laser-induced deposition (LID) al-
lows to precisely cover highly irregular free-form interfaces with
metal nanoparticles using rather low-intense radiation. Photo-
induced reduction ensures high spatial localization of the depo-
sition process at the interface with minimized thermal impact,
while variation of both laser parameters and chemical compo-
sition of the working solution provide diverse opportunities for
controlling the morphology and properties of the resulting de-
posits (Figure 6a(i)).
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Bjerneld et al. first reported photo-reduction-assisted deposi-
tion of silver NPs over the transparent glass substrates covered
by an aqueous solution of Ag salt and citrate,[2°? which is known
as a classical solution for the Turkevich method.?%*! The authors
also highlighted the role of the surface in the LID process by com-
paring the deposition efficiencies of aminopropyltriethoxysilan-
coated and bare glasses. LID of the Au NPs over glass substrates
was further demonstrated via CW-laser radiation of a water so-
lution of HAuCl, and citrate (1:1).12%] Interesting development
of the approach was presented by Setoura et al.?%] showing Ag
NP deposition over the glass surface using aqueous solution of
silver salt without reducing reagents and diverse CW laser wave-
lengths spanning from 325 to 1064 nm. It was found that forma-
tion of Ag, O sites associated with glass surface defects is respon-
sible for the NP deposition followed by aggregation of small Ag
clusters under CW laser irradiation. Authors declared only photo-
reduction mechanism of the NP formation, yet related thermal
effects cannot be totally excluded taking into account moderate
intensities used, as well as plasmon-mediated enhancement of
the absorbed light intensity near the formed Ag nano-clusters.

LID of Au, Ag, Pt, and Ru NPs was demonstrated in a series
of publications!?*¢-26 using metal precursors in water or organic
solvents without any reducing or stabilizing agents and UV (266
nm) laser radiation. The related solutions were typically prepared
from common commercially available precursors CH;COOAg,
C,H,Ag0,, (CF,S0,),NAg, C,H,COOAg, C,H,Au0,, HAuCl,,
Pt(NH,),(OH),, (CgH,,)CLPt, CiH,;OPtSi, Ru,(CO),, - dis-
solved in water, methanol, acetonitrile, ethanol, or isopropanol.
NP formation was explained through the decomposition of
the metal precursor resulting in formation of the substrate-
supported metal seeds and their subsequent growth. Poten-
tial contribution of the anion radicals of photo-decomposed
metal precursors that can act as reducing agents were also
discussed. Similar LID process was also reported for bi- or
tri-metal Ag-Pt, Au-Pt, Au-Ag, Au-Ag-Pt core-shell nanoparti-
cles using solutions containing mixture of corresponding metal
precursors.[266]

LID procedure is typically carried out with low-intense laser
radiation causing weak destructive effects on the deposited
NPs/substrate, as well as ensuring high spatial localization
of the process that does not degrade through thermal diffu-
sion. Figure 6b provides an example of the an array of LID-
produced NP arrangements localized within 20-um diameter sur-
face area.[?5327% Applicability of the LID for decoration of free-
form (including high-aspect ratio) interfaces is another impor-
tant advantage of the method.[2°¢27!] Examples of such interfaces
(.g., anodic aluminum oxide nanomembranes!?6272-274] or semi-
conductor nanowire arrays)!?>}! can be readily found in different
applications areas spanning from optical/electrochemical sens-
ing to optoelectronics and solar energy. Figure 6¢ gives an illus-
trative example of high-aspect-ration Si nanowires uniformly dec-
orated by noble-metal nanoparticles using LID method.

5.2.2. Laser Thermo-Induced Deposition
Advancing along the temperature continuum (Figure 5a) can

lead to conditions where the incident laser radiation results in
a minor substrate modification, triggering only localized forma-
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tion of defects.[?>] Such defects can serve as active sites for pro-
motion of chemical reactions, as well as crystallization of new
phases. Therefore, under such conditions, simultaneous activa-
tion of the substrate and its patterning takes place,[?®?77] mak-
ing it very useful in the field of metallization of dielectric sur-
faces, also known as direct laser metallization (DLM). Diverse
thermal-induced DLM approaches are characterized by common
precursor composition, containing a metal sours (salts or com-
plexes), reducing agents, and optional additives aimed to im-
prove the characteristics of the fabrication process (e.g., process-
ing speed) or properties of final materials!®*?78 (Figure 6a(i)).
In this case, reduction of metal complexes results from temper-
ature increase within the laser-irradiated area at the solid-liquid
interface. Noteworthy, thermo-induced processes are highly spe-
cific for each precursor system. In general, reactions can be ini-
tiated due to overcoming the activation barrier, for example, via
changing oxidation/reduction potential or due to localized laser-
induced formation of an active intermediate. CW or high rep-
etition rate pulsed lasers are mostly used to provide a stable
and uniform heating of the system ensuring efficient thermal
reduction of the metal precursors. Thermo-induced approaches
comprise a wide family of techniques spanning from common
LCLDI?”I to recently emerging ones, such as Laser-Induced Ther-
mal Voxels (LITV).?8% LCLD appeared as a modification of the
traditional chemical plating, where a laser heating was used to
speed up and localize the process. After pioneering works by
Kordas and Shafeev!?76277] establishing a concept of simultane-
ous surface activation and Cu structure formation, subsequent
studies have explored aspects of deposition of diverse noble and
transition metals, deepening an understanding regarding influ-
ence of the solution composition onto the resulting structure
characteristics.[281-286]

Conventional LCLD allows to produce a wide range of ad-
vanced materials, yet the method suffers from rather low writ-
ing speed, as well as low patterning resolution above tens of mi-
crons. At the same time, tight focusing of the laser radiation can
be easily achieved in a liquid environment, for example, using oil-
immersion optics adopted in so-called LITV technique.[2>+280.287]
LITV can be considered as a miniature solvothermal reactor,
where commonly used inorganic precursors undergo localized
chemical transformations resulting in formation of diverse metal
and metal oxide structures.[?32] These structures can be produced
even within a single substrate by altering the precursor solu-
tion in the process of LITV as illustrated in Figure 5d. Metal
(e.g., Ag, Au, Cu, Ni, etc.) structures produced by LITV typi-
cally preserve nanocrystalline structure with an estimated crys-
tallite sizes ranging from 15 to 200 nm. The mechanism of metal
formation under laser irradiation was thoroughly investigated
in case of nickel, wherein ethylene glycol served as a reduc-
ing agent. Ethylene glycol (C,H;O,) was thermally dehydrated
via laser-induced photothermal heating to produce acetaldehyde
(C,H,0). This acetaldehyde can subsequently reduce Ni?* to Ni,
with diacetyl (C,HO,) as the main oxidation product (see reac-
tion Scheme (6)).

A(heat)
—4Hy

M(11)
—— C,H,0,+ HO+ M (6)
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Importantly, the method allows to produce metastable mixed
transition metal oxides promising for n-type and p-type gas sen-
sors (H,S, NO,, NH;, ethanol, and acetone)/?®’] and catalysts
for the oxygen evolution reaction.!>*?%] For example, Figure 6d
presents the results of a teddy bear patterns microfabrication
of high entropy oxides. An aqueous solution of nitrate salts
(M(NOs;),, where M = Mg, Co, Ni, Cu, Zn) with a concentration of
0.2 M for each metal was used as a precursor. The synthesis of the
composite material, which contains a mixture of all five metals in
oxide form, was achieved through laser thermo-induced decom-
position by localized heating at the focus of a 532 nm laser.

Finally, not only metals but also 2D materials can be printed
with the laser thermo-induced deposition. Pioneering work by
James M. Tour and colleagues demonstrated a one-step CO,
laser scribing on commercial polymer films in air to form 3D-
graphene layers.?®] Subsequently, the laser-induced graphene
was extended to other synthetic materials such as polyetherether-
ketone, polyimide, polycarbonate, and polyethylenimine, as well
as natural materials including silk, lignin, wood, xylan, paper,
coconut shell, and potato skin. Graphene formation in this case
is believed to involve the material carbonization, where sp? car-
bons are converted to sp? ones upon reaching characteristic
temperatures around 2500 °C. At such conditions, functional
groups are removed, and bonds between atoms such as CC and
CH or those in aromatic compounds are broken.[?892% Another
example to mention is a femtosecond laser-induced graphene
oxide reduction that represents a thermal-induced conversion
of non-conductive graphene oxide to the so-called reduced
graphene oxide (r-GO) suitable for high-resolution flexible elec-
tronics, transistors, etc.[2!l LIPSS can also accompany the r-GO
formation.[?2] Recently, formation of periodic stripes and self-
organised hexagonal patterns was observed simultaneously with
MoS, laser reduction from the (NH,),MoS, precursor.[29%294]
Noteworthy, the described reduction processes require no re-
action of the laser-heated material with the surrounding atmo-
sphere, so the described techniques appears to be slightly out-
side the scope of present review. Interested readers are further
referred to recent excellent reviews surveying this field.[2>2%]

5.2.3. Laser-Induced Deposition Assisted by Two-Photon
Polymerization

Another promising approach for achieving strong light local-
ization consists in using nonlinear absorption phenomenon
that can be realized with ultrashort pulses providing high peak
intensities.22%] In sharp contrast to “classic” photo-chemistry,
where laser wavelength is usually adjusted to the absorption band
of precursor molecules/liquids, the wavelength 4, can be chosen
in such a way that the liquid medium is transparent for 4, but ab-
sorbs 4,/2. Thus, chemical reactions will only be triggered when
two photons are absorbed simultaneously,?*! which is solely pos-
sible at high peak intensities readily achieved with tightly focused
ultrashort laser pulses. If such a chemical reaction occurring in
the liquid environment triggers its transition to the solid state,
e.g., polymerization, the method permits to write 3D nanostruc-
tures of organic and inorganic polymers or nanocomposites.3%!
The pure two photon polymerisation (2PP) processes are out of
the scope of this article, once there are a lot of timely reports
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on this topic.[298301:302] At the same time, a sort of DLM method
can be realize combining 2PP with a specially designed photore-
sists containing metal precursors as schematically illustrated in
Figure 6(ii).

Wegener’s group demonstrated an approach with a novel
water-based photoresist for preparation of 3D conductive mi-
crostructures by simultaneous photopolymerization and pho-
toreduction of a metallic salt via a two-photon process.!?>!
Acrylate-functionalized poly(ethylene glycol) derivative (PEG-
triacryl) was used as a water-based photoresist containing
HAuCl, as a gold precursor and Irgacure 2959 as a photoinitia-
tor. One of the main challenges was the local heating of the irra-
diation region during writing due to the light absorption of the
gold species, which was solved by decreasing the repetition rate
and reducing the heat accumulation between consecutive pulses.
Using the proposed approach, 3D Au nano-architectures with a
feature size below 3 um and electric conductivity comparable to
those for gold films were demonstrated (see Figure 6e). The syn-
thesis of 3D silver nanostructures with minimum line width be-
low the optical diffraction limit has also been demonstrated.>%!
The introduction of surfactants such as amino acids, carboxy-
late, and n-decanoylsarcosine sodium to the silver ion solu-
tion facilitated uniform growth of surfactant-capped primary-
precipitated nanoparticles and led to the formation of finer sil-
ver patterns.l3+3%] In the paper,[>*°! the authors developed the
complex technique that combines the multi-photon absorption
of near-infrared femtosecond laser pulses for synthesizing metal
structures with LIHG for the fabrication of ZnO structures. The
proposed approach allows printing a multi-layer Pt-ZnO-Ag com-
posite with precise layer positioning for creating security circuits.
SEM images of the consecutively deposited layers are presented
in Figure 6f. For efficient reduction of Pt ions, an iron oxalate
photosensitizer was added to the precursor ink. Meanwhile, for
Ag, the process involved direct multiphoton absorption of the
Ag(I) complex, followed by the reduction of the excited state in
the presence of a citrate reducing agent (Na;C,H;O,). In the
meantime, a fundamentally different method was proposed for
fabricating ZnO structures. Under laser-induced local tempera-
ture field, the “ink” composed o Zn(NO;), dissolved in ammonia
solution forms an insoluble Zn(OH), precipitate, which is sub-
sequently transformed into ZnO. Thus, the photothermally in-
duced reaction locally converts the ink into polycrystalline ZnO
deposited on a platinum wire to form a direct electrical contact.

5.2.4. Direct Laser Metallization with Viscous Precursors

An alternative strategy to enhance printing speeds and increase
the industrial potential of the DLM technology involves the uti-
lization of more viscous systems with high concentrations of
metal precursors compared to conventional solvents (water, ace-
tonitrile, dimethylformamide, etc.) (Figure 6a(iii)). In the scien-
tific literature, such compositions are commonly referred to as
inks. Apart from laser irradiation conditions and chemical prop-
erties of the chosen system, the precursor coating method and
roughness of the substrate have crucial influence on the fabri-
cation process. Due to the lower melting temperatures of poly-
mers as compared to bulk inorganic materials, the optimal pa-
rameters for the chemical reaction and decomposition of the

© 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH

3SUB0 1T SUOWILIOD) BAIIERID 3|qedi|dde ayy Aq pauienob afe S3oNte YO ‘88N JO Sa|nJ 1oy AReld 1 auluQ 43|\ UO (SUOIIPUOD-pUR-SWLIB)/I0D S| 1M Areiq 1 BUIUO//SANY) SUOIIIPUOD pUe SWB | U} 88S *[i7202/20/62] Uo AriqiTauluQ AB|IA * ASIBAIUN JISUN A 8[Nyasyooyyde - Yaineing T Aueba3 Aq /SiS0ovz0z Wipe/Z00T OT/I0p/wod A3 1M Akeiq fjoul|uo//sdny wo.j papeojumod ‘0 ‘8Z0E9TIT


http://www.advancedsciencenews.com
http://www.afm-journal.de

ADVANCED
SCIENCE NEWS

FUNCTIONAL

www.advancedsciencenews.com

precursor need to be adjusted carefully to avoid excessive dam-
aging the substrate. For example, several studies used Copper
Nitrate (Cu(NO;),) with 0.2 g ml™ aqueous polyethylene gly-
col (PEG) and 0.1 g ml~! aqueous polyvinyl pyrrolidone (PVP)
to create micropatterns on polycarbonate surface.[3%-3%%) Mixed
metal salts (Cu(NO;), -3H,0 and AgNO;) and low-cost liquid
ionic precursor were recently applied to fabricate a flexible Cu-
Ag structures.’1% Deep eutectic solvents (DES) represents a spe-
cial class of viscous precursors previously used as effective ex-
tractants in analytical chemistry3!!l and media for electrochem-
ical metallization and sensing.[*'?] Shishov et al. first demon-
strated that utilization of DES-based coating instead of com-
mon liquid precursors increases the efficiency of metallic pat-
tern formation, at least, two orders of magnitude.***) Figure 6(i)
presents Cu micropatterns fabricated on glass by a one-step, pi-
cosecond laser-assisted approach. The precursor was a DES com-
posed of choline chloride, copper(Il) acetate, and citric acid.[?*®]
The main benefits of using a DES for DLM includes its low cost,
straightforward synthesis, eco-friendliness, and the ability to dis-
solve a broad range of metal salts in high concentrations. Fur-
ther studies confirmed advances of using DES for DLM-related
applications.[258314-317]

Reductive Laser Sintering (RLS) represents another DLM tech-
nique (Figure 6a(iii)) in which viscous suspensions of metal ox-
ide NPs with high linear and nonlinear absorption are typically
used as precursors. For linear absorption regime, visible to near-
IR laser wavelengths are mainly used. For instance, NPs made of
copper (II) oxide with its bandgap of 1.2 eV were thermochemi-
cally reduced and sintered into conductive patterns using near-
IR (1070 and 808 nm) and visible (532 nm) CW lasers, ethy-
lene glycol as a reducing agent, and light-absorbing PVP as a
dispersant.[?33318319] Pylge duration was found to affect the re-
duction/sintering process allowing to tailor the resulting com-
position of the produced structures. In particular, fs-laser pulses
were found to cause complete reduction of copper (II) oxide
NPs to metallic copper, while sub-picosecond one yield in either
Cu-rich or Cu,O-rich composites depending of the processing
parameters.329-322] Insufficient photon energy and reoxidation
contribute to Cu,O-rich composite formation, with resulting pat-
terns showing negative semiconductor-like temperature coeffi-
cients of resistance in contrast with Cu-rich patterns displaying
a slight positive metal-like behavior.??"l An effective strategy to
improve the conductivity of RLS-prepared Cu patterns involves
the careful design of the ink compositions, which includes the
usage of copper (II) oxide NPs of various sizes. The incorpora-
tion of smaller CuO NPs (<100 nm) into the inks containing
larger (~3.68 um) NPs has been demonstrated to significantly
enhance the conductivity of the fabricated patterns.??3! The po-
tential application of metal oxide NPs for laser reductive sinter-
ing can be guided by the Ellingham diagram, which illustrates
the relationship between the Gibbs free energy of oxidation and
temperature. Apart from copper, RLS has extensively been inves-
tigated for the fabrication of nickel,[?”! cobalt,[*** and metal al-
loys such as copper-nickel.?®] For example, D. Paeng and D. Lee
et al.[>732] demonstrated fabrication of high-resolution Ni pat-
terns from NiO NPs thin film without the need for vacuum,
lithography, or solution processing (Figure 6gh).The ink was
made from synthesised NiO NPs dispersed in toluene (C,Hy).
The solvent played a crucial role in the reduction of the NiO NPs,
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as the toluene molecules adsorbed on the surfaces of the NiO NPs
provided protons essential for the reduction of Ni? * by a CW laser
with a wavelength of 514.5 nm, as described in the following re-
actions (7):

C¢HsCH; — CyH;CH, + H*
NiO+2H* +2¢~ — Ni+ H,0 (7)

Laser reductive sintering via single-photon absorption has
been applied for fabrication of conductive patterns,!?33 trans-
parent electrodes!?®’] (Figure 6g,h), temperature sensors,[23+321]
planar Bragg gratings,[*”’] micro-opto-electrical systems, %]
flow sensors,3%1 thermo-electric couples,!***! nickel-based
microgears,33! and copper and nickel porous electrodes for
non-enzymatic D-glucose detection.33?]

RLS involving multi-photon absorption processes and laser-
transparent inks typically allows to produce conductive patterns
with lower feature size.?*3] For example, NPs made of copper (1)
oxide NPs with its bandgap of 2.1 eV, are commonly used as a
raw material for such fabrication, while related inks containing 2-
propanol and PVP exhibited high transparency at common near-
IR /visible wavelengths.[33*3%] Upon absorption of laser pulses, 2-
propanol and PVP generate formic acid, that reduces the copper
(I) oxide nanoparticles to metallic copper, in its turn. The nonlin-
ear absorption properties of the copper (I) oxide NPs were char-
acterized using an open-aperture z-scan technique.33>3%¢ Two-
photon processes have been demonstrated to be effective for the
reduction of glyoxylic acid complexes of copper and nickel.[337:3%]
The glyoxylic ligands effectively prevent the reoxidation of the
precipitated metal nanoparticles, resulting in metal patterns (Cu,
Ni, Cu-Ni alloys) with high conductivity.

5.2.5. Laser Direct Structuring Followed by Chemical Metallization

Several two-step fabrication methods, such as Selective Surface
Activation Induced by a Laser (SSAIL) and Laser Induced Selec-
tive Activation (LISA), should be also mentioned within DLM
family (Figure 6(iv—v)). Both methods entail the activation step
of the solid surface under its laser exposure followed by either
chemical or electrochemical metallization.®*! SSAIL activation
largely depends on the substrate material and is typically carried
out in air resulting in laser-induced formation of active sites that
facilitate electron transfer in the redox reactions. In the case of
polymer substrates, laser exposure causes decrease of the oxy-
gen content in the surface layer, which can be associated with
the breaking of carbonyl and ether bonds, as well as the forma-
tion of aldehyde groups.[**] These aldehyde groups can reduce
silver ions from the sensitization solution, followed by final lo-
calized electroless plating of the activated area. The flexibility in
pattern fabrication suggests that the SSAIL technique holds sig-
nificant potential for a wide range of industrial applications, as
highlighted by several research groups.**1**2] For instance, flex-
ible patterns were fabricated on the commonly used polyethy-
lene terephthalate (PET) polymer substrate, serving as support
layer!®>°] (Figure 6j) and as electrochemical sensors for glucose
detection. Figure 6k,1 shows optical and electron microscopy im-
ages of Cu micropatterns used as electrodes for non-enzimatic
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sensors.[2] Additionally, it has been found that for the metalliza-
tion of polyurethane, the activation step can be improved by irra-
diating copper(II) L-tyrosine with an excimer ArF laser to form a
tunable layer of copper seeds used for further metallization.3*}]

LISA typically uses a specially designed polymer compos-
ite doped with a sensitizer, which can be activated upon laser
irradiation®**! (Figure 6a(v)). The sensitizer absorbs the laser ir-
radiation, resulting in the polymer ablation, carbonization, and
outgassing that creates a surface microroughness, metal parti-
cles and amorphous carbon.?*! After the activation step, con-
ventional electroless plating can be implemented. In a series of
studies by Zhou et al., different designs of this process have been
developed for the metallization of a variety of polymer surfaces.
For example, copper-free antimony-doped tin oxide was proven
to be an effective additive in a polymer mold for fabricating high-
resolution copper patterns on the polystyrene (PS) surface un-
der pulsed near-IR laser activation.>*®! In turn, copper oxalate
CuC,0, and copper acetylacetonate Cu(O,CsH,), can be used
for high-performance copper plating of acrylonitrile-butadiene-
styrene as illustrated in Figure 6m.[2°13¥] For polydimethylsilox-
ane metallization, the effective sensitizer is [Cu,(OH)PO,] and
ATO.3*] Recently, a new type of MoO,-based sensitizer, suitable
for both 355 nm UV and 1064 nm near-infrared lasers, has been
reported to form Cu layers, followed by Ni-Cu, Ag-Cu, and Au-
Ni-Cu layers based on it.>*’]

5.3. Hybrid Processing in Reacting Liquid: Simultaneous Laser
Texturing and Functionalization

At a certain absorbed fluence, laser radiation can cause direct ma-
terial patterning at the interface with surrounding liquid. Such
patterning can be driven by redistribution in a molten phase, ab-
lation, ejection facilitated by thermomechanical processes or di-
rect solid-to-vapor transitions in a similar way as it was described
in Section 2. The main effect of the liquid is in fact that melt-
ing temperatures of the solid material is typically much larger as
compared to evaporation temperature of the surrounding liquid.
Strong heating of the liquid at the interface causes vapor forma-
tion and generation of bubbles that can remain in the systems
for milliseconds (Figure 2c). Excessive bubbling usually causes
unpredictable deterioration of the intensity profile of the subse-
quently incident laser pulses for laser setups with vertically ar-
ranged optical path limiting both maximal pulse repetition rate
and applied fluence.[*+24] At the same time, several studies uti-
lized the bubble-assisted modulation of the laser beam profile to
modify the surface nanopatterning process.3°3531 Presence of
the liquid with a certain refractive index (n; >1) also modifies
the effects associated with propagation of laser-excited surface
plasma waves that play a key role when fs laser pulses are used.
Typically, processing in liquid reduces the surface plasmon wave-
length by a factor of n; resulting in imprinting of LIPSS with a
shorter grating periodicity (as compared to the case of similar
laser patterning in air).3>*3%] For strongly oxidizing materials
(such as transition metals and semiconductors), oxygen-free lig-
uids can be used to efficiently suppress the laser-induced oxida-
tion in the process of nanopatterning. At the same time, precur-
sor molecules contained in a liquid can be decomposed via ther-
mal or photo- reduction near the laser-textured interface. Gener-
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ated atoms can react with an irradiated molten material allowing
its doping or decoration (encapsulation) and eventually resulting
in formation of composite (core-shell or alloyed) nanotextured
surfaces (Figure 5(iii)).

This topic was widely explored in the context of creating
metal-semiconductor nanotextured interfaces promising for di-
verse applications spanning from optoelectronics and nanopho-
tonics to heterogeneous catalysis and biosensing. For example,
monocrystalline Si wafers were laser-textured in liquids contain-
ing different salt/acid metal precursors (such as HAuCl,, AgNO;,
H,PdCl,, K,[PtCl], or Cu(NO;),) to produce within a single and
direct fabrication route a nanotextured semiconductor surface
decorated with metal nanoparticles.[237238356-359 Similarly to gas-
phase hyperdoping of Si, its laser texturing in liquid CS, was also
carried out to produce nanotextured interface with high concen-
tration of sulfur atoms.[233%] Processing of Si was also carried
out using liquid CCl, contain traces of clorine, whereas process-
ing in liquid C,CL,F, strongly enriches the surface with fluorine
due to a higher chemical activity of the latter.**!] Apart from high
IR absorption of nanotextured hyperdoped silicon, Kudryashov et
al. also reported strong anti-bactericidal performance of the pat-
terned composite interfaces preventing appearance of a Staphy-
lococcus aureus bacterial biofilm.?*) Material texturing in com-
mon organic solvents (such as acetone, isopropanol, hexane,
etc.) allows surface encapsulation with carbon atoms (carboniza-
tion) via thermal decomposition of the solvent molecules, as well
as promotes carbide formation. Zhang et al. reported compre-
hensive study of fs-laser texturing of different transition metal
species in acetone, showing the ability to produce highly nan-
otextured surfaces capped with amorphous carbon and carbides
rendering the surface with strong and spectrally broadband opti-
cal absorption.[**?] Direct laser patterning of titanium was carried
out in liquid hydrocarbon to produced nanotextured TiC,[*®* iron
carbides were observed on the surface of iron ablated in acetone
and toluenel®* and titanium nitride by ablation of NiTi in lig-
uid nitrogen.?®®) Nitrides and carbides can be characterized by
extremely high melting temperatures (above 2000 °C), making
the technology promising for production of devices for diverse
high-temperature applications.

5.4. Pulsed Laser Ablation in Liquid (PLAL): Controlling
Nanoparticle Properties via Surrounding Liquid

Historically, PLAL was apparently the first method to be for-
mally considered as a new direction for the production of var-
ious nanomaterials since the 1990s.39403663671 Then, during
several decades of its application, this approach has gradually
led to the emergence and development of several offshoots,
such as laser irradiation in liquid, laser melting in liquid or
laser fragmentation in liquid.[*247:367-371] Classically, in PLAL,
as shown in Figure 5(iv), a solid target was placed in a liquid,
with laser beam focused at the liquid-target interface, generating
NPs.[42:4447:366,368,370.371] These nanoparticles are usually well dis-
persed in the liquid, although the vapor bubbles formed upon the
laser ablation*”?] and the electrostatic forces!*”?] can facilitate the
particle redeposition onto the surface. As a result, the morphol-
ogy and chemical composition of produced nanostructures were
found to depend primarily on the target (metal, pressed ceramic,
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Figure 7. Controlling nanoparticle morphology in PLAL. a) Schematic illustration of pathways for NP structure/composition via laser-driven reactions
with precursor molecules or those of buffer liquid. b) Reduction of the average size of ZnO NPs prepared via ablation of Zn in water at 1 atmosphere, 15,
22, and 31 MPa (from left to right). Scale bar of TEM images indicates 100 nm. c) Representative TEM image of Au-Fe NPs, and d) elemental analysis
showing homogeneous distribution of Au and Fe atoms in an isolated Au-Fe NP. f,g) Elemental analysis of hybrid Au-Si NPs showing their composite
structure with Si nanocrystals wrapped by Au. ) TEM images illustrating reduction in size of hybrid AuFe NPs after 4 h incubation at 37 °C with EDTA in
20% v/v FCS/water. Reproduced with permission from!3°1] Copyright 2013, AIP Publishing (b),[3%3] Copyright 2019, American Chemical Society (c,d),3°4
Copyright 2020, American Chemical Society (e),[3%°] Copyright 2018, American Chemical Society (f),[3*®] Copyright 2023, American Chemical Society (g).

silicon wafer, etc.) and laser parameters applied (wavelength, fre-
quency, pulse duration, fluence, etc.).[#2367.368370.37L.374.375] P AL
method can be easily adopted to produce practically any kind
of product including pure metallic,?’°378] semiconductor!37%-381]
and dielectric nanoparticles,*¥23% as well as advanced composite
nanomaterials with complex multi-element structure.3343%]

At the same time, since nanostructure formation during PLAL
processes often involves chemical reactions, it is obvious that lig-
uid itself, its temperature, pressure, and chemical composition
(reactivity and/or dissolved additives or components), should also
play some role and hence influence the morphology and com-
position of the product.[241:242:367-369.390-392] Potentially, processes
involving laser-induced chemical reactions can be classified as
doping, decoration, or encapsulation of the initial NP material
(A) by material (B) formed upon thermal decomposition of pre-
cursor molecules or those of buffer liquid, as well as composi-
tional/structural modification that results in formation of mate-
rial (C) through a reaction of (A) with (B), as schematically illus-
trated in Figure 7a.

Because chemical reactions often take place during PLAL pro-
cessing, the temperature of liquid medium predictably plays
some role. However, because the local temperatures generated in-
side the ablated zone are very high and can reach thousands of de-
grees K,37] in most experiments, PLAL is nominally carried out
at room temperature (without temperature control of the liquid).
Nevertheless, the effect or medium temperature was observed in
case of nanostructures that could recrystallize at elevated tem-
peratures, such as, for example, ZnO NPs, as was reported in
works.39%83%] At the same time, water cooled with ice was used
to produce smaller NPs, which was explained by higher cooling
rates and faster quenching.[*%41] Temperature-dependent wa-
ter compressibility influences the dynamics of the laser-induced
cavitation bubble. This could explain the non-monotonic varia-
tion (of approx. 20%) in the diameter of gold colloids observed by
Menendez-Manjon and coauthors when water temperature was
changed in the range of 283-353 K at one atmosphere.[*??]
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5.4.1. PLAL in Non-Reactive and Reactive Liquids

Along with the target material, the solvent medium is another
important factor in PLAL that can control not only the shape and
size of NPs but also their structure and composition.[**t] When
the ablated target is a noble metal (e.g., gold), normally metal-
lic NPs are obtained irrespective of the liquid used. However, if
the target is a more reactive metal, products with different de-
gree of oxidation should be expected in liquid media with differ-
ent oxidizing potential [241:2423%9] In a wider sense, using liquids
with more oxidizing/reducing properties is a convenient way to
produce nanostructures with a wider spectrum of properties.[*0!l
Probably, the most illustrative example of how using liquid media
with different reactivity can affect the product was demonstrated
by Niu and coworkers who used millisecond-long pulses.[?41242l
Because metal species were ablated in the form of nanodroplets,
such droplets were then, depending on the reactivity of medium,
either quenched as metallic NPs, or oxidized partially or com-
pletely. As a result, the products ablated in oxygen-containing
(or sulfur-containing) liquids with different reactivity were metal
NPs, core@shell metal@metal oxide (sulfide) NPs, or purely ox-
idized metal oxide (sulfide) nanocubes!>*1-2*] (see Figure Sk—m).
In most laboratories, however, nanosecond or pico-/femtosecond
pulsed lasers are used which evaporate ablated material to its
plasma state. No nanodroplet formation is expected in such ex-
periments, which is why less contrasting morphologies are typi-
cally observed as products produced by shorter pulses in different
media.[’%! Apart from tuning the composition of the gener-
ated NPs, the liquid was also found to affect the size distribu-
tion of the product.*®4%4] For example, Amans et al. reported
that the size of PLAL-synthesized Gd, 0, NPs can be reduced and
narrowed by adding reacting organic molecules to the deionized
water.38°] More details on the nanomaterials produced by differ-
ent lasers ablating various targets in a wide range of organic and
inorganic media, including the effect of pH, can be found in the
concise review recently published by Zhang et al.[*0]
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5.4.2. PLAL in Pressurized Liquid

Typically, PLAL is run as a simple and convenient preparation
technique with very easy-to-use and inexpensive setups, with
lasers being the most complex part of the setup. That is why, in
most cases, nominally room temperature is used, and targets are
ablated in liquids at atmospheric pressure. However, along with
the influence of temperature and reactivity of liquid, the pres-
sure of liquid medium can also affect the product. Because of
technical complexity of setups designed for high-pressure PLAL
experiments, the number of studies in this direction is rather
limited, with only several groups reporting on experiments car-
ried out in either pressurized CO,,[*>4%] or water,[39391407] or
water-ethanol mixtures.[**] The choice of CO, is explained by its
mild critical point parameters, which is why it can be pressurized
and used as a fluid at rather low pressures and temperatures. For
this reason, in their recent work, using the same setup, Singh et
al. reported ablation of Ti plate in CO, in the form of gas, lig-
uid and supercritical fluid.**®! Sasaki and coworkers were first
to report on the effect of pressure on the size of the cavitation
bubble when ablating Ti plate in deionized water by means of a
nanosecond pulsed laser.3%4%] The dynamics (maximum size
and lifetime duration) were shown to be pressure-dependent,
so that the cavitation bubble grew smaller and collapsed faster
at higher medium pressures.**") This was later related to the
sizes of ZnO NPs produced by PLAL in pressurized deionized
water.*!] It was experimentally shown that smaller ZnO NPs
with narrower size distribution were produced at higher pres-
sures (see Figure 7b), which was explained by the shorter life-
times of the cavitation bubble (and thus faster quenching rates) at
higher medium pressures.[*?!] In addition, the NPs generated at
elevated pressures demonstrated stronger green emission, with
their UV emission blue-shifted.**!) Later on, Goto and coauthors
ablated Zn in pressurized water-ethanol mixtures, showing that
the produced ZnO NPs had different defects and therefore dif-
fered in their light emission.[4%]

Partially because of technical and engineering limitations re-
lated to the cost and complexity of equipment needed for ablation
athigh pressures, related research has not been very active in this
direction. However, the reported results suggest that the use of
pressurized liquids during ablation is another way to control the
sizes and defects in produced nanomaterials. Further research,
however, is needed to expand the number of materials involved
as so far, the related research was mainly limited to Ti and Zn
ablation (and thus TiO, and ZnO NPs as product). It can be pos-
tulated that the above conclusions drown for PLAL in pressurized
liquids (or supercritical fluids) could probably be extended onto
ablation in pressurized gas/air where somewhat similar effects
could be expected.

5.4.3. Doping and Functionalization of Produced Nanostructures

Because PLAL is carried out in a liquid medium, it can be pre-
dicted that this method should be attractive for preparing doped
NPs, with the dopant element being added as part of the liquid.
To prepare a-Ni(OH), nanosheets doped with Mn, Zhang et al.
ablated metallic Mn in aqueous NiCl,,**] while Cu-doped ZnS
NPs were reported after ablation of Zn plate in mercaptoethanol
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in the presence of copper nitrate.l*!%l The method, however, is not
very straightforward. As an example, when ablating Ti in aque-
ous Ce(NO,);, a CeO,-TiO, hybrid was produced rather than Ce-
doped TiO, NPs.!l Thus, despite the apparent simplicity and
ease of this approach, the number of publications in this direc-
tion is not very large. This can probably be explained by the neces-
sity of individually studying each dopant-NPs system, also taking
into account that many salts containing dopant ions are able to
change the pH of the medium after dissolution. In addition, the
effect of salt presence in the liquid medium on the size of ob-
tained NPs,[*1?] as well as the additional stage of purification of
the obtained product, should be taken into account.

5.4.4. Hybrid Nanomaterials Produced by PLAL

Hybrid nanomaterials are defined as unique chemical conjugates
of two or more phases which could be both inorganic and/or or-
ganic materials. Such mixtures of two or more phases are dif-
ferent from a simple mixture of its components but a synergis-
tic material with properties and performance, thus resulting in
applications with unique properties, which are determined by
the interface of the components at the atomic/molecular level.
Such hybrid nanomaterials are highly anticipated for advanced
catalytic and photocatalytic, electrochemical and biochemical, op-
toelectronic, and photonic, magnetic and thermal, and sensing
applications, to name just several. Because of extreme condi-
tions, both during ablation and quenching stages, laser treatment
can provide very close and tight conjugating between immiscible
phases, thus providing conditions for preparation of a wide vari-
ety of hybrid nanomaterials based on organic-inorganic, and es-
pecially inorganic-inorganic materials. The most common laser
related strategies to produce diverse nanohybrids A-B are as fol-
lows: i) ablating or irradiating a solid target A in a liquid with
a dissolved precursor B (or nanoparticles made of B);[396413-417]
ii) ablating subsequently two different targets, A and BI*13419] or
one composite target containing both materials,!*?! iii) mixing
ablated nanomaterials A and B followed by their further anneal-
ing as dry powders or laser-processing in liquid state,[217426] jv)
laser irradiation of mixed dispersion of both components A and
B (where one of them can be obtained by synthesis method other
than PLAL).[415427]

The above mentioned PLAL routes open up pathways for
bridging contrasting materials within unified nano-hybrids some
of which are hard to prepare through other approaches. For in-
stance, substantial efforts were made to combine optically res-
onant noble metal materials (such as Au and Ag) with com-
mon magnetic materials (such as Co or Fe; Figure 7c,d).[420428-430]
The resulting nano-hybrids were demonstrated to be promising
for diverse applications, e.g., in nano-medicine, where photo-
thermal treatment of cancer cells can be combined with photo-
acoustic or magnetic resonance imaging techniques.394431:432]
Torresan et al. reported Au-Fe nano-hybrids acting as contrast-
ing agents for magnetic resonance imaging and demonstrating
remarkable self-degradation properties, which facilitates their re-
moval from the body!***! (Figure 7e).

Guiding and agglomeration of PLAL-generated hybrid NPs
by means of magnetic field was also found promising for re-
alization of advanced Surface-Enhanced Raman Scattering
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(SERS)-based  plasmonic  biosensors  for  molecular
fingerprinting.[**¥!  Common semiconductors (such as Si,
Ge, or TiO,) and noble metals present another intriguing
combination showing promise for sensing, nanophotonics and
nano-medicine. Formation of Au-Si nano-hybrids through PLAL
was extensively studied by several groups. This resulted in a
diversity of produced nanomaterials with different composition
and structure (such as nano-alloys, hybrids, core-satellites,
etc.) controlled through processing parameters.[396:413416434-438]
Insolubility of silicon in gold was found to give rise to NPs with
a unique structure where isolated Si nanocrystals were wrapped
by a Au matrix, as shown in Figure 7f,g. Such Au-Si hybrids
demonstrated strong light-to-heat conversion,*1%! nonlinear
light emission**%] and advanced SERS sensing performance
mediated by a strong plasmonic response combined with
temperature-feedback modality of Raman-active Si nanocrystals
embedded in Au matrix.>]

5.5. Laser-Induced wet Etching

Laser-induced back-side wet etching (LIBWE) is a promising
method for micro-patterning of common transparent materials
(such as glasses, quartz, and sapphire).[**] In a sharp contrast to
laser-induced growth, where the heat from laser-irradiated ma-
terial is used to stimulate chemical reactions, a heat-generating
opaque liquid is used in LIBWE to ablate or pattern the mate-
rial at the liquid—solid interface (see Figure 5(v)). This method
is similar to the DLM and LIHG methods discussed above, but
changing the absorption of the liquid and increasing the fluence
in LIBWE can permit to switch between the additive and sub-
tractive effects. Several mechanisms of surface patterning can be
identified: a) laser-induced chemical degradation of the absorb-
ing liquid with consequent generation of active molecules that
etch the surface;[*1~#31D) direct heat transfer from an overheated
liquid to a transparent surface;l“***] c) the shock wave from the
cavitation bubbles in a boiling absorbing liquid is transferred to
break a solid transparent surface; #4471 d) a combination of the
above mechanisms. In other words, the LIBWE process can be
considered as ablation of an opaque liquid, which then patterns a
transparent solid sample. The transition between the photochem-
ical to photothermal mechanism of etching can be demonstrated
by changing the concentration of dissolved active molecules.!**!]
For low concentrations, the ablation threshold does not corre-
late with the chemical activity of the solute molecules whereas
at higher concentrations such a correlation was observed. More-
over, in the latter case, etching was detected at a lower threshold
even if the interface temperature of the liquid was much lower
than the boiling point.

The common liquids utilized for such process include solu-
tion of pyrene in different organic solvents,*+##] toluene, 446441
chlorobenzenel?®! or strong oxidants like KMnO,, CrO;, FeCl,,
NiSO,, and CuSO,.[*1#740451] Ugually ns UV lasers are
used,[***8] whose radiation is well absorbed by pyrene and
benzene.[**!l Shorter wavelengths of the UV laser radiation
were shown to provide higher etching rates at comparable
fluences.[**?] Nanosecond green lasers are used with red, orange
and violet colored solutions like CrO;, FeCl; and KMnO,.[#50451]
Lasers with wavelength corresponding to the absorption bands
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of water can be effectively used in a combination with aqueous
solution of sodium and potassium salts. In this case, water serves
as the absorbing layer providing high temperatures and pressure
and facilitating sapphire etching by alkali ions.[*>]

Application of picosecond and femtosecond laser pulses is
seldom!245:443449454] gince short pulse duration provides no ad-
vantages but increases the risk of unwelcome non-linear opti-
cal effects like e.g., light filamentation, frequency conversion,**>]
multiphoton absorption, and defect generation in the transpar-
ent media and LIPSS formation.* The lateral resolution of the
LIBWE is defined by the width and shape of laser intensity dis-
tribution at the processed interface. The average etching rate per
pulse depends on laser fluence and applied materials, being usu-
ally in the sub-micrometer range. The minimal values range from
several nanometers per pulse (as itis e.g., for etching with pyrene
and nanosecond UV laser pulses)*#4°l to hundreds of picome-
ters per pulse (as it was reported for etching with toluene and
picosecond UV laser pulses).[***] Application of liquid metals as
absorbing liquids was shown to enable elevated etching rates up
to one micrometer per pulse.[**7]

The chemistry of the LIBWE can be illustrated on the ex-
ample of SiO, etched in aqueous solution of KMnO, ex-
posed to 4 = 515 nm laser pulses.[**3] In the first step, potas-
sium oxide is synthesized through the reaction: 4KMnO,+hv =
2K,0+4Mn0,+30,1. In the second step, it reacts with water
forming potassium hydroxide: K,0+H,0 = 2KOH. The latter
hydroxide then etches fused silica forming potassium silicate:
Si0,+2KOH = K, SiO;+H,0. However, the MnO, produced in
the first reaction covers the silica surface playing a dual role in
the LIBWE process. On one hand, it forms a passivating layer
that reduces etching rate. On the other hand, it serves as an ab-
sorption layer that facilitates ablation at the surface. Hence, the
LIBWE process can also be used for epitaxial growth of thin ox-
ide films from inorganic etching solutions.[*!l The role of the
absorbing layer during LIBWE in organic solutions is played by
carbon deposited on the surface, whose traces were revealed with
Raman spectroscopy.*#4>%] Formation of such absorbing layers
(along with commonly used models of defect generation in trans-
parent media)[*®®) can provide an LIBWE-specific explanation of
the incubation effect.**2*°] Moreover, such deposited oxide or
carbon layers, if remained on the surface upon laser processing,
turn the LIBWE to a surface-coating method.[**!]

Laser-assisted wet etching of semiconductors with visible and
UV lasers differs from LIBWE in the following aspects: 1) semi-
conductors are usually not transparent to these laser wave-
lengths; 2) electron-hole pairs generated by laser light at the sur-
face (see Section 2.1) provide a photocatalytic effect, which in-
fluences the etching process.?%213214] The opacity of the semi-
conductor material makes the backside etching impossible and
hence the configuration is inverted: the laser radiation propa-
gates through a transparent etching agent and makes the groove
on the laser-facing side (i.e., frontside) of the wafer. If NIR
lasers are used in a combination with materials transparent to
the laser wavelength, the backside etchingl*61462] or absorbing
layers!*%3] can be used. The concentration of active molecules in
the solution(*°! and the temperature of etching liquid!***] are usu-
ally chosen in the range so that they are not enough to start a
chemical etching spontaneously, but the etching process can be
activated by the laser radiation locally. In comparison with gas
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etching, see Section 4.2, liquids provide additional mechanisms
to remove debris of laser-ablation and products of chemical re-
actions, which results in higher etching rates.[*64#%] Analytical
analysis of GaN etched in HCI showed several possible reaction
channels, which can be reduced to a simple reaction: GaN+3HCI
= GaCl;+NH,; 1.1 This model agrees with experimental obser-
vations that reported on a Ga-rich layer at the surface.[*%]
LIBWE can also be used to selectively etch metals.[*”] The
laser-induced elevation of surface temperature activates reactions
that would not take place at room temperature. The forming salts
are either soluble in water or are removed due to either thermal
expansion caused by laser-induced surface heating or by shock
waves in the liquid. Increase in ablation rate was also observed
when water was replaced with hydrogen peroxide, thus indicat-
ing that in the second case ablation was assisted by LIBWE.[“6]
Sometimes the chemical etching process was found to be ac-
tivated by laser radiation, as was reported for industrial stainless
steels in H,PO,.l*%] Such steels are not etched by H;PO, spon-
taneously due to a surface chromium oxide layer. However, at
elevated temperatures locally generated by laser beam, the fol-
lowing reaction converted such a passivating Cr,O; layer into
water-soluble CrPO,: Cr,0,+2H,PO, = 2CrPO,+3H,0. After
that, H; PO, could etch the steel surface aslong as its temperature
remained high. When the laser radiation was off, the passivation
layer started forming again thus inhibiting further etching.

6. Outlook: Laser Chemistry Technologies of Future

In this section, we overview recent trends and potential direc-
tions of further commercialization of the laser-induced photo-
chemical and hybrid nanothechnologies. As shown in Figure 1,
we are now in a unique historical point where the fusion of pre-
viously established and emerging approaches can give rise to an
explosive growth of applications for the above mentioned laser-
assisted technologies.

6.1. Technological Aspects and Challenges
6.1.1. Green Chemistry

As the global population and its corresponding technological de-
mands continue to grow, the request for more efficient and clean
methods to synthesize nanomaterials will gradually intensify. For
example, nanoparticles are extensively utilized across various in-
dustries including agriculture, environmental remediation, coat-
ings, optics, electronics, cosmetics, food, medicine, textiles, plas-
tics, paints, fuel additives, and wastewater treatment. The use of
NPs is widespread, with over 600 products and almost 3000 prod-
ucts containing NPs according to nanotechnology-based con-
sumer products and online databases, respectively.*’°l During
the last decade, in the field of medicine and biology, the use of
NPs has grown significantly, with a reported value of $17.5 bil-
lion in 2011, increasing to $53.5 billion in 2017, and reaching
$79.8 billion in 2019. The consumption of silver NPs is estimated
at 450 tons per year, while the production of zinc NPs is around
5500 tons per year. Therefore, methods of such nanomaterials
fabrication should be as clean as possible to avoid hazardous im-
pacts on human health and the environment.
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Since the late 1990s and till now, the concept of so-called ‘green
chemistry’ (or sustainable chemistry) has become one of the most
important trends in chemical engineering aiming to minimize or
eliminate the use and generation of hazardous substances.[*’!]
The Green Chemicals Market exceeded $100 billion in 2022 and
is expected to exceed $200 billion in 2030. The principles of green
chemistry are based on such key ideas as the use of safe, environ-
mentally benign substances and materials, as well as avoiding
or minimizing the production of any waste as the ideal form of
waste management.

In this regard, laser-assisted photo-chemical processes for
the fabrication of nanostructures and nanomaterials are very
promising for waste-free manufacturing. PLAL is a typical ex-
ample of a green-chemistry approach that allows for the produc-
tion of ligand-free NPs with diverse compositions, shapes, and
phases!*’?! (for more details, see Section 5.4). Such methods as
direct laser writing and laser synthesis in liquids (Section 3) with-
out producing hazardous waste can also be considered as green-
chemistry approaches in many cases. However, the aspect of en-
ergy efficiency as well as production cost are becoming quite im-
portant issues for this direction.

6.1.2. Development of Laser Technologies

Energy Efficiency: Addressing energy efficiency and reducing
carbon emissions in the industry is increasingly critical, given
the volatility of energy markets and the tightening of environ-
mental regulations. In this regard, the laser manufacturing in-
dustry is a high energy-consuming one. In gas lasers, such as
those using carbon dioxide (which have long been used as power-
ful continuous-wave sources), efficiencies are typically low, reach-
ing no more than wall-plug efficiency (WPE) 20%. In turn, semi-
conductor laser diodes and fiber lasers are much more efficient
exhibiting WPE of more than 40%,#73 while for high-power fem-
tosecond lasers WPE is usually less than 5%. As discussed in Sec-
tion 2.4, there are various techniques for local near-field enhance-
ment that can also be employed to improve the overall efficiency
of laser-assisted photo-chemical processes.

Cost Efficiency:  The average price per watt of continuous wave
(CW) devices designed for high-volume applications decreased
exponentially during the past few decades from 10*° $/W to a
value of 10° $/W. These values are already reliable for many in-
dustrially reasonable photo-chemical manufacturing processes,
and they are believed to continue improving. Also, lasers with ul-
trashort (fs and ps) pulse durations are becoming more and more
cheaper going down to <10* § level. As a result, such technolo-
gies as PLAL of gold NPs have become even more economically
efficient when compared to chemical technologies based on stan-
dard reduction reactions.[*7*]

More detailed comparison of the productivity of three laser
systems (40, 10, and 3-ps) for ablation of gold, platinum, silver,
and nickel in water was done in the work.*”>] The picosecond
laser system showed the highest absolute productivity in terms
of mass per unit time compared to the nanosecond laser system.
For gold and silver, the power-specific productivity was lower for
the picosecond laser compared to the 10-ns laser, while it was
similar for platinum and nickel. The study also revealed that the
10-ns laser outperformed the 3-ps laser in investment-specific
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productivity for gold and silver nanoparticle production by 11%
and 15% per 1000 $ investment, respectively. Longer pulses, such
as those from a 40-ns laser source, were found to result in lower
productivity due to thermal interactions and plasma shielding.
Both power and investment costs are essential from an economic
standpoint, as even slight differences can translate into signif-
icant profits over time. Considering the expenses to the whole
technological equipment, the lower initial investment cost of the
10-ns laser system is around 100 000 $ compared to approxi-
mately 3—5 times more expensive the 3-ps high-productive laser
systems, which makes it more accessible for small-scale indus-
tries looking to invest in environmentally friendly nanoparticle
production methods.

Generally, for industrial-scale applications, synthesis costs can
Dbe further significantly reduced by employing higher laser power
including increase of repetition rate. For example, novel ad-
vanced laser systems supporting GHz and even THz level of repe-
tition ratel*6477] are already available for extremely high through-
put of materials processing or nanomaterials generation.!*’8] Re-
markably, modern laser technologies allow for integration with
various robot systems to achieve full automatization and remote
control. Laser beam multiplexing and shaping by spatial light
modulators, diffractive optical elements and interference-based
approaches is another promising strategy for fabrication upscal-
ing and increasing the resulting cost efficiency.

Photo-Excitation Efficiency: Further progress in the laser-
induced photochemistry requires high efficiency of the laser
photo-excitation of electrons in different precursor molecules.
This opens new challenges for development of suitable lasers,
especially that with wavelengths exactly fitting required electron
transitions. First of all these are new tunable lasers with pre-
cisely adjustable wavelengths with photon energies in the range
of several eV (corresponding to the visible-UV range). Now the
absorption of the materials is usually adjusted to the available
wavelengths of existing lasers, which sometimes needs a diffi-
cult chemical process to fabricate the precursor.!'>>?73] Fitting the
wavelength of the laser would help solving the efficiency prob-
lem “from the other side”. Application of different techniques for
shifting the laser wavelength such as optical parametric amplifi-
cation is also possible but is less advantageous due to its relatively
low efficiency.

Highly efficient UV lasers are needed to excite an electron
to high levels (over 3 eV). The active medium of such lasers is
usually a fluoride crystal (having a good transparency in the UV
range) doped with Ce* * ions!*’?] or with other 4f elements or laser
diodes. Energy up-conversion and cross-relaxation*9=83] enable
the pumping of such materials in the visible or NIR range. Appli-
cation of higher harmonic generation or UV gas lasers such as ex-
cimer lasers can be attractive due to their high power, but is prob-
lematic due to low efficiency. If no laser with fitting wavelength
can be found, excitation via the excited-state absorption (ESA) can
be exploited. For the ESA a sequence of two timely-synchronized
pulses with different precisely adjusted wavelengths are needed.

6.2. Flexible Electronics

Flexible electronics, which include wearable devices, IoT devices,
healthcare monitoring systems, and many other devices, have
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been gaining a significant attraction in the market due to their
versatility and potential applications in various industries. The
current market size for flexible electronics is estimated to be
around $40 billion and is expected to grow at a compound an-
nual growth rate of 11% over the next five years. One of the key
drivers for the growth of flexible electronics is the increasing de-
mand for lightweight, portable, and energy-efficient devices.
Innovations in manufacturing technologies are driving the de-
velopment of fully printed flexible optoelectronic devices. Laser
technologies are emerging as a promising tool for creating all
functional layers in these devices.***] By using lasers to precisely
pattern and deposit materials on flexible substrates, manufac-
turers can achieve high-resolution, high-performance optoelec-
tronic components. Namely, the discussed in this review lasers-
based photo-chemical approaches can be used for the synthesis
and deposition of all necessary layers: semiconductors (as photo-
active and transportlayers, see Section 4), and metals (as contacts,
see Section 5.2). As a result, we envision further huge progress
in the direction of all-laser-printed flexible electronic devices.['?!]

6.3. Nanophotonics and Flat Optics

Over the past few years, the fields of nanophotonics and meta-
surfaces have become a rapidly expanding area of research in
optics, which is mature enough for some applications.[*8486]
For example, thin arrays made up of subwavelength meta-atoms
allow for precise manipulation of electromagnetic waves and
have been suggested for a range of uses including lenses,[*¥’]
polarization control,[*®8! holography,!*®! coloration,!**" informa-
tion encryption,**!l anti-counterfeiting labeling,[*?] and many
other applications. Thanks to advancements in nanofabrication
techniques and significant enhancements in metasurface per-
formance (efficiency, bandwidth, etc.), this technology has now
reached a level of maturity that makes it suitable for integra-
tion into commercial applications. High-throughput fabrication
techniques capable of mass-producing metasurfaces, such as
nanoimprinting lithography, injection molding, and roll-to-roll
printing, are also available. However, modern laser technologies
are also very prospective for this purpose,[*3#% and additional
photo-chemical approaches for quality improvement or function-
alization would make the fabricated devices multifunctional.[*]

6.4. Sensing

Nanostructures have revolutionized the sensor technologies
enabling the development of highly sensitive and selec-
tive devices for a wide range of applications. SERS,[**! re-
fractive index sensors,[*’] surface-enhanced IR absorption
(SEIRA) biosensors,[*®] surface-enhanced photoluminescence
(SEPL),**! optical gas sensors,’®! and other types of sensors
based on plasmonics and nanostructures have shown great
promise in detecting trace amounts of analytes with high sen-
sitivity and specificity.

The current market size for sensors based on plasmonics and
nanostructures is growing rapidly, driven by increasing demand
for advanced sensing technologies in various industries such as
healthcare, environmental monitoring, food safety, and security.
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The global market for plasmonic sensors is projected to reach bil-
lions of dollars in the coming years as these sensors continue to
gain traction in the market. One of the key advantages of sen-
sors based on plasmonics and nanostructures is their potential
for miniaturization and cost-effectiveness. The latter is closely re-
lated to the need for single-use handling of sensors with reliable
detection, especially in the case of medical diagnostics. Diverse
scalable laser technologies surveyed in this review were already
applied or can be potentially adopted to fabricate SERS/SEIRA
sensors at high precision and efficiency, making them suitable
for low-cost mass production.

Some potential applications of laser photo-chemical technolo-
gies in creating cheap and efficient sensors include environ-
mental monitoring of pollutants, detection of hazardous gases
in industrial settings, food quality control, medical diagnos-
tics, and security screening. By leveraging the unique proper-
ties of plasmonics and nanostructures, these sensors can of-
fer improved performance compared to traditional sensing tech-
nologies, enabling faster and more accurate detection of diverse
analytes. For example, SERS/SEPL sensing elements produced
by LID and LIPSS techniques were applied as substrates for
detection.[238270501502] Additionally, emerging laser technologies
also hold promise for another sensor types (i.e., electrochem-
ical or chemiresistive gas sensors), where advanced electrodes
and active sensor parts loaded with functional nanomaterials are
highly demanded.

6.5. Catalysis

Catalysis is a crucial field in the realm of chemical engineering
and industrial processes, playing a significant role in accelerat-
ing chemical reactions and reducing energy consumption. The
global catalysis market size is estimated to be around $29 billion
in 2021 and is projected to grow at a compound annual growth
rate of 4.8% till 2026.

One of the emerging trends in catalysis is the utilization of
laser photo-chemical technologies to create efficient nanoparti-
cles and nanostructures for catalytic applications. By leveraging
laser-induced processes, researchers can precisely control the
size, shape, and composition of NPs, aiming at their enhanced
catalytic performance. This approach holds great promise for im-
proving the efficiency and selectivity of catalytic processes in vari-
ous industries, such as pharmaceuticals, petrochemicals, and en-
vironmental remediation. Laser photo-chemical technologies for
the formation of metallic NPs with controlled morphology, the
development of novel catalytic materials for renewable energy
production, and the design of catalysts for carbon capture and
conversion.303504]

6.6. Supercapacitors

Supercapacitors, also known as ultracapacitors or electrochem-
ical capacitors, are energy storage devices that offer high power
density, fast charging and discharging capabilities, and long cycle
life compared to traditional batteries. The global super-capacitor
market size was valued at approximately $2.5 billion in 2020 and
is expected to witness a significant growth in the coming years,
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driven by increasing demand for energy storage solutions in vari-
ous industries such as automotive, electronics, and renewable en-
ergy.

One of the key challenges in supercapacitor technology is
the development of high-performance electrode materials that
can enhance energy density and power efficiency. Laser photo-
chemical technologies have emerged as a promising approach
to address this challenge by enabling the precise synthesis of
nanostructured materials with tailored properties for superca-
pacitor applications. By leveraging laser-induced processes such
as laser ablation, laser pyrolysis, and laser-assisted chemical
vapor deposition, researchers can fabricate electrode materi-
als with controlled morphology, composition, and surface area
at the nanoscale. For example, laser photo-chemical technolo-
gies in super-capacitors are very promising for the synthesis of
graphene-based materials,** metal oxides,’>°°*] and conduct-
ing polymers with enhanced electrochemical properties.

6.7. Solar energy

The future of solar energy looks very promising. The market size
of solar energy, particularly photovoltaics and solar water heaters
utilizing thin-film technologies, has been steadily growing in re-
cent years.

One area of research that holds great potential for the solar
industry is the use of laser photo-chemical technologies to cre-
ate NPs for the use in solar water heaters. By utilizing lasers
to fabricate NPs with specific properties, it is possible to create
nano-fluids (volumetric heating) or advanced light-absorbing ma-
terials (localized heating) that can significantly improve the effi-
ciency and cost-effectiveness of solar-to-heat converters and wa-
ter dissalination systems. Such nano-fluids can enhance light ab-
sorption and heat transfer properties, leading to more efficient
heating of water using solar energy.[*1>50%8591 Additionally, laser-
fabricated NPs can also be applied to improve the performance of
solar cells. By incorporating such nanoparticles into the design of
solar cells, it is possible to enhance light absorption and energy
conversion efficiency. Since the price of nanoparticles generated
by PLAL is relatively low and is expected to be further reduced
during the nearest years, we envision that their applications for
solar energy would not affect the final price of devices while im-
proving their efficiency. Thus, laser-produced nanomaterials can
be especially promising for solution-processible organicl®!) and
perovskite®!!l photovoltaic technologies that will be eventually
widely commercialized during the next decade.

6.8. Theranostics

Transition to a personalized medicine as well as the use of
novel low-invasive therapeutic and diagnostic approaches repre-
sent global trends in treatment of socially significant diseases
such as cancer causing around 12% of all deaths, according to
the World Health Organization. Nanomaterials (or nano-agents)
hold promise for antitumor therapy expanding existing diagnos-
tic capabilities and providing highly selective and local therapeu-
tic effect on the targeted biological tissues. At the same time,
biomedical nanomaterials should simultaneously address mul-
tiple requirements including low toxicity, high colloidal stability,
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as well as strong absorption and scattering at near-IR laser wave-
lengths within the so-called therapeutic transparency window of
biological tissues. In this regard, the PLAL method permits to
produce unique nanomaterials (such as nano-hybrids, magneto-
plasmonic nano-alloys, van der Waals NPs, etc.) that have already
proved their efficiency for diverse theranostic applications includ-
ing photothermal therapy and bioimaging.3¥73%45125141 Once
both the productivity of laser synthesis approaches and cost ef-
ficiency of the product are expected to continuously increase, we
envision the growing popularity of diverse laser methods (such
as PLAL or LSL) for fabrication of advanced nanomaterials for
biomedical applications.

7. Conclusion

The provided overview of the history and recent achievements in
the field of laser chemistry brings us to the conclusion that the
development of laser technologies, green-chemistry approaches,
and nanophotonics makes a paradigm shift in modern nanofab-
rication. With nearly the same processing arrangement, one
can switch between additive and subtractive manufacturing or
between chemical and morphological surface modifications by
changing the parameters (such as, e.g., laser beam intensity, com-
position and absorption spectrum of the environment). The laser
radiation triggers these processes in two different ways: 1) pho-
tochemical action: the photons excite molecular oscillations or
electrons in the environment or generate electron-hole pairs at
the surface. In this case the laser wavelength corresponds to some
absorption band of the material. As a result, the material is driven
out of its thermal equilibrium on the time scales larger than that
needed for chemical reactions. The chemical reaction is activated
either by the free charge carriers or because its threshold is low-
ered by this excitation. 2) thermo-induced action: the absorbed
laser radiation increases the temperature at the interface and acts
as a localized heat source. The thermal equilibrium can be as-
sumed in this case and the chemical reaction is activated by the
increased temperature at the interface.

Both physical routes enable considerable energy saving in the
production. In the photochemical way one can avoid the Maxwell-
Boltzmann energy distribution of the reacting species, in which
only the high-energy “tail” is able to overcome the reaction bar-
rier and the rest just dissipates the energy. The efficiency of the
laser-induced thermal chemical patterning is higher than that of
traditional chemical reactors due to localization of the light only
in the area to be processed. The final goal of this direction would
be the achievement of high control of reaction product parame-
ters, high spatial precision, low toxicity, and cost efficiency, which
can make laser chemistry approaches suitable for industrial scale
applications in flexible electronics, flat optics, sensing, catalysis,
supercapacitors, and solar energy.
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