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Laser Processing of Emerging Nanomaterials for
Optoelectronics and Photocatalysis

Anna Lipovka, Aura Garcia, Elena Abyzova, Maxim Fatkullin, Ziyang Song, Yuxiang Li,
Ranran Wang,* Raul D. Rodriguez,* and Evgeniya Sheremet

Optoelectronics and photocatalysis are two rapidly developing photonic fields
that are revolutionizing green energy, medicine, communications, and
robotics. To advance these areas and explore new applications, there is a need
for new materials and technologies that enable fast, scalable, and
customizable production of high-performing optoelectronics, including the
future development of flexible devices. This review is focused on the strategies
to synthesize novel, not fully explored materials and/or enhance their
properties using the powerful method of laser processing. The discussion
includes the laser treatment of MXenes, Metal-Organic Frameworks, and
perovskites, materials’ advantages in terms of structural, electronic, and
optical properties, and the role of different laser-based techniques in boosting
their performance. Additionally, there is a demonstration of the existing and
potential applications of these three materials and their combinations,
especially in optoelectronics and photocatalytic platforms. This review aims to
provide a comprehensive understanding of the current state-of-the-art in this
field to help researchers identify opportunities and challenges in laser
processing of emerging nanomaterials for optoelectronics and photocatalysis.

1. Introduction

The materials that hold the potential to be used in optical de-
vices and, at the same time, possess mechanical flexibility have
gained significant interest in recent years due to their future
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use in photodetectors, photodiodes, or
transparent conductors, which can be
folded into different shapes. Such devices
would promote progress in touch screens,
solar cells, displays, wearable electronics,
and smart sensors.[1–4] Conventionally used
in optoelectronics silicon, gallium arsenide,
indium phosphide, indium tin oxide (ITO),
and fluorinated tin oxide (FTO) proved to
be highly efficient for photodiodes, light-
emitting diodes (LEDs), and liquid-crystal
displays (LCDs).[5,6] However, they fail
to meet the demands of flexible devices
due to their rigid nature, fragility, and
relatively high cost. This has driven a shift
toward modern low-dimensional materials,
which may offer improved functionality
to devices thanks to their extraordinary
properties revealed at the nanoscale.[7]

MXenes, Metal-Organic Frameworks
(MOFs), and perovskites are among the
most promising emerging low-dimensional
materials for these objectives, as proposed
in recent studies by Bartolomeo et al. and

Kumbhakar et al.[8,9] Each material demonstrates notable char-
acteristics, including high surface area, tunable electronic struc-
ture, and versatile structural properties. As a result, they hold
significant potential for a wide range of applications in optoelec-
tronics and photocatalysis.[10] Individually, MXenes are famous
for their high electrical conductivity, mechanical robustness, and
adjustable optical transparency. They can absorb visible and near-
infrared (NIR) light, which can enhance the efficiency of pho-
todetectors. MOFs, in turn, are characterized by high porosity,
large surface area, and tunable optical properties like refractive
index or optical bandgap.[11] These features are useful for pho-
tocatalysis and potentially for light-emitting devices. Finally, per-
ovskites (being able to be both bulk crystals and nanomaterials,
depending on the synthesis route) have a high absorption coeffi-
cient and high electron mobility, which makes them critical for
photovoltaics and photodetectors. In some cases, two of these ma-
terials are used jointly, which results in even better performance
and opens new perspectives.

However, all this comes with the challenges behind the bene-
fits. Generally, synthesizing nanomaterials with precise control
over size, chemical composition, and shape is not simple, as
different factors like temperature, pH, synthesis time, pressure,
and so on may greatly contribute to the result.[12] Moreover,
hardly avoidable impurities and defects could also affect the
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surface and reactivity. Finally, for all three materials, environ-
mental factors often compromise the stability.[13] For instance,
the implementation of MOF/MXene composite proposed by
Khosroshahi et al.[14] already faced the issue of poor long-term
performance. There are several approaches to improve the
stability, as well as to increase the crystallinity, mechanical,
structural, and electrical properties of these materials for specific
applications. These routes include improved synthesis protocols,
functionalization and post-functionalization strategies, surface
passivation, and different types of processing.[15]

Laser irradiation is one of the most efficient and adjustable
ways to create or process emerging nanomaterials to enhance
their properties and stability in a controlled manner, as well as to
facilitate their integration into different substrates.[16–18] Lasers
have already been used to modify the whole range of nanoma-
terials from graphene to metal nanoparticles.[19,20] Furthermore,
prior discussions have thoroughly explored the advantages of em-
ploying laser processing techniques on 2D nanomaterials to cre-
ate electronic and optoelectronic devices.[17] An additional benefit
of using lasers is patterning the materials or their selective re-
moval with submicrometer resolution, even beyond the diffrac-
tion limit.[21] This allows new features and a precise design of
devices, excluding complicated lithography approaches. For MX-
enes, MOFs, and perovskites, some laser-based techniques have
already been applied recently. To maximize the impact of these
experimental findings, it is necessary to systematize the research
results. Such a summary will help material scientists, physicists,
and chemists to identify which laser approaches are beneficial
and applicable to future developments in flexible optoelectronics
and photocatalytic platforms.[22–24]

In this review, we discuss these materials’ optical, electronic,
and mechanical properties, highlighting their importance in var-
ious applications. Additionally, we provide an in-depth analysis
of existing processing techniques aimed at improving the prop-
erties of these materials, emphasizing the role of laser process-
ing in advancing research in this field. To maintain the scope of
this review, we deliberately exclude the discussion of other well-
studied nanomaterials like graphene, as our primary objective is
to shed light on the potential applications of the lesser-explored
new emerging materials.

Section 2 overviews the key properties of MXenes, MOFs, and
perovskites. We highlight their unique features, advantages, joint
use, and current limitations and challenges to overcome.

In Section 3, we introduce and summarize the efficiency of
the existing ways to process emerging nanomaterials to improve
their properties and stability.

Section 4 is dedicated to various laser processing methods for
the synthesis and modification of emerging nanomaterials. We
examine the effect of different laser-based techniques on mor-
phological, structural, and electronic properties, discussing the
opportunities of each of the methods.

In Section 5, we discuss the application of the chosen laser-
processed emerging materials in optoelectronics, focusing on
what has been achieved by now and the challenges that need to
be addressed to make these materials more applicable in the fu-
ture. We summarize the latest findings and achievements in this
area and identify the knowledge gaps for further research.

Section 6 is dedicated to the current achievements in the use
of the chosen laser-processed materials in photocatalysis.

Overall, this review represents a guide on implementing lasers
to improve the performance of MXenes, MOFs, and perovskites,
especially for applications in optoelectronics and photocatalytic
devices.

2. Emerging Nanomaterials and their Properties.
Perspectives for the Use in Optoelectronics and
Photocatalysis

To fully reveal the potential of MXenes, MOFs, and perovskites
in optoelectronics and photo/photoelectrocatalysis, including the
use in flexibles, it is crucial to understand their original physico-
chemical properties (particularly optical and electrical ones) and
to ensure that these materials can be transferred onto flexible
substrates or be directly synthesized on them. To comprehend
the historical context, highlight current advancements, and have
an idea on the prospects of all three materials in optoelectronics
and photocatalysis, we made a timeline showing the evolution
of the key developments and findings in this area (Figure 1). All
three chosen low-dimensional materials share a common feature
of being adjustable in terms of chemical composition, synthesis,
and processing, which allows their specific and tunable character-
istics. This section briefly discusses the basics, synthesis routes,
and properties of MXenes, MOFs, and perovskites (Figures 2–4).
We discuss their individual applications in optoelectronics and
photocatalysis, as well as recent advancements in the use of their
combinations. We also identify current issues in the field and out-
line future research prospects for these emerging nanomaterials
in flexible devices.

Figure 1 illustrates that the current trends across all three
materials are very similar: wearables, photocatalysis, optoelec-
tronics, and enhanced efficiency and stability. The aims are co-
herent even though the materials were discovered in different
decades and have distinct historical backgrounds and properties.
Perovskites notably lead in reaching the commercial level, given
that they were originally intended for optoelectronic applications.
Figure 1 contains references to the following manuscripts: Yan
et al.,[25] Gatou et al.,[26] Kojima et al.,[27] Li et al.,[28] Gogotsi
et al.,[29] Gulati et al.,[30] Kumar et al.,[31] Park et al.,[32] Peng
et al.[33] Wang et al.,[34] Deng et al.,[35] Lee et al.,[36] Agresti et al.,[37]

Jiang et al.,[38] Levitt et al.,[39] Al-Ashouri et al.,[40] Yang et al.,[41]

Hussain et al.,[42] Li et al.,[43] Aydin et al.[44]

2.1. MXenes

MXenes’ rapid development started with the discovery of 2D ti-
tanium carbide (Ti3C2) in 2011.[45] The materials are described
by a formula Mn+1XnTx, where M is a transition metal (such
as Ti, Ta, V), X – carbon or nitrogen, and Tx

– surface termi-
nation groups (─OH, ─O, or ─F). In most cases, MXenes are
synthesized through the chemical etching of the A component
(the element of the IIIA or IVA group) from the MAX phase
(Figure 2).[46] The choice of etching agent affects morphology,
surface groups, and defects.[46] MXenes exhibit conductivity val-
ues ranging from dozens to several thousands of S cm−1, com-
parable with metal oxides’ conductivity, including ITO, conven-
tionally used in flexible electronics (102 – 104 S cm−1).[47] So far,
the highest reported conductivity value of 2 × 104 S cm−1 was
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Figure 1. Timeline with the historical background and the key moments that defined the current research directions in the use of emerging materials in
optoelectronics and photocatalysis.

achieved for Ti3C2Tx.
[48] Also, depending on the material choice,

MXenes conductivity type could vary. Most show metallic band
structure, while some indicate bandgaps of 0.1 – 2 eV (Figure
2).[49] Importantly, these 2D materials are highly elastic due to
the layered structure and weak van der Waals bonding between
the layers, allowing for easy bending and deformation without
losing structural integrity.

MXenes generally exhibit strong absorption in the ultravi-
olet (UV) and visible ranges while being transparent in the
near-infrared (NIR) region. However, depending on the na-
ture, they could exhibit plasmonic peaks covering the entire vis-
NIR region and various colors in transmission (for thin films)
and reflection (for multilayer films).[50] The tunable bandgap
(Figure 2), high conductivity, and mechanical flexibility make
MXenes highly promising for applications in optoelectronics
and photodetectors.[51] So far, MXenes have been used as meta-
material plasmonic absorbers, surface-enhanced Raman scat-
tering substrates,[52] transparent conductive electrodes in flex-
ible displays,[46] and flexible conductors and interconnects for
optoelectronic devices.[53] MXenes have shown high and quick
photoresponse in photodetectors, indicating their suitability for
use in optical communication systems and imaging sensors. All
these opportunities together led to the development of a new field
known as “MXetronics,” which refers to the fabrication of fully
MXene-based electronics.[49]

The common complications for MXenes lie in their engineer-
ing and deposition on substrates. There are several approaches
to address these issues and enhance MXenes properties. For in-
stance, an effective strategy is to dope or combine MXenes with
other materials, as discussed in Section 2.4.[54,55] Furthermore,
additional treatments and surface functionalization techniques,
explored in Section 3, are also efficient in improving the applica-
bility of MXenes further.

2.2. MOFs

MOFs are synthesized by the self-assembly of metal ions and or-
ganic ligands. The most commonly used ions are Zn2

+, Cu2
+,

Ni2
+, while organic ligands can range from simple carboxylic

acid to more complex molecules (Figure 3). High porosity makes
MOFs ideal for various applications, the most obvious of which
are gas storage, catalysis, and drug delivery.[57,58] The high surface
area, ranging from hundreds to thousands of m2/g, generally not
exceeding 10000 m2 g−1[59,60] is one of the most important char-
acteristic features of MOFs. It makes a larger interface for light
absorption and emission to improve the device’s efficiency. Other
intriguing prospects of MOFs include the flexibility of electrical
and optical properties reached by varying the chemical composi-
tion and multiple options of deposition on the substrates.

While most MOFs exhibit electrical insulating properties
caused by the poor electron transfer between non-redox active
metal centers and organic linkers, certain MOFs can be conduc-
tors or semiconductors. The introduction of electrical conductiv-
ity in MOFs is achieved by incorporating redox molecules, metal-
lic species like Ni, Cu, Fe, or Co, or specific linkers, enabling con-
ductivity values of up to a tenth S cm−1.[61]

In terms of optical properties, MOFs exhibit light absorption,
exciton generation, fluorescence, and luminescence. These char-
acteristics vary depending on the interactions between the metal
centers and the organic ligands chosen for synthesis, as well as
the confinement of guest molecules within the pores.[62,63] The
optical bandgap of MOFs spans from 1.0 to 5.5 eV (Figure 3).
MOFs can efficiently absorb light in the UV–vis and NIR re-
gions, rendering them valuable for applications in photocatalysis
and solar energy conversion.[64] Additionally, MOFs can exhibit
photochromism, enabling reversible alterations of their color or
optical properties in response to light. This property opens up
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Figure 2. Schematic illustration of selective etching of the MAX phase and
subsequent exfoliation to form MXenes, and the energy level diagrams
with bandgap values for MXenes made of different transition metals. Sum-
marized from the previously reported data.[56]

possibilities in data storage and sensing.[65] Chromophore net-
works within certain MOFs enable efficient light-harvesting ar-
rays, replicating this capability for light-to-electrical conversion.[9]

Recently there have been demonstrations of MOFs as flexible in-
terconnects for optoelectronic devices,[66] including transparent
conductors in flexible displays.[57,67–71]

Figure 3. Schematic illustration of several MOFs with their pore accessi-
bility indicated by yellow spheres, and schematic illustration of band dia-
grams with bandgaps of several widely used MOFs revealing differences
in electronic properties crucial for various applications. Created following
previously reported data.[72–74]

Despite the benefits of MOFs in optoelectronics, there are still
several challenges that need to be addressed. For example, im-
proving MOFs stability and surface modification is crucial, as
well as developing new synthesis methods to improve repro-
ducibility and control over the structure.

2.3. Perovskites

Perovskites are highly demanded materials for applications in ad-
vanced optics. Their crystal structure is typically described by the
formula ABX3, where A and B are two different cations, and X
is an octahedron anion bonded to both cations. Similar to van
der Waals materials, the properties of most perovskites could be
tuned by going from the bulk materials to the nanoscale.[75] The
versatility of perovskites lies in the ability to replace each com-
ponent, facilitating the fine-tuning of properties tailored to spe-
cific applications.[76–78] This elemental variation offers an oppor-
tunity to precisely control the bandgap of perovskites. For exam-
ple, in BaZrO3 (Eg = 3.9 eV), substituting oxygen with sulfur to
form BaZrS3 reduces the bandgap to 1.7 eV.[79] Thus, the bandgap
could be tuned through the entire visible range (Figure 4). Ad-
ditionally, perovskites demonstrate high optical absorption (with
an absorption coefficient in the range of 103–104 cm−1), high elec-
tron mobility, efficient charge transport, high luminescence, and
quantum yield.[80–82] Their advantages complement mechanical
flexibility and solution processability.[78,83]

Over the past decade, a new class of perovskites, known
as organic-inorganic hybrid perovskites (OIHP), has gained
tremendous attention from scientists and the industry. Unlike
standard perovskites, OIHPs consist of cations composed of both
organic and inorganic species. In OIHPs, the organic cations
(e.g., CH3NH3

+, CH(NH2)2
+, CH3CH2NH3

+)[84,85] are denoted
by the A component, while the B component represents a biva-
lent heavy metal cation. The anions are typically represented by
halides. The reason these materials are getting so widespread and
discussed further in this review is the long lifetime of photogen-
erated free charge carriers (≈μs), relatively low exciton binding
energy, and high tolerance toward the defects.[75,86]

Besides these relatively new findings, the other developing
area is the synthesis of perovskite quantum dots (PQDs), which
are particularly important for photodetectors and optoelectronic
synapses. PeQDs significantly amplify NIR light absorption
through organic capping, achieving adjustable carrier transport
to precisely modulate memory transition from short-term to
long-term via optical stimulation.[87]

The properties mentioned above made perovskites highly at-
tractive for application in flexible optoelectronics, particularly in
the field of photovoltaics.[88] In fact, perovskites have already
been successfully employed as active materials in flexible solar
cells and light-emitting devices.[89] There are notable achieve-
ments in using metal halide perovskites (particularly lead-based
ones) to fabricate flexible inorganic LEDs that can be integrated
into optoelectronic systems with a power conversion efficiency
(PCE) of 23.3%. Such LEDs exhibit exceptionally narrow emis-
sion linewidths, diverse sizes and structures, and the additional
advantage of low-temperature synthesis.[3]

The stability of perovskites remains a significant challenge as
they are susceptible to degradation over time, particularly due
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Figure 4. Schematic illustration of bandgap distribution across halide perovskites: Various halide perovskites and their corresponding bandgap ener-
gies, mapped against the electromagnetic spectrum regions they absorb: near-infrared (NIR), visible, and ultraviolet (UV). Accompanying structural
representation illustrates the ABX3 perovskite cubic crystalline structure and some representative forms of lead halide perovskites.[92]

to moisture and heat.[90] Another obstacle that has hindered the
application of perovskites in flexible displays is the difficulty in
achieving stable and pure red, green, and blue emission wave-
lengths at 650, 525, and 450 nm, respectively.[91] Strategies to im-
prove these factors will promote the research on perovskites to a
new level.

2.4. Combining MXenes, MOFs, and Perovskites for
Optoelectronics

The joint use of emerging materials is inspiring. For example,
combining high conductivity and transparency of MXenes with
tunable optical properties of MOFs and perovskites could result
in transparent conductors with improved optical properties. Sim-
ilarly, combining MXenes with perovskites can lead to the devel-
opment of flexible photodetectors with increased sensitivity and
stability. Despite that these three materials were never used to-
gether, in this subsection we discuss the existing cases of com-
bining two of them to get enhanced functionality.

2.4.1. MXenes + Perovskites

The introduction of MXenes to perovskite-based solar cells
helped getting a higher PCE compared to using perovskites
alone. This was achieved by the band alignment and work func-
tion (WF) reduction caused by dipole induction in the per-
ovskites/MXenes interfaces.[37,93] In this sense, MXenes seem to
be a perfect candidate for doping to create next-generation pho-
tovoltaic devices since different chemical compositions (in par-
ticular, a variety of termination groups) allow fine and precise
tuning of device electronic properties.[37,93,94] Spontaneously or-
ganized OH/O termination with a ratio of 50/50 reduces work
WF to 3.1 eV, while the ratio of 75/25 in MXenes itself gives
WF of 1.9 eV, as shown by Agresti et al.[37] MXenes in solar cells
build a bridge between the perovskite absorbing layer and elec-
tron transport layer (ETL) to suppress electron accumulation and

align the growth of perovskite crystals (Wu et al.).[95] These fea-
tures allowed for the improvement of the performance of SnO2-
MXene-based perovskite solar cells by 15% compared to SnO2-
based perovskite.

Besides the application in optoelectronics, MXenes-perovskite
composites revealed themselves as highly efficient photocata-
lysts. Since MXenes could exhibit metallic properties, and per-
ovskites are semiconductors, the appearance of the Schottky bar-
rier is typical for such a material combination. This, in turn, leads
to controlled adsorption and molecule activation, enhancing cat-
alytic activity.[96] Cs2AgBiBr6/Ti3C2Tx Schottky heterostructures
were utilized for the remarkable catalytic organic dye degrada-
tion, being ≈4.7 times more efficient than pristine Cs2AgBiBr6.
This enhancement is attributed to the enlarged interfacial con-
tact area and favorable Fermi level alignment, promoting en-
hanced charge transfer capabilities, efficient separation, and sup-
pressed electron-hole recombination.[96,97] Also, in a recent study
by Saravanakumar et al.,[98] Ti3C2 MXene quantum dots (MQDs)
were introduced into perovskite-based Z-scheme heterostruc-
ture as charge-transport bridges to form In2S3/MQDs/SmFeO3.
Such configuration demonstrated photocatalytic degradation ef-
ficiency of 98% for 4-chlorophenol. This work identified the op-
timal MQD concentrations for the highest performance.[98]

2.4.2. MOFs + Perovskites

The combination of perovskites with MOFs has also been investi-
gated recently. MOFs were used to encapsulate organic PeQDs to
improve their thermal stability and photostability for long-term
performing LEDs.[99] This improvement was achieved by control-
ling the pore sizes in MOFs and incorporating the PeQDs into
the pores. Several works confirmed that this approach could be
used to protect perovskite nanocrystals.[100] Another strategy for
utilizing MOFs in perovskite-based photovoltaic devices is to use
them for the fabrication of more efficient ETLs, which have en-
hanced carrier mobility and low recombination rate compared to
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the conventional ones. Vinogradov et al.[101] combined MIL-125
MOF with the conventionally used TiO2 using a single-step hy-
drothermal synthesis to achieve a highly stable depleted mono-
lithic perovskite/MOF@TiO2 with enhanced PCE compared to
the one with bare TiO2. This approach was also applied to in-
crease the PCE efficiency in other research works.[102,103]

Similar to MXenes, MOFs were also utilized for interface en-
gineering in perovskite solar cells. MOFs offer the potential for
controlled growth of perovskite layers and the improved contact
between the perovskites and the ETL.[104] Certain MOFs, like ZIF-
8, not only serve as an interface engineering material but also act
as an additional absorbing layer, contributing to an enhancement
in overall device performance.[105] The efficiency of MOFs made
them a popular choice to combine with other materials, not only
for optoelectronics, but also for sensors, electrodes for hydrogen
evolution reactions (HER), and energy storage devices, as it was
demonstrated in the case of the joint use with MXenes.[106–108]

The MOFs guest-host interactions were also utilized to em-
bed PQDs in their pores. Wu et al.[109] employed Fe-porphyrin-
based MOF PCN-221(Fex) to encapsulate MAPbI3 to protect it
from degradation. Utilizing the sequential deposition method,
the authors achieved a record-high total yield of 1559 μmol g−1

for photocatalytic CO2 reduction. Another strategy to enhance
the photocatalytic activity of perovskites by implementing MOF
is harnessing the exceptionally high surface area of MOFs to
provide active sites for molecule adsorption. This approach was
used for KNbO3 in the N2 reduction. While bare perovskite ex-
hibits a low surface area of 0.68 – 3.9 m2 g−1, insufficient for ef-
ficient photocatalytic reduction, the introduction of TMI-5 MOF
(surface area 591 m2 g−1) resulted in a surface area increase to
172 m2 g−1 (KNbO3@TMU-5). This combination not only im-
proved the photocatalytic transformation of N2 to NH3 from 20.5
(for bare KNbO3) to 39.9 μmol L−1 h−1 g−1 (for KNbO3@TMU-5),
but also enhanced the stability and reusability of the photocata-
lyst. After the fifth cycle of use, the reaction efficiency remained
high at 37.9 μmol L−1 h−1 g−1. The formation of composite with
MOF additionally suppressed electron-hole recombination due to
internal charge transfer between KNbO3 and TMU-5, as well as a
higher negative charge density on Nb sites (Chamack et al.).[110]

2.4.3. MXenes + MOFs

Taking into account the properties of MXenes and MOFs, it
is absolutely justified that there are no research works utiliz-
ing their combination in optoelectronics. However, this pairing
has been found to be applicable in photocatalysis. Ti3C2TX MX-
enes played a significant role in modulating the properties of
Ti3C2-based MIL-125-NH2 nanohybrids synthesized via a single-
step solvothermal process. This unique combination led to a
1.65 times higher yield in H2O2 photocatalytic production and
11.5 times higher photocatalytic degradation of tetracycline hy-
drochloride under visible light (𝜆 > 420 nm) compared to bare
MIL-125-NH2. The performance improvement was attributed to
dual-heterojunction formation, enhancing carrier density and fa-
cilitating interfacial charge transfer and separation.[111] In an-
other study by Shahriyari et al.,[112] solvothermal-grown Zn-MOF
crystals were deposited on Ti3C2TX MXene nanosheets to fab-
ricate highly efficient and durable photocatalysts. This compos-

ite had a highly porous structure with a high specific surface
area, promoting a rapid charge transfer along with the reduced
recombination rate for photo-generated carriers. Photo-excited
electrons transfer through MXene and MOF bands accelerated
radical production for photocatalytic degradation of dyes. Ulti-
mately, the MXene/Zn-MOF photocatalysts demonstrated a pho-
todegradation efficiency of 62% for methylene blue and 35% for
direct red 31.[112]

In conclusion, the combination of MXenes, MOFs, and per-
ovskites has the potential to overcome limitations in existing ma-
terials and to contribute to new materials with enhanced perfor-
mance and functionality. Further research in this field is neces-
sary to fully realize the potential of such combinations, and to
bring innovative flexible optoelectronics and photocatalytic plat-
forms to the market. In optoelectronics, we expect future works
to focus on chasing higher efficiency and developing flexible de-
vices. As for photocatalysis, the critical moment is the mecha-
nism. Among various approaches, S-scheme heterojunctions are
the freshest approach to boosting photocatalysts efficiency and re-
ducing fabrication costs. In this configuration, two semiconduc-
tors with differing Fermi levels and WFs are brought into con-
tact. Electrons migrate from the semiconductor with the lower
WF toward the one with the higher, creating an interfacial layer
with accumulated electrons, generating internal electric fields.
This system is pushing itself to reach an equilibrium by aligning
Fermi levels (band bending). Upon irradiation, weak charge car-
riers recombine via Coulombic attraction, while strong electrons
and holes participate in redox events.[97,113] S-scheme heterojunc-
tions have emerged as a solid alternative to Z-scheme heterojunc-
tions, and their development is expected in the future.

Section 2 provided an overview of the unique properties exhib-
ited by MXenes, MOFs, and perovskites, including their high sur-
face area, exceptional electronic and optical properties, and me-
chanical flexibility. These properties make them promising can-
didates for a wide range of applications, particularly in optoelec-
tronics and photocatalysis, with a perspective in flexible devices.
However, these materials also have inherent drawbacks that need
to be addressed either through upgrading the synthesis proto-
cols or through the use of specific processing techniques. The
main challenges are connected to the materials’ stability and the
ways to enhance functionality. To address this, researchers are ex-
ploring innovative methods such as tuning synthesis parameters,
introducing dopants, and implementing surface modifications,
which are discussed in the next section.

3. Conventional Processing of MXenes, MOFs, and
Perovskites to Increase their Performance:
Challenges and Strategies

To expand the implementation of emerging materials and make
their use more sustainable, several processing techniques can
be used. Processing methods are crucial in addressing several
limitations, including preventing degradation, morphology and
structure control, interface engineering, performance enhance-
ment, and scalability.

This section provides an overview of the ways to address these
issues. Laser treatment, which is the focus of this review, is not
discussed here since it will be examined later extensively.

Adv. Optical Mater. 2024, 12, 2303194 © 2024 Wiley-VCH GmbH2303194 (6 of 33)

 21951071, 2024, 17, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adom

.202303194 by SH
A

N
G

H
A

I IN
ST

 O
F C

E
R

A
M

IC
S, W

iley O
nline L

ibrary on [17/12/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advopticalmat.de


www.advancedsciencenews.com www.advopticalmat.de

3.1. Processing of MXenes

Processing offers a solution to enhance the electrical conductivity
of MXenes. For example, Urbankovski et al.[114] used ammonia-
tion to convert Mo2CTx and V2CTx from carbide to nitride MX-
enes at a temperature of 600 °C. This process replaced carbon
atoms with nitrogen ones via ammonia decomposition, result-
ing in nitride MXenes that exhibit metallic conductivity instead
of the original semiconducting carbide MXenes. A similar out-
come can be obtained by introducing sulfur or phosphorus.[115]

Alternatively, the conductivity can be tuned by simple thermal
treatment, which can be carried out in an inert atmosphere or
under a vacuum. Thermal annealing reduces the number of sur-
face termination groups, particularly fluorine, which changes the
band structure and increases electrical conductivity.[116] Thermal
treatment is one of the most used approaches to control or mod-
ify surface termination of MXenes.[116–118]

Besides conductivity, processing could also enhance the me-
chanical properties and stability of MXenes. Liu et al.[119] pre-
sented a biomimetic nanocomposite between MXenes and PE-
DOT:PSS produced by vacuum-assisted filtration. The sam-
ple showed a six times higher tensile stress than the initial
Ti3C2Tx MXene had. Stability of MXenes toward degradation was
achieved by Wu et al.[120] using hydrothermal carbonization of
glucose, adsorbed on the Ti3C2Tx MXene at 160 °C. This re-
sulted in the formation of a carbon layer (carbon nanoplating),
which protected MXenes from degradation not only at ambi-
ent conditions but also during hydrothermal reactions and high-
temperature thermal annealing.

Processing routes play a crucial role in addressing the limi-
tations of MXenes and enabling their development into high-
performance materials for a wide range of applications, which
was summarized in the recent review articles by Tang et al., Pers-
son et al., Khazaei et al., and Jiang et al.[115,121–123] The further de-
velopment in this direction will accelerate the commercialization
of MXenes and their widespread use in industry.[124,125]

3.2. Processing of MOFs

The techniques to process MOFs aim to enhance their struc-
tural, mechanical, and chemical stability. For instance, the mois-
ture stability of MOF-5 crystals was increased by adding surfac-
tants during the drying process, which resulted in a hydropho-
bic surface.[126] Moreover, activation processes are frequently
employed to eliminate solvent molecules and excess linkers,
thus achieving permanent porosity, large accessible surface area,
and enhanced stability. There are several methods for activating
MOFs, including freeze-drying, chemical treatment, solvent ex-
change using low-surface tension solvents, and more conven-
tional heating and vacuum techniques.[127]

It is widespread to functionalize the pores of MOFs to ex-
ploit their ability to interact with guest molecules. Sol-gel pro-
cessing is one of the most used methods for these purposes.
A sol (colloidal suspension) transforms into a gel-like mate-
rial, which can be used as a precursor for coating or doping
MOFs with guest molecules. Another functionalization was pro-
posed by Sanil et al.,[128] who utilized aminopropylisooctyl poly-
hedral oligomeric silsesquioxane (O-POSS) to selectively func-

tionalize HKUST-1 MOFs, resulting in increased hydrophobic-
ity and moisture stability. The authors showed that this approach
is universal by functionalizing MOF-74 and MIL-100(Fe) in the
same way to gain hydrophobicity with the introduction of O-
POSS.

Another objective of processing MOFs is to enhance their
electrical conductivity, which is a must-have property for the
straightforward application of MOFs in sensors, optoelectronics,
and (photo)catalysis. Several review articles are dedicated to this
issue,[61,71,129] all concur on several promising ways to turn MOFs
conductive. These methods include composite formation with
conductive nanomaterials, post-processing, impregnation with
guest molecules, or combination with conductive polymers.

These findings have practical implications for a broad range of
MOF applications, such as gas separation, catalysis, and energy
storage.[130–132] Recent advances in processing techniques have
enabled the development of MOFs with improved stability and
selectivity.[69,133]

3.3. Processing of Perovskites

One of the primary obstacles to perovskites’ wide use is their
inherent instability, which results in degradation under envi-
ronmental conditions such as exposure to moisture, heat, and
light. There are several ways to avoid this, such as chang-
ing chemical composition or using processing like thin film
encapsulation,[134] utilizing additives,[135] and employing anti-
solvent engineering.[136]

Similar to MXenes and MOFs, thermal annealing is one of the
most common ways to improve the stability and homogeneity
of perovskites.[137] Pool et al.[138] demonstrated that conventional
annealing using a heating plate is not the only way to make such
a process. Instead, they performed radiative thermal annealing
(RTA) of FAPbI3 spin-coated film using a NIR lamp. It was shown
that the best condition to form the perovskite phase is heating
at 170 °C for 40 s using this RTA. The other alternative to con-
ventional heating could be even room temperature processing to
achieve perovskite crystallization.[139]

Surface treatment is another promising approach for per-
ovskite processing. For example, the incorporation of organic
molecules, such as alkylamines or carboxylic acids, was used to
passivate the surface of perovskite solar cells and prevent undesir-
able chemical reactions.[140] The addition of different tin halides
forms a protective layer on the surface of perovskites, which helps
prevent moisture and other environmental factors from affect-
ing the film. Among the proposed additives (SnI2, SnBr2, SnCl2,
SnF2), tin chloride (SnCl2) is the most efficient in improving per-
ovskite stability at ambient conditions. In fact, SnCl2 demon-
strated a remarkable 6.7-fold increase in stability compared to
pristine B-𝛾 CsSnI3, as evaluated by monitoring the absorbance
at 500 nm.[141]

Finally, doping is one of the most widespread ways to im-
prove the stability of perovskites. The literature explores various
cations for this purpose, including group 14, transition metals,
alkaline earth metals, trivalent cations, and polymers.[142–146] All
the mentioned routes also proved to manipulate the optical prop-
erties of perovskites through a band alignment or changing the
bandgap.[147]
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 21951071, 2024, 17, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adom

.202303194 by SH
A

N
G

H
A

I IN
ST

 O
F C

E
R

A
M

IC
S, W

iley O
nline L

ibrary on [17/12/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advopticalmat.de


www.advancedsciencenews.com www.advopticalmat.de

While processing perovskites is a complex and challenging
task, realizing their full potential in photovoltaics, LEDs, and sen-
sors is essential.[148–150]

Despite the considerable advancements in processing MX-
enes, MOFs, and perovskites, there is still plenty of room to
develop new methods to address their challenges.[151] In this
regard, laser processing offers several advantages over conven-
tional processing techniques, as extensively discussed in the next
section.[152]

4. Laser Processing of Emerging Nanomaterials:
Impact on their Properties and Performance

The use of lasers in the synthesis and modification of nanomate-
rials has been actively developing in recent years due to their effi-
ciency, precision, and versatility.[153] Laser-assisted methods offer
several advantages over other methods. These include the ability
to achieve spatial selectivity down to the diffraction limit and, in
some cases, even beyond, facilitate nanostructuring, enable lo-
cal thinning or increasing the porosity, provide precise control
over the shape and size, and manipulate material properties with
minimum fabrication steps (often without the need of special en-
vironmental conditions). Recently, some of the laser-assisted ap-
proaches have been implemented for the synthesis and modifi-
cation of MXenes, MOFs, and perovskites.[17,18,24]

Laser irradiation is different from other light sources in that it
has spatial and temporal coherence, is monochromatic, has low
divergence, and is highly intense. The basics of laser processing
rely on the excitation of electrons from the equilibrium state by
the absorption of photons by atoms or molecules.[154] Once the
irradiation is absorbed, the light intensity with the depth decays
according to Beer-Lambert’s law:

I (z) = I0e−𝛼z (1)

where 𝛼 is the absorption coefficient, and I0 – is the initial inten-
sity of the beam just reaching the surface. The optical absorption
depth is often defined as 1/𝛼, indicating the value in which the
intensity decreases to 1/e of the original value when considering
linear optics. Other effects take place while using short pulses
or materials with a nonlinear refraction index, like self-focusing,
defocusing, and soliton propagation.[155] Laser-induced matter
modification can be achieved through a variety of mechanisms,
which can be broadly classified into three categories: photother-
mal effects, photochemical effects, and nonlinear optical effects
(Figure 5). The probability of non-linear absorption increases
with shorter pulses since the pulse width is less than the relax-
ation time. Figure 5 illustrates that non-thermal carrier-carrier
Coulomb interactions start at the fs timescale. Hot electrons can
undergo cooling by the emission of phonons. Relaxation to opti-
cal phonons typically takes from fractions to several ps, while to
acoustic phonons, from several to dozen ps. Beyond this thresh-
old, thermal processes appear. Thermal diffusion arises from
electron-lattice interactions and phonon coupling.[156]

In the photothermal theory, the laser energy is absorbed by free
electrons in the material. The excess energy of the excited elec-
trons is rapidly transferred to the lattice, causing the rise of the
temperature, and is rapidly dissipated through electron-electron

Figure 5. Timeline illustrating the processes behind laser treatment. Sum-
marized using the reported data.[156,160]

scattering. The energy is further transferred to the surround-
ing environment through electron-phonon coupling.[155,157,158] In
photochemical processes, lasers can initiate or accelerate chem-
ical reactions in the material, which is sufficient to break bonds
directly (photo-decomposition), leading to changes in the mate-
rial’s chemical structure and new properties.[159,160] In nonlinear
optics, the interaction of laser irradiation with the material pro-
duces new photons with different frequencies and/or directions.
Various effects, including self-focusing, self-phase modulation,
and harmonic generation, can be used to create new materials or
to modify the properties of existing ones.[161]

Considering the variety of mechanisms, it could be difficult
to identify or predict the exact one for the particular case since
a whole set of parameters and material properties needs to be
taken into account, affecting the outcome, such as local heating,
melting, ablation, or photoinduced chemical reactions.

The quality and properties of nanomaterials synthesized or
processed using lasers rely on such key laser parameters as
wavelength, power density, pulse duration and frequency, beam
profile, pulse energy, and scanning speed.[21,152,153,162,163] For in-
stance, in the case of continuous wave (CW) or nanosecond
pulses, the absorption happens due to single-photon interactions,
following the classical heat transfer model, while for the shorter
femtosecond and picosecond pulses, there is an optical break-
down and multiphoton absorption, which results in a decreased
depth, and an additional opportunity for non-thermal transitions
to take occur.[155] For ultrashort pulses, the laser width is sig-
nificantly shorter than the electron cooling time, which allows
to neglect energy transfer from electrons to the lattice. Conse-
quently, electrons reach high temperatures while the lattice re-
mains relatively cool. This implies that for longer ns pulses, the
whole treated nanoparticle will be heated, while for fs and ps, only
the surface lattice is heated, which protects the shape and size of
nanoparticles. This phenomenon could potentially preserve the
shape and size of processed nanoparticles. Simulations showed
that using the fs laser the maximum laser penetration depth is
≈40 nm.[156]

When we aim to understand the mechanisms behind the pro-
cessing of new materials, lasers are often treated as black boxes,
which limits the advancement of fundamental science. This sec-
tion discusses the methods employed in the synthesis and prop-
erties manipulation of emerging nanomaterials. The literature
data regarding processing types, crucial experimental details, and
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results are summarized in Table 1 and are discussed in the text
below.

CW-nanosecond lasers, where the thermal effect is dominant,
are often used when the possible thermal damage of the sur-
rounding area is not critical, and the short pulses are used for
more sensitive and localized processing.[164]

Briefly, the most used lasers for processing emerging materi-
als are CO2 (CW/μs), Nd:YAG (ns), diode (CW), fs, and ps laser
with unspecified source (likely Ti:sapphire or fiber lasers). CO2
and ns lasers are typically favored for annealing and scribing. The
ultrashort pulses are a more preferable choice for materials abla-
tion because of the minimal heat-affected zone and high spatial
resolution, which results in minimal material damage in the ap-
plications with high precision.

It is important to note that the terminology used to describe
different laser processes significantly varies from report to re-
port. This variation arises from the author’s choice to highlight
different aspects or propose their own more relevant terms. To
simplify understanding, we have classified laser-assisted strate-
gies into several approaches based on the underlying processes.
These approaches are divided into:

- annealing and scribing as its special case (Sections 4.1 and 4.2),
- ablation and cutting as its special case (Sections 4.3 and 4.4),
- other less widespread methods (Section 4.5).

To ensure clarity, we provide explicit definitions of each pro-
cess at the beginning of every subsection, even though, in some
cases, it is not obvious how to separate the laser effects as there
might be their combination.

4.1. Laser Annealing

Laser annealing is a conventional technique for modifying the
surface properties of different materials by rapidly heating the
material to high temperatures for a short time. Annealing can
significantly alter the material’s crystallinity, morphology, or elec-
tronic properties without removing it from the surface.[208] Un-
like thermal annealing, laser annealing often does not require
special environmental conditions or a vacuum to prevent oxida-
tion or contamination due to its high speed and localized area.[209]

Additionally, the laser effect is localized and could be used to treat
specific parts of the material with free-form patterning. Laser an-
nealing is applicable for the processing of temperature-sensitive
substrates, which is not possible with thermal annealing and
thus has a limitation in working with low melting point mate-
rials. Annealing occurs at a specific threshold depending on sev-
eral factors, such as laser wavelength, power density, pulse du-
ration, and the material to be processed.[210] During annealing,
laser radiation is absorbed by the material’s surface, raising its
temperature. Temperature control is realized through the choice
of pulse length and laser intensity to achieve localized melting.
The heat diffuses according to the thermal gradient, and further
cooling down results in recrystallization. This is the physical pro-
cess behind it, which is leading to alterations in the crystal lat-
tice structure, roughness, size and shape of the particles, and de-
fect concentration. All this together enhances the crystallinity and
changes morphology of the material (Figure 6a).[211] Low thermal
dissipation is needed to achieve the high temperature gradient

and heating rate characteristic for laser annealing, and the ability
to modify properties with nanometer resolution and impact only
desired areas, leaving the rest of the material intact.[212] However,
heat dissipation along with processing conditions will also de-
fine the cooling rate, which increases with power decrease.[213]

The cooling rate is the highest right after the laser is off, with
a tendency to slow down with time. Depending on the aim and
conditions, a laser might also facilitate the integration of dopants
into the material or induce surface carbonization, which will in-
troduce or increase electrical conductivity. Laser annealing has
been reported to synthesize or modify the properties of MOFs
and perovskites, making them suitable for energy, sensing, and
optoelectronic applications.

4.1.1. Laser Annealing of MOFs

An illustrative example of laser annealing applied to MOFs is re-
ported by Tang et al.,[165] who systematically investigated laser-
induced annealing of 12 different MOFs on 8 conductive sub-
strates using CO2 laser (4.8 W). Laser annealing was used to car-
bonize MOFs to form transition-metal-based core-shell compos-
ites, where the high temperature induced by the laser in MIL-
101(Fe)/NF caused the decomposition of the organic ligands
forming carbon and reducing Fe ions to Fe metal NPs. In the
presence of air, Fe is oxidized to form stable Fe3O4. The carbon
atoms rearrange themselves to form a core-shell structure around
the metal particles for their further use in electrochemical water
splitting. Compared to thermal annealing, the use of laser irra-
diation helped to reduce the processing time, avoid the use of
an inert atmosphere, and prevent aggregation while maintain-
ing a high yield. This strategy is promising not only for water
splitting but also for the fabrication of supercapacitors and sen-
sors (Figure 6b).[165] Meanwhile, another study suggested syn-
thesizing Cu-BTC (also known as HKUST-1) by immersing an
oxidized copper substrate in a solution of trimesic acid and ir-
radiating it with a nanosecond Nd:YAG laser at a wavelength of
532 nm. The acid decomposes into H+ and BTC ions, while the
reaction of H+ with copper hydroxide on the substrate generates
Cu2+. Laser energy induces the generation of Cu2+, OH hydroxyl
radicals, and highly transient temperatures. These temperature
changes induce chemical reactions between Cu2+ and BTC ions.
As a result, a MOF film with a thickness of ≈10 μm is formed on
the copper substrate. The process behind this is explained with
the following reactions:

Cu(OH)2 + hv → Cu2+ + 2OH− (2)

2H3BTC → 6H+ + 2BTC3− (3)

3Cu(OH)2 + 6H+ → 3Cu2+ + 6H2O (4)

3Cu2+ + 2BTC → Cu3(BTC)2 (5)

These investigations pave the way for photothermal laser pro-
cessing to be used to synthesize other MOFs for energy materials
and devices.[166]

To date, those are the only works that specifically discuss laser
annealing of MOFs. Most commonly, the laser is used to form
specific shapes, which is more related to laser scribing.
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Figure 6. Laser annealing. a) Schematic illustration of the process. b) Laser annealing of different types of MOFs. Reproduced with permission.[165]

Copyright 2021, Wiley-VCH. c) Simulation of the temperature reached on the surface of the perovskite precursor on the substrate. Drawn following the
report.[167]

4.1.2. Laser Annealing of Perovskites

Conventional thermal annealing faces challenges in precisely
controlling the crystallization of perovskites and is time and
energy-consuming, which makes perovskites incompatible with
low-temperature and fast fabrication required for certain devices.
Laser annealing may overcome these limitations and enable the
mass-production of perovskite solar cells with improved effi-
ciency. For instance, 1064 nm pulsed laser irradiation was used to
induce photothermal crystallization of a thin MAPbI3 film. The
selection of the appropriate wavelength is critical and should de-
pend on the absorption characteristics of the perovskite precursor
so that high-absorption regions are avoided to prevent ablation.
In the study of Malyokov et al., the temperatures reached by laser
processing are comparable to those attained during thermal an-
nealing (Figure 6c). The temperature range of 120–160 °C was
found to be optimal, resulting in a grain size of 490 nm and uni-
form morphology.[167] Different laser wavelengths (405, 450, and
660 nm) were applied in continuous mode to improve the crys-
tallinity of perovskites. Among these, the 450 nm was the most
effective for laser-induced crystallization. This is due to the in-
duced local heating (≈100 °C) occurring only at the center of the
spot, where the temperature gradient acts as the driving force
for the formation of large grains. In this case, laser processing,
unlike conventional thermal treatment, provides local and rapid
heating (43 °C s−1), leading to large grains formation, which is
impossible to reach using an oven.[168] All the other examples of
laser annealing of perovskites are directly dedicated to the fabri-
cation of optoelectronic devices and are discussed in Section 5.

4.2. Laser Scribing

Laser annealing is effective in locally changing material prop-
erties through the photothermal effect, while laser scribing uti-
lizes the same effect with a focus on creating specific patterns
within emerging materials rather than modifying the entire sur-

face (Figure 7a). Laser-induced fabrication of predefined shapes
is also referred to as patterning, writing, or carving in various
works. Numerous laser options are available for scribing, rang-
ing from near UV to IR, meaning that physically there could
be a combination of photothermal and photochemical effects, or
one of the mechanisms dominating.[214–216] As the material ab-
sorbs the laser irradiation, thermal expansion or shrinkage oc-
curs, creating stress and causing hollow grooves or trenches on
the surface.[217] Laser exposure can cause structural changes in
nanomaterials through photochemical and photothermal effects
such as photolysis and redox processes, modifying the chemical
composition and structure. The exact mechanism of laser scrib-
ing depends on laser parameters, material properties, and the
substrate’s optical and mechanical properties, as well as the de-
sired pattern geometry.[218] It is crucial to note that excessive laser
energy can result in rapid phase changes leading to ablation, dis-
cussed in subsection 4.3.

Figure 7. Laser scribing of MXenes. a) Schematic illustration of the pro-
cess. b) Morphology change introduced by laser scribing. Adapted with
permission.[173] Copyright 2020, Elsevier.
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4.2.1. Laser Scribing of MXenes

Nowadays, laser scribing with different sources is a widespread
approach. The most often used lasers remain CO2 or Nd:YAG,
especially for the fabrication of microsupercapacitors (MSCs)
and other energy-related applications. Studies have shown that
laser scribing of MXenes using CO2 lasers and less powerful
engravers significantly enhances the performance of MSCs by
increasing porosity.[169–171,219] However, the heat generated dur-
ing the process may also cause partial oxidation of MXenes on
the pattern edges, which in turn can adversely affect the device’s
performance.[170] Li et al.[172] proposed to form a dense and uni-
form Fe3O4 layer between two MXene layers using laser crystal-
lization, creating a barrier that prevents oxygen from reaching the
Fe3O4 layer, thus reducing oxidation and improving electrode sta-
bility. The resulting MXene/Fe3O4/MXene sandwich-like struc-
ture showed a specific capacitance of 46.4 mF cm−2 and impres-
sive cycling stability. Except for oxidation, the issue that MXenes
could face in MSCs is the hindered ion transport caused by the
restacking of 2D layers. However, laser processing can address
this problem as well. Ultrafast laser writing helped to open the
restacked layers and form a mesoporous structure of Ti3C2Tx
(Figure 7b).[173] Under the influence of the laser, the -OH sur-
face groups and adsorbed water molecules were removed from
the surface of Ti3C2Tx nanosheets. In contrast, the appearance
of bubbles on the surface and a significant increase of the thick-
ness from 2 to 32 μm evidenced the gasification, as was previously
shown for the case of laser reduction of graphene oxide (GO).[220]

Mentioning laser patterning of GO, in recent works, MXenes
have often been combined with graphene-based materials for
SCs.[221,222] Laser scribing of MXenes/graphene has proven to be
useful not only for energy-related applications but also for sen-
sors, ranging from simple pressure sensors to more complex
wearable platforms. For instance, Zhao et al.[175] reported a pres-
sure sensor fabricated by patterning a MXene/GO film on a flex-
ible polydimethylsiloxane (PDMS) substrate using a CO2 laser.
The hybrid film on PDMS was first heated in an oven to 90 °C,
and then the laser was used to reduce GO and pattern lamellar
network-like cross-linked MXene/rGO structures.[174] A very sim-
ilar system was used to achieve LIG/MXenes nanocomposites on
a PDMS substrate fabricated using two-step laser processing.[175]

Going further to wearable electronics, laser scribing was ap-
plied to develop MXene-reinforced hierarchical nanofibers for
e-tattoos. Sharifuzzaman et al.[176] utilized the laser carboniza-
tion (LC) of MXene-poly(vinylidene fluoride) nanofibers to im-
prove conductivity (up to 4 Ω sq−1), as well as mechanical
strength and flexibility, which make them ideal for use in wear-
able devices. Later, the same group used the LC technique
to create porous laser-carbonaceous nanofibers (LCNFs). This
method overcomes the limitations of traditional thermal pro-
cessing by providing greater control over carbonization condi-
tions, which ensures consistent conversion and enables scalable
production. It was shown that laser power and speed affect the
structure and carbonization efficiency. The implementation of
laser on several steps (carbonization itself and cutting) in this re-
search allowed the development of highly electrically conductive
(15.6 Ω sq−1) and porous Ti3C2Tx-derived soft nanohybrid patch
(TiO2@LCNFs), which was further used in bioelectronic textile
(TiO2@LCNFs-based HBeT). The presence of Tx during the laser

irradiation gives the high thermal activity of Ti in Ti3C2Tx to form
crystalline TiO2 in the desired areas.[177]

4.2.2. Laser Scribing of MOFs

The spatially confined tuning of properties of already fabricated
MOFs through laser scribing was discussed in several works
and is getting more widespread to get MOF derivatives.[223] It
is well known that laser patterning can greatly increase surface
area without the need to heat the whole surface, which typically
involves maintaining temperatures above 1000 °C for several
hours. This effect is widely used for graphene, its derivatives, and
metal nanoparticle processing.[224,225] Moreover, laser scribing
enables the fine-tuning of pore sizes, which effectively enhances
sorption properties. As a result, to benefit from such a modifica-
tion, most of the patterned MOFs are primarily used to fabricate
MSCs. However, since these emerging materials are mostly in-
sulating or poorly conducting (as discussed in Section 2.2), im-
proving their electrical conductivity poses a significant challenge.
This factor is rarely explicitly addressed in research papers, but
it affects specific capacitance, which is crucial for energy applica-
tions.

Laser scribing can be done on both rigid and flexible sub-
strates. For instance, Zhang et al.[178] made a direct patterning of
drop-casted MOF films on a quartz substrate using a CO2 laser to
obtain laser-induced MOF-derived carbon. Under the laser’s in-
stant influence, it is possible to achieve local temperatures as high
as 2000 °C. The laser-induced carbonization was replicated for six
different MOFs with various metal ions (including Zn, Co, Cu, Al,
Fe, and Ni). According to XRD analysis, the laser power played
the most crucial role in the result. While values less than 4 W re-
sulted in full carbonization, the higher powers led to carbon oxi-
dation to CO2 in the form of gas and ablation. The best product in
terms of the mesoporous structure formation and electrochem-
ical capacitance was achieved on MOF-199@ZIF-67, which was
later used in MSCs fabrication.[178] The CO2 laser pyrolytic car-
bonization technique was extended to flexible substrates to create
a porous laser-induced MOF-derived graphene on kapton, a ma-
terial commonly used in flexible electronics. The significant in-
crease in porosity was caused by the laser-induced temperature
gradient across the entire thickness of the sample. The result-
ing MSC device not only exhibited stable performance but also
demonstrated remarkable flexibility, withstanding bending up to
150 degrees.[179] A recent study by Kogolev et al.[180] demonstrated
direct laser scribing for carbonization of UiO-66, resulting in in-
creased porosity and electrical conductivity (with a sheet resis-
tance down to 10.4 ± 3.1 Ω sq−1). Notably, such laser patterning
also improved the stability of MOFs, as evidenced by constant
sheet resistance values even after an abrasion test. What sets this
work apart is that the authors grew MOFs on a hydrolyzed waste
PET substrate via a solvothermal synthesis route and then pro-
cessed it with a 405 nm microsecond pulse laser, resulting in a
more environmentally friendly fabrication cycle.[180]

As highlighted in subsection 2.4, the combination of emerg-
ing materials may lead to significant benefits in developing
new electronic devices, and laser scribing enables precise tun-
ing of the properties of MXene-MOF composites. Processing of
this combination may result in improved electrical conductiv-
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Figure 8. Laser scribing of MOFs. The processes behind nano-LaMP. Reprinted with permission.[38] Copyright 2019, American Chemical Society.

ity, surface roughness, and light absorption. Salauddin et al.[181]

demonstrated these advantages by utilizing laser-carbonized
MXene/ZiF-67 nanocomposite layers in triboelectric nanogen-
erators (TENGs), leading to higher output voltage and current.
The porous structure of the nanocomposite layer, with its high
density of charges, increases the surface potential and allows for
longer retention of surface charges. Furthermore, the nanocom-
posite layer enhances light absorption and scattering in TENGs.
Finally, the electrical properties of TENGs are further enhanced
through increased conductivity and capacitance of the nanocom-
posite layer.[181]

Uniform heating and precise positioning of MOF crystals
are critical factors not only for patterning but also for MOFs
synthesis and future implementation in devices. Traditionally,
bottom-up and top-down approaches are utilized to create MOFs
in targeted locations. However, both of these approaches have
limitations, as different techniques are only compatible with spe-
cific MOF types and reaction conditions. Therefore, they are not
universal. Laser-based MOFs synthesis might be a more prac-
tical tool for precisely controlling heating spots. Hirai et al.[182]

demonstrated the potential of laser synthesis of MOFs using in-
frared (IR) laser writing. This method utilizes a laser with a wave-
length of 9.2–10.8 μm and a maximum power of 12 W to selec-
tively heat MOFs precursors and induce their self-assembly into
MOF crystals. The technique allowed the fabrication of various
MOFs (MOF-5, HKUST-1, ZIF-8, UIO-66, and Zn-JAST-1) with
precise control over size and position and was compatible with a
wide range of MOF precursors and substrates without the need
of chemical functionalization.[182] This work demonstrates that
laser scribing offers greater flexibility in designing and synthe-
sizing MOFs for specific applications than conventional meth-
ods. Additionally, the control over heating spots can lead to the
formation of MOFs with improved crystallinity and morphology,
which in turn can enhance the performance of MOF-based de-
vices. In situ crystallization was shown for the synthesis and pat-
terning of a luminescent MOF based on terbium Tb(BTC)·G with
a wavelength in the visible range (532 nm). The high concentra-
tion of energy within the spot volume of less than 1 μm3 allowed
the nucleation and growth of Tb(BTC)·G. Improved crystallinity
resulted in enhanced luminescence, represented by two peaks: 1)
the Tb ions within the framework, which produced an antenna
effect and amplified the luminescence intensity, and 2) the or-
ganic groups in the Tb(BTC)·G linkers absorb photons and trans-
fer this energy to the Tb ions within the framework, resulting in
luminescence.[183] These two works showed that laser processing
could perform two tasks simultaneously – synthesize and pattern
MOFs.

However, the fundamental processes and applications are not
limited to those. Recent research demonstrated that laser pattern-

ing can be employed for the synthesis of metal nanoparticles, in-
cluding Fe, Co, Ni, Zn, Cd, In, Pb, and Bi, using the correspond-
ing MOF precursors (MIL-100, ZIF-12, Ni-BTC-bipy, HKUST-1,
Zn-MOF-74, Cd-MOF-74, CPM-5, Pb-TCPP, and CAU-7). This
innovative approach was assigned as “nanoscale laser metallurgy
and patterning” (nano-LaMP) (Figure 8). The processing scheme
involves placing MOF between two pieces of glass and irradiating
it from the top. So, this way it is not only patterning, but also laser-
induced transfer. By utilizing nano-LaMP, the high absorption
of MOF results in photothermal conversion with temperatures
reaching up to 2500 K in a reducing atmosphere. This heat affects
the metal ions in the MOF, and is transferred to carbonaceous
organic linkers. This leads to the formation of reductive species,
which reduce metal ions to atoms, which results in the formation
of metal nanoparticles. This technique not only proves to be fast
and efficient for synthesizing various metals but also results in
uniform particle size and, more importantly, enhanced chemical
stability. For instance, the achieved Cu nanoparticles are homoge-
neously coated with protective graphene layers, effectively shield-
ing them from oxidation and preserving their metallic properties
for up to six months in air and humidity. Overall, nano-LaMP
offers a promising avenue for advanced materials synthesis and
device fabrication, presenting an exciting prospect for various ap-
plications in the future.[38] Nano-LaMP was further extended to
fabricate metal alloy nanoparticle patterns using three different
MOF precursors. This method allows to make highly uniform
patterning with desired shapes. Depending on the method adap-
tation, it is possible to control the optical, electrical, and catalytic
properties of Cu-Zn alloys. Even though the potential implemen-
tation is not limited to these particular metals.[184]

Whereas nano-LaMP typically completely destroys the frame-
work and reduces MOFs to nanoparticles, laser photolysis can
selectively remove photosensitive linkers without compromising
the integrity of the framework, resulting in MOFs with hierar-
chical porosity. Wang et al.[185] followed this approach, using a
405 nm laser as the energy source for the photolysis. Since that
wavelength could be absorbed by the organic ligands, it resulted
in the generation of highly reactive species that formed the de-
sired MOF structure. The use of a laser to induce photochemical
reactions in this way allowed for the rapid and precise synthesis
of MOFs with tailored morphologies and properties, opening the
door to MOF lithography. This work, unlike others, shows the
way to directly process MOF powders.[185]

4.2.3. Laser Scribing of Perovskites

Laser scribing is particularly useful for large-area displays that
utilize halide perovskites. Even though the researchers should

Adv. Optical Mater. 2024, 12, 2303194 © 2024 Wiley-VCH GmbH2303194 (15 of 33)

 21951071, 2024, 17, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adom

.202303194 by SH
A

N
G

H
A

I IN
ST

 O
F C

E
R

A
M

IC
S, W

iley O
nline L

ibrary on [17/12/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advopticalmat.de


www.advancedsciencenews.com www.advopticalmat.de

carefully consider the irradiation conditions. Perovskites are sen-
sitive to high temperatures, so focused or high-power laser treat-
ment may result in undesired degradation of their properties.
Nevertheless, recent studies have shown that successfully opti-
mizing laser parameters for patterning perovskites minimizes
these issues. For instance, Huang et al. presented a breakthrough
reversible 3D laser printing of PQDs in a transparent glass
medium. Femtosecond laser induces nonlinear multiphoton ab-
sorption in the perovskite precursor solution, resulting in a 3D
CsPbBr3 QD structure inside the transparent glass. This method
allows for the precise engineering of PQDs with high photolumi-
nescence (PL) intensity. The reversibility in this work means that
the PQD structure could be erased and rewritten using the same
laser by varying the power density and exposure time. While eras-
ing PQDs back to CsBr and PbBr2 with a decrease of PL intensity
caused by laser-induced defects, further laser processing reforms
CsPbBr3 QDs and increases the intensity back.[186] In this study,
the researchers did not focus on modifying the bandgap during ir-
radiation. Nevertheless, it is theoretically feasible to achieve such
modifications. Bandgap engineering was shown using a pulsed
Nd:YAG with various wavelengths (1064, 532, and 355 nm). Laser
scribing facilitates the release of halide ions from the solvent,
allowing for controlled ion exchange and precise tuning of the
bandgap in a patterned area. Such processed perovskites were im-
plemented for narrow blue and green photodetector arrays with
a high resolution of ≈53 pixels per inch.[187] Both of these devel-
opments hold significant potential for advancing optoelectronic
devices with tailored properties and functionalities.

While laser processing has shown promise in improving the
performance of the devices, it can also be used to achieve precise
control over the structure and properties of perovskite materials.
Understanding the laser-induced processes in organic-inorganic
materials is not intuitive since the mechanisms were mostly
proposed for organic or inorganic ones. Kanaujia and Vijaya in
turn focused on investigating the chemical/physical laser effect
in organic-inorganic perovskite (C6H9C2H4NH3)2PbI4; CHPI.
Laser processing of layered perovskite films resulted in simul-
taneous ablation, melting and agglomeration, chemical modi-
fication and/or surface roughness, and nano/microstructuring,
while not affecting the underlying glass substrate. The authors
propose the dominant mechanism of single-photon absorption
and highlight several details, namely, the energy diffuses out of
the laser focus spot, forming a temperature-affected zone. While
melting, a plasma plume containing evaporated nanoparticles
appears. Finally, hot particles release heat and condense on the
edges of the patterned area (Figure 9). This work would also be
suitable for the subsection “Laser ablation of perovskites”, but we
keep it here to highlight the purpose of making precise pattern-
ing. The size of the processed area is controlled, as in many other
works, by changing the speed, laser power, and spot size.[188]

4.3. Laser Ablation

High-energy laser radiation is capable of inducing phase changes
in material leading to its removal from the substrate. This pro-
cess is called ablation. While a laser interacts with the sample,
a part of the material leaves the surface in the form of elec-
trons, ions, atoms, particles, and clusters. Each of these pro-

Figure 9. Laser scribing of perovskites. Used with permission.[188] Copy-
right 2016, Royal Society of Chemistry; permission conveyed through
Copyright Clearance Center, Inc.

cesses is separated in time and space.[226] Depending on the wave-
length, the ablation process is usually a combination of ther-
mal and non-thermal mechanisms. A non-thermal mechanism
occurs when the photon energy is higher than the binding en-
ergy of atoms in the material, or the field created by laser ra-
diation is high enough to break the atomic lattice and eject the
ions and atoms without heating. That is why the typical choice
is the femtosecond lasers.[227] Non-thermal laser ablation is of-
ten used to ablate heat-sensitive materials, such as biological tis-
sues and polymers, as it causes minimal damage to the surround-
ing material.[228] On the contrary, during the thermal process,
electrons absorb the energy of laser photons and transfer this
energy to the atomic lattice, leading to the bond breaking and
generation of high-temperature plasma.[229] The intense heat and
pressure generated by the plasma expansion rapidly evaporate or
sublimate a portion of the material, which is then ejected from
the surface.[230–232] The material below the surface is not signifi-
cantly heated, and the ablation process does not cut through the
material. This approach is suitable for materials with high melt-
ing points. Briefly, laser ablation can be described in three pro-
cesses: plasma formation, plasma expansion, and particle ejec-
tion. The first process strongly depends on the choice of the laser
and could be thermal (ns pulses), thermal + non-thermal (ps), or
non-thermal Coulomb explosion (fs). Plasma expansion depends
on the energy and gas environment. Thus, choosing the pulse
duration and conditions affects the ablation results the most.

Laser ablation proves to be a valuable tool due to its selective
removal. This ability also allows for in situ deposition and the cre-
ation of highly precise patterns and structures at sub-micron lev-
els, making it ideal for creating heterojunctions and other com-
plex structures. Laser ablation has been successfully applied to
modify the properties, perform structuring, and achieve specific
performance of emerging nanomaterials discussed in this re-
view.

4.3.1. Laser Ablation of MXenes

Laser ablation is currently extensively used to fabricate MXene-
based electrodes. Femtosecond lasers are the most preferred
choice for these purposes because of their ability to create ultra-
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Figure 10. Laser ablation of MXenes a) Ablation to induce transformation from Ti3C2 to anatase TiO2. Reproduced with permission.[189] Copyright 2020,
John Wiley and Sons. b) Scheme of the novel and efficient way to synthesize MXene quantum dots/graphene composite. Redrawn with permission.[24]

Copyright 2022, John Wiley and Sons.

narrow interspace widths between the electrodes. This feature
is particularly advantageous for MSCs. A recent study demon-
strated that the width of these lines can be finely adjusted by
controlling the laser power, achieving a remarkable lateral dis-
tance of 800 nm.[189] In this work, the ablation process led to a
phase transformation from Ti3C2 to anatase TiO2 due to the lo-
calized heat and pressure breaking chemical bonds. This tech-
nique facilitates the high-precision alignment of the MSCs, fur-
ther enhancing their performance (Figure 10a). Similarly, the for-
mation of TiO2 as an outcome of femtosecond laser ablation was
previously demonstrated in another work, where microchannels
were formed on the surface of MXenes. This process induced
the generation of ions due to exceeding the optical breakdown
threshold, molecule ionization, and dissociation. The ablation
process played a key role in creating nucleation-preferable mi-
crochannels on the surface of the MXene electrode, which en-
abled uniform lithium deposition and improved the stability of
the lithium-metal battery.[190]

To prevent the issue of stacking, MXenes were combined with
other materials like MoS2. Thus, Chen et al.[191] demonstrated the
direct laser etching of a free-standing MXene-MoS2. This tech-
nique eliminated the need for additional substrates and resulted
in MSCs with a high energy density of 15.5 mWh cm−3 and excel-
lent capacitance retention, maintaining 98% of its initial capac-
itance even after 6000 bending cycles. Combining MXenes with
1T-MoS2 was also great for the precise temporally and spatially
shaped laser ablation to reach miniaturized MSCs with the line
width from micron down to record 200 nm resolution.

Laser synthesis of MXenes is another development strategy
that allows the production of highly conductive surfaces with ex-
cellent energy storage and harvesting capabilities. One notable
example of this approach is the study by Zang et al., which
demonstrates the potential of laser processing for the fabrication
of MXene-based MSCs. The researchers used a metallo-hydrogel
deposited onto a substrate to synthesize transition metal carbides
(TMC), including MoCx, WCx, and CoCx, with a macroporous
structure. The TMCs were further patterned using a laser cut-
ter with a resolution of 25 μm to integrate electrodes for energy
storage using interdigitated supercapacitors. The processing with
CO2 laser vaporized the residual solvent and carbon source. The
precise control over laser parameters enables the sculpting of car-

bide layers, resulting in ultrathin MXene films with large surface
area and relatively high electrical conductivity (≈300 S cm−1). The
fabricated MXene-based micro-supercapacitors (MSCs) demon-
strated high capacitance, high energy density, and excellent cy-
cling stability, demonstrating the potential of laser-synthesized
MXenes for energy storage applications. Furthermore, TMCs
have the potential for diverse applications, including solar-steam-
generating membranes for use in harsh environments.[192]

As mentioned above, MXenes are often combined with
graphene materials. A recent innovation in this context is
the synthesis of MXene quantum dots/graphene composite
(MQD/LRGO) through ultrafast laser processing using a tempo-
rally and spatially shaped (Bessel) laser. The method involves ir-
radiating a Ti3C2Tx target in GO dispersion (Figure 10b). This
elegant approach promotes the simultaneous reduction of GO
nanosheets and the formation of MQDs, while various laser field
distribution affects the degree of reduction and uniformity. Sur-
prisingly, except for the excellent electrochemical performance
and improved mechanical strength, resulting MQD/LRGO ex-
hibits high transparency, making it an attractive material for
use in transparent supercapacitors. The electrochemical perfor-
mance was evaluated using cyclic voltammetry (CV) and galvano-
static charge-discharge tests, which showed a high specific capac-
itance of 10.42 mF cm−2 (91% transmittance). This is attributed
to the unique structure of the composite, providing a large sur-
face area (up to 256.88 m2 g−1) and excellent electrical conductiv-
ity, enabling fast charge transfer and high capacitance.[24]

4.3.2. Laser Ablation of MOFs

The precise structuring of MOFs is important for practical im-
plementations in energy, biomedicine, and electronics, and las-
ing is the tool to contribute to these tasks. For instance, highly
efficient ZIF-8 patterning was achieved through maskless laser
processing of thin ZnO layers on the top of paper-like ceramic
sheets. Patterning with a tunable resolution was achieved by laser
removal of nanoparticle regions with different scanning speeds.
The laser-processed precursors further turned to MOF through
the gas-phase reactions with ligands. Interestingly, the widen-
ing of the edges caused by ablation likely occurred due to ad-
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Figure 11. Laser ablation to pattern MOFs. Reproduced with permission.[193] Copyright 2021, John Wiley and Sons.

ditional local sintering of new ZnO NPs during the laser treat-
ment (Figure 11).[193] The other substrates, apart from ceramics,
are also useful for ablation. A recent study by Navarro et al.[194]

demonstrated the potential of laser perforation of brass sheets to
activate the support for further ZIF-8 uniform crystal growth on
one side. Such configuration allowed for the fabrication of gas
separation micromembranes aiming for future applications in
carbon capture and hydrogen purification, among other areas.

Finally, laser ablation synthesis in solution was used for in situ
fabrication of ZIF-67 with tailored size and geometry. It is based
on the laser ablation of a Co target in a 2-methylimidazole so-
lution. The 1064 nm pulsed Nd-YAG laser energy was absorbed
by the target and converted to heat, causing the target to ablate
and eject Co atoms and ions into the solution to react with 2-
methylimidazole and form ZIF-67 crystals. The laser parame-
ters, such as power, scanning speed, and precursor concentra-
tion, can be controlled to tune the size and geometry of the crys-
tals. Laser ablation generates a plasma plume with extreme con-
ditions (10000 K and 100 MPa) that accelerates the nucleation and
growth of ZIF-67 crystals with high crystallinity, uniform size dis-
tribution, and sufficient structural stability.[195] The same strategy
was applied for the fabrication of Cu3(BTC)2(H2O)3 MOF[196] and
bismuth-based MOF.[197]

4.3.3. Laser Ablation of Perovskites

Laser ablation of perovskites is an important fundamental task
since its mechanism is different compared to the processing of

other photovoltaic materials. Also, precise patterning, often in an
inert atmosphere to exclude exposure to oxygen and humidity,
is important to produce high-quality solar cells. As a result, re-
search efforts are more concentrated on elucidating the underly-
ing mechanisms and exploring physicochemical processes rather
than on simplified patterning applications. There are multiple
attempts to reach “clean” layer interconnections without the re-
moval of the substrate or degrading the electrical properties.[233]

To deeply understand the ablation mechanism, several re-
search groups performed perovskites laser ablation using pulses
of different durations. Among others, Turan et al. have per-
formed a systematic investigation of perovskite ablation by using
a nanosecond pulsed laser to selectively remove the perovskite
absorber layer from a glass substrate, leaving behind a precisely
patterned structure. The researchers utilized three laser sources
operating at different wavelengths (355, 532, and 1064 nm), each
with a pulse duration ranging from 7 to 15 ns and a power out-
put varying from 10 mW to 1 W. By controlling the laser fluence
and number of laser pulses, the authors were able to optimize the
precise patterning process with minimal damage. The patterned
perovskite solar cells exhibited high PCE and stability over time.
The solar module efficiency plot showed that sheet resistance of
6 Ω sq−1 and specific contact resistance of 10 Ω mm could yield
an efficiency of 18.44%. This simple yet efficient approach has
great potential for meticulous patterning and large-scale solar
energy harvesting.[198]Schultz et al.[199] termed the mechanism
behind “classical” laser ablation, meaning that heating, melting,
and evaporation have leading roles in the process, with minimal
mechanical impact. The study also revealed that shifting from ns
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Figure 12. Laser ablation with ns and ps pulses to pattern solar cells. Adapted with permission.[199] Copyright 2020, Elsevier.

to ps pulses changes the ablation mechanism to selective removal
of the metal-halide perovskite absorber layer in solar cells. Us-
ing ns pulses caused explosive boiling due to rapid heating, dam-
aging the underlying ITO substrate, whereas the latter involved
mechanically stress-assisted lift-off ablation, which affected only
the perovskite layer and caused less thermal damage. Picosec-
ond laser ablation allowed successful patterning of the solar cells
without damaging the ITO layer beneath and achieving series re-
sistance as low as ≈0.010 Ω cm2 (Figure 12).[199]

Typically, ultrashort pulses are preferable to use as their time
is shorter than the electron cooling time so that electrons do not
transfer their energy to the lattice, which results in rapid evapo-
ration and more efficient ablation to make “clean” patterns. Dur-
ing the femtosecond laser ablation, the proposed steps include
the following: absorption through a two-photon process, abla-
tion with the change of the morphology, melting and recrystal-
lization followed by agglomeration (on the edges), and chemi-
cal and physical modifications caused by laser-induced heat and
pressure. Following the Gaussian distribution, the transforma-
tion in MAPbBr3 after the lasing was divided into 4 zones.[234]

Considering the versatility of laser ablation ways to process
perovskites, it was investigated how different parameters (pulse
duration, wavelength, fluence, and irradiance direction) affect
the ablation mechanism. Three distinct mechanisms were pro-
posed for this case: thermal ablation, thin film delamination lift-
off process (before was mentioned as mechanical stress-assisted
lift-off ablation), and grain lift-off process. The first process, de-
noted as thermal ablation, occurs for lasers with a wavelength
in the region where perovskites provide sufficient absorption to
reach high temperatures and induce material evaporation. In-
terestingly, unlike the previous works, the research by Bayer
et al.[200] suggested that the main factors that determine the abla-
tion mechanism are wavelength and irradiation direction (direct
or through the substrate) rather than the pulse duration. There-
fore, for the longer wavelengths where perovskites exhibit low
absorption (above 800 nm for MAPbI3), ablation goes through a
lift-off process. This difference occurs directly from the localiza-
tion of heating spots. Once the perovskites have strong absorp-
tion, laser energy converts into heat inside the perovskite layer. It

induces its evaporation, but if the absorption is low, the heating
is localized at the perovskites/substrate interface so that the gen-
eration and expansion of vapors in the interface create enough
pressure to delaminate the film. These two mechanisms could be
combined by the bottom-top irradiation (irradiation through the
substrate) with the wavelength in the range of thermal ablation.
The combination of the two mechanisms appears to be preferen-
tial for the perovskite patterning, minimizing cracks at the edges
caused by melting. The grain lift-off ablation was observed for a
1064 nm laser (10 ps) and occurs outside the melting zone. The
mechanism behind such a process is the laser-induced heating
of the material in the spot center and lifting out the grain at the
spot edge.[200]

4.4. Laser Cutting

Laser cutting is a form of laser ablation, based on a laser beam
that cuts materials in straight lines or curves. There are differ-
ent mechanisms to do that, e.g., vaporization, melting and blow-
ing, burning in reactive gas, thermal stress cracking, and cold
cutting.[235,236] The five laser-cutting mechanisms differ in how
the heat from the laser beam interacts with the material.

To facilitate comparison, we introduce the scale from 1 to 100,
reflecting relative energy, where 100 represents the highest ap-
plied energy (Figure 13). Vaporization is a high-energy process,
as the laser beam heats the material above its boiling point, caus-
ing it to vaporize and eject from the surface. It requires a very
high relative energy of 40 on this scale. In the case of melting and
blowing, the laser beam melts the material with ≈2 times less rel-
ative energy than vaporization. The resulting molten material is
then blown out, resulting in a clean cut. Burning in reactive gas is
a high-energy process that heats the material to its kindling tem-
perature, causing it to burn in a jet of reactive gas. This process
requires ≈4 times less relative energy than melting and blowing.
Thermal stress cracking is a low-energy process that uses a laser
beam to create a thermal field in a brittle material, such as glass.
This thermal field causes the material to crack along a predeter-
mined path. In comparison with the previous cutting technique,
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Figure 13. Progressive effects of increasing laser energy on a material’s
surface. At low energy, thermal stress and cracking occur, reaching burn-
ing in reactive gas, melting, and vaporization as energy levels rise. At the
highest energy, “cold cutting” with a femtosecond laser is achieved, result-
ing in a precise and clean cut through the material.

this one requires 5 times less relative energy. Cold cutting is a
low-energy process that uses femtosecond lasers to cut materi-
als without generating any significant heat, producing clean cuts
with minimal surface damage. In relation to the cutting mecha-
nisms mentioned, this is the one with the highest relative energy
level, ≈100.[235,236]

Femtosecond lasers were used to produce flexible and porous
MXenes ribbons with uniform dimensions and significantly en-
larged surface area.[201] Benefiting from these properties, the rib-
bons were used for the fabrication of supercapacitors with a spe-
cific capacitance of 1.3 F cm−2. Ultrashort pulses are convention-
ally utilized for ablation and cutting, respectively, while the other
important factor is the choice of wavelength. UV lasers are prefer-
able for precise device fabrication due to their smaller spot size,
while IR CO2 lasers with a larger spot size and higher power
density may induce unwanted photothermal effects on the sur-
face and result in undesirable products.[237,238] Another work ded-
icated to MSCs fabrication uses a UV laser to cut blade-coated
MXene films on Ni foils to create interdigitated finger electrodes
with good specific capacity and excellent stability when bent up
to 120°.[202]

4.5. Other Laser-Based Approaches

In addition to the well-established laser processing techniques
discussed above, some less conventional methods contribute to
the formation of composites and improve material properties.

For instance, a laser powder bed fusion was used to fabricate
an MXene-decorated Ti alloy. In this process, the laser melts the

metal powder and binds it with the MXene particles, resulting
in a robust composite. Given that MXenes tend to oxidize, the
process was performed in a nitrogen-rich environment. These
MXene-reinforced metal matrix composites are proposed for use
in aerospace, automotive, and biomedical engineering.[203]

Other extraordinary approaches are focused on the processing
of MOFs. One such method is laser shock evaporation, a form of
laser-induced forward transfer (LIFT) that facilitates the deposi-
tion of thin films of material onto a substrate via pulsed laser.[239]

Recently, An et al.[204] utilized laser shock evaporation to synthe-
size a MOF nanocomposite. The process involved the synthesis
of MOF and liquid metal (LM) particles, mixing them, and sub-
jecting the mixture to pulsed laser treatment. There is a challenge
with using LM as a thermal agent – they have a high surface ten-
sion, which makes it difficult to uniformly cover the surface of
other materials. To overcome this issue, a laser was used as a pro-
cessing tool to redistribute the LM on the complex surfaces of the
MOF crystals. Specifically, a Nd:YAG laser with 1064 nm wave-
length and 7 ns pulse duration was used to initiate transient heat-
ing and evaporation of the LM in a confined space. This resulted
in the formation of a thin layer of LM nanoparticles (LMNPs)
on the surface of the MOF crystals. The resulting MOF@LMNP
composite has both the high porosity of MOF crystals and the
high thermal conductivity of LM, making it an attractive mate-
rial for thermal management applications.[204] The femtosecond
laser treatment of MOFs also addressed the problem of produc-
ing stable and efficient ultrafine noble metal catalysts mediated
with MOF-derived highly defective metal oxides. The laser was
used to irradiate the Ce-MOF, which resulted in the formation
of high-density defective metal oxides containing numerous oxy-
gen vacancies. These vacancies provide active sites for the deposi-
tion of ultrafine noble metal nanoparticles for highly efficient and
stable catalysts due to the strong interaction between the metal
nanoparticles and the defective metal oxides. In particular, that
was done to make a laser-induced CeO2-mediated Pt catalyst (L-
Pt@CeO2). A Ce-based MOF was used as the starting material
and was irradiated with a laser in the presence of a Pt precur-
sor. The laser-induced reduction of the precursor materials gen-
erated the active catalyst and CeO2 support material. This laser
processing technique demonstrated high efficiency, with a con-
version rate of over 90% of metal ions to metal nanoparticles.
Moreover, the laser-reduced metal nanoparticles exhibited stabil-
ity and resistance to agglomeration, which is desirable for their
use as catalysts.[205] The recent work of Van Lam et al. on the
laser-induced sulfurization of nickel-based MOFs serves as an ex-
ample of one more method for improving the stability and per-
formance of MOFs. By impregnating the MOF with sulfur and
using a pulsed CO2 laser, the authors were able to produce ultra-
small and uniform metal sulfide nanoparticles (NiSx, CoSx, and
MnS/MnO) in just a few minutes. The laser process involved car-
bonizing the organic ligands in the MOF into porous carbon,
which reduced the metal ions in the MOF to metallic nanopar-
ticles and triggered the graphitization of the carbon, producing
metallic nanoparticles confined in graphitic carbon. The laser-
sulfurized MOFs exhibited outstanding electrochemical perfor-
mance and cycling stability, indicating potential for future en-
ergy material design.[206] Another technique for depositing thin
films on a substrate via pulsed laser is femtosecond pulsed-laser
deposition (femto-PLD). While it may not be straightforward to
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deposit pristine ZIF-8, it can be improved by using hybrid ZIF-
8 films with polyethylene glycol 400. PEG serves as a carrier
for ZIF-8, aiding in its ablation under ultrahigh vacuum condi-
tions.The femto-PLD was performed using a laser with a wave-
length of 516 nm and pulse width of 442 fs to ablate the hy-
brid ZIF-8/PEG. Thus, starting from PEG-modified ZIF-8 pow-
der, pure ZIF-8 films were obtained on sapphire substrates.[207]

4.6. Summary of the Laser Impact on Emerging Nanomaterials

Section 4 brings together the most notable papers in the research
and engineering direction of laser processing of MXenes, MOFs,
and perovskites published up to date. The most valuable meth-
ods for processing these materials are laser scribing and laser
ablation. Laser scribing is useful for all three materials and is
especially used in practice for the fabrication of the supercapaci-
tor electrodes. Localized laser treatment demonstrates its ability
to enhance crystallinity, electrical properties, promote carboniza-
tion, and, in the case of MOFs, fine-tune pore sizes. Furthermore,
laser patterning was used to synthesize metal nanoparticles us-
ing MOF precursors. Laser ablation turned out to be a particularly
useful tool for patterning perovskite solar cells. The manuscripts
dedicated to this topic are the most fundamental among all the
papers cited in this review, as a deep understanding of mecha-
nism and parameters influence will significantly affect the perfor-
mance of perovskite optoelectronics. In addition, high-powered
lasers find application in the precise cutting of emerging materi-
als to create ribbons or devices of specific shapes.

The most used lasers for all the cases are Nd:YAG, and CO2,
while the pulse duration varies from short (ns) to ultrashort (fs,
ps) pulses, with very few works utilizing wider ones (ms). The
short pulse lasers offer more precise size control and energy
transfer due to limiting the thermal effects, as well as faster pro-
cessing for the shorter pulses.[162] The “optimal” combination of
the material, laser source, power, and pulse duration results in
different outcomes, from local surface modification to a complete
cutting.

Given the promising results achieved by now and the existing
gaps in our knowledge, future developments should be focused
on the following directions:

- Enhanced efforts on optoelectronics. As discussed in Sec-
tion 1, the optical properties of these materials have not
yet been fully discovered. Nevertheless, the materials already
exhibited potential for application in solar cells, LEDs, and
photodetectors.[22,240] Section 5 touches on some of these find-
ings, including the flexible ones, but there is plenty of room for
further in-depth research.

- Theoretical studies. Most of the works rely only on experimen-
tal data, while future research should also involve theoretical
investigations of the effect of the laser. Simulations can provide
valuable insights into the underlying processes, technology op-
timization, and a deeper understanding of these materials’ na-
ture.

- Fabrication of composite materials. Laser processing showed
its efficiency in forming flexible composites with different
nanomaterials.[19,241] This section showed several examples
with all three materials. However, there are almost unlimited
options for the combinations and tuning of the materials, and

future research will lead to the fabrication of new, flexible,
lightweight, and conductive composites.

- Technical improvements and scaling up. The engineering opti-
mizations would result in more reproducible results, large-scale
fabrication, and commercialization.

High interest in the various processing techniques indicates
that this field will continue developing, resulting in new func-
tional materials for various purposes, including optoelectronics
and photocatalysis.

5. Applications of Laser-Processed Emerging
Nanomaterials in Flexible Optoelectronics

In Section 4, we discussed the approaches to synthesize and pat-
tern emerging nanomaterials through laser processing. This sec-
tion provides an overview of the use of these laser-based strate-
gies, aiming for the fabrication of flexible optoelectronic devices
based on MXenes, MOFs, and perovskites. Furthermore, this sec-
tion identifies opportunities for future research in this exciting
field. Table 2 summarizes the key findings from this section, pro-
viding a useful reference for the readers, showing that the use of
laser-processed emerging materials has the unlocked potential in
flexible optoelectronics.

5.1. Laser Processing for MXenes Optoelectronics

As was mentioned above, laser processing of MXenes is exten-
sively used for MSCs and electronics. At the same time, the appli-
cations in optoelectronics are still limited, with only a few recent
studies demonstrating the material’s potential (Figure 14a). Such
a low interest could be explained by the bandgap values not en-
tirely matching the demands for LEDs or photodetectors, poten-
tially unwanted surface reactivity, and the currently insufficient
level of technology optimization. Despite that, recent progress
shows the potential to overcome these challenges by combining
MXenes with other materials, making QDs, or discovering and
exploiting new properties. Photolithography is a common tech-
nique used in the semiconductor industry to pattern materials
onto a substrate.[252] By using this approach, MXene films have
been patterned into a pixel array on a SiO2/Si wafer, with a resolu-
tion of up to 2 μm, which is a significant improvement over other
large-area patterning methods that typically have resolutions of
10 μm or more (Figure 14b). The process involves spin-coating
a photoresist layer onto the MXene film, exposing the film to
UV light through a mask over certain areas, and dry-etching
the MXene film. This multistep processing resulted in a high-
performance photodetector with a light-to-dark current ratio of
6.22⋅106 and specific detectivity of 7.73⋅1014 Jones.[242] Similarly,
Kim et al.[253] proposed using a photomask to expose a pattern
of interdigitated electrodes on a rigid Si/SiO2 substrate. Next, an
MXene composite was spin-coated onto the patterned substrate.
After the film dried, the photoresist was removed with acetone,
and a polyimide layer was deposited on the MXene layer. Finally,
the SiO2 layer was etched away with a strong acid, leaving the MX-
ene electrodes on the PI film. This process yields MXenes on a
flexible substrate via photolithography and transfer. The need for
compatible photoresist and etching processes limits photolitho-
graphic patterning of MXene films on flexible substrates. This
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Table 2. The use of laser-processed emerging materials in flexible optoelectronics.

MXenes

Laser strategy Performance Application Reference

Laser photolithography light-to-dark current ratio of 6.22⋅106; D* of
7.73⋅1014 Jones

photodetectors Li et al., 2022[242]

Laser ablation and patterning under 808 nm: R of 11.59 AW−1 and D* of
4.41 × 1011 Jones; under 532 nm: R of
84.77 AW−1 and D* of 3.22 × 1012 Jones;
image sensor arrays (25 × 50 pixels)

photodetectors Ren et al., 2020[22]

Laser synthesis – nano-MXenes terminated
with halogens via the pulsed laser
irradiation

enable interfacial ionic stabilization resulting
in PCE up to 24.17%

PSCs with MXene interfacial layer Guo et al., 2022[243]

MOFs

Laser scribing – synthesis high broadband light absorption; Pv of
42 000 kW m−3

solar steam generator Jiang et al., 2020[244]

Laser ablation in liquid – synthesis precise morphological and structural control potentially applied in various
optoelectronics fields

Ribeiro et al., 2019[195]

Laser ablation in liquid – synthesis intense red emission at 614 nm under UV
excitation with Φ = 40%

potentially applied in various
optoelectronics fields

da Costa and de Azevedo
2016[245]

Perovskites

Laser annealing – surface treatment PCE of 20.23% PSCs You et al., 2020[168]

Laser-induced heat treatment – surface
treatment

PCE of 13.03% PSCs Trinh et al., 2020[246]

Laser annealing – surface treatment PCE of 12% PSCs Jeon et al., 2016[247,248]

Laser ablation PCE of 15% over 83 cm2 active area PSCs Palma et al., 2017[249]; Razza
et al. 2021[250]

Laser patterning – microstructuring precise patterning; efficient
photoluminescence at ≈518 nm

LEDs Kanaujia and Vijaya, 2016[188]

Laser ablation – patterning high-precision and high-quality structures;
luminance of 18.390 cd m−2; current
efficiency 1.9 cd A−1

LEDs Liang et al., 2022[248]

Laser photolithography ablation – patterning highly ordered nanoholes and nanostripes
(250 nm), metasurfaces (500 nm),
nanowire lasers (500 nm)

various optoelectronic devices Zhizhchenko et al., 2020[251]

Note: D*, specific detectivity; Φ, quantum yield; PCE, power conversion efficiency; PSCs, perovskite solar cells; Pv,volumetric thermal power; R, photoresponsivity.

limitation has hindered the widespread adoption of photolithog-
raphy for this application.

Direct laser patterning has been developed as a more versatile
and compatible approach to patterning MXene films on flexible
substrates. This route was used to fabricate image sensor arrays
from MXene-perovskite hybrid materials. In this process, a fem-
tosecond Nd:YAG laser is used to selectively remove the MXene
layer on the perovskite surface in three stages to form patterned
structures with high precision and resolution. The first step rep-
resents laser processing to pattern the MXene film on the glass
substrate, using a ns laser to obtain multiple channels. The per-
ovskite layer is further deposited on the top of this surface. In the
second stage, the as-deposited perovskite/MXene/glass is trans-
ferred into ambient air again, and a second laser scribing process
with a lower power output (0.25 W) is used to remove the excess
photoactive layer. In the last stage, a third laser scribing process
with laser power of 2 W is used to split the perovskite photoactive

layers and the MXene electrodes with a width of 120 μm. This
step is necessary to isolate each pixel. Such patterned MXene-
perovskite hybrid materials exhibit high photoresponsivity (R)
and specific detectivity (D*) in the visible to NIR range (e.g., un-
der 808 nm: R of 11.59 AW−1 and D* of 4.41 × 1011 Jones, and
R of 84.77 AW−1 and D* of 3.22 × 1012 Jones under 532 nm),
making them suitable for the use in photodetection and image
sensor arrays (25 × 50 pixels) with high resolution and sensitiv-
ity (Figure 14c).[22] MXenes are promising for interfacial engi-
neering in perovskite solar cells due to their layered structure. A
laser-based technique produced nano-MXenes with tailored halo-
gen terminations, stabilizing the interface between the electron
transport layer and the perovskite layer. Nano-MXenes formed
strong ionic bonds with the perovskite, which retarded the lat-
tice instability that can degrade PSCs (Figure 14d). Consequently,
PSCs with nano-MXenes showed excellent long-term stability, re-
taining 85% of their initial PCE after 1000 h under thermal stress
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Figure 14. a) Schematic illustration of MXene laser patterning. b) Laser patterning of a MXene/Si combination; photodetector and optical images of the
patterns with microscale resolutions. Reproduced with permission.[242] Copyright 2022, John Wiley and Sons. c) Scheme of the laser-scribing process
to fabricate a large image sensor array for vis-NIR photodetection. First, laser scribing (P1) is used to pattern MXene film, and then (P2) is used to
remove the excess of the photoactive layer. The third laser-scribing (P3) splits the perovskite and MXene layer in perpendicular directions. Redrawn with
permission.[22] Copyright 2020, Royal Society of Chemistry. d) Halogen-terminated nano-MXenes and perovskites by laser processing for highly stable
hybrid perovskite. Reproduced with permission.[243] Copyright 2022, John Wiley and Sons.

of 85 °C and 1000 h under maximum power point operation con-
ditions, paving the way for their commercialization.[243] Addition-
ally, laser scribing could be used to create both patterns and func-
tional nanostructures on MXene surfaces, such as nanoripples
that are aligned with the laser polarization. This process is re-
versible, and the material can be switched back and forth between
a flat and rippled morphology by further laser illumination. Re-
versible nanorippling could be used to tailor the functionality of
MXenes to control light absorption and reflection. This is because
the nanoripples can trap and scatter light, which is useful to en-
hance the performance of MXene-based devices in optoelectron-
ics applications.[254]

5.2. Laser Processing for MOFs Optoelectronics

There are not numerous but several recent emerging examples
of the use of MOFs for flexible optoelectronics. The graphene-
metal composite synthesized through lasing by Jiang et al.[244] is
one such example. The laser irradiation induced two processes,
the first of which is photothermal transduction of laser energy
by Cu2+ ions in MOF, resulting in the rise of local temperature
up to 2200 K. Such high temperatures simultaneously initiate
the second process – pyrolysis of organic species in MOF. Py-
rolysis creates a 3D graphene skeleton and makes a reducing at-
mosphere to reduce Cu2+ ions to Cu nanoparticles, which get
incorporated into the graphene. In the end, the resulting ma-
terial exhibited high broadband light absorption and was used

to demonstrate an efficient solar steam generator with a Pv of
42 000 kW m−3.[244] Laser ablation in liquid is another tool that
contributes to optoelectronics by forming a highly luminescent
MOF Eu(TMA)(H2O)4. The resulting MOF had a well-defined
rod-like shape with a maximum length of 2 μm. The optical prop-
erties of Eu-MOF were characterized by PL spectroscopy, which
showed intense red emission at 614 nm under UV excitation with
a quantum yield of 40%.[245] The highly efficient luminescent
MOFs are crucial for a range of applications in optoelectronics,
sensing, and imaging.

5.3. Laser Processing for Perovskite Optoelectronics

The combination of high absorption coefficients, long carrier dif-
fusion lengths, and tunable bandgap makes perovskites more
obvious candidates for use in optoelectronics than MXenes and
MOFs. Laser processing strategies (Figure 15a) proved to be use-
ful in modifying crystal structure and surface properties, as was
highlighted in the previous section. Unlike two other emerging
materials whose applications are mostly focused on supercapac-
itors, the implementation of laser irradiation to perovskites is
specifically aimed at applications such as LEDs, photodetectors,
and solar cells.

Perovskites are among the materials whose laser processing
stages, underlying mechanisms, and parameters were investi-
gated in detail as these aspects are critical to reaching maximal
crystallinity (Figure 15b), precise patterning (Figure 15c–e), and
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Figure 15. a) Schematic representation of the laser processing techniques for perovskite optoelectronics. b) SEM images of perovskite film by laser
annealing with the size distribution. Used with permission.[168] Copyright 2020, Royal Society of Chemistry. Permission conveyed through Copyright
Clearance Center, Inc. c) Fluorescence images of laser-patterned CsPbBr3 film. Reprinted (adapted) with permission.[248] Copyright 2022, American
Chemical Society. d) SEM images of MAPbI3 film irradiated by a single fs pulse. Reproduced with permission.[251] Copyright 2020, John Wiley and Sons.
e) Laser thinning mechanism of MAPbl3 film. Reproduced with permission.[251] Copyright 2020, John Wiley and Sons. g) Laser patterning of MAPbI3 for
different optoelectronic devices. Reproduced with permission.[251] Copyright 2020, John Wiley and Sons. h) LED device structure and images created
using a CsPbBr3 film by laser ablation. Reprinted (adapted) with permission.[248] Copyright 2022, American Chemical Society.

enhanced device efficiency. Perovskite solar cells (PSCs) have
rapidly achieved high PCEs in recent years.[255] However, PSCs
are still susceptible to degradation, which can be caused by exter-
nal and intrinsic factors.[256,257] Nanosecond pulsed UV laser was
used to improve both the stability and efficiency of PSCs without
compromising the thickness of the film. The laser-increased PCE
up to 19.3% for planar PSCs with a triple cation composition,
which is an improvement over the 18.0% PCE achieved without
laser annealing. Additionally, some devices retain their perfor-
mance for up to 1000 h. Even higher PCE was achieved in the
methodological research of the influence of 405, 450, and 660 nm
continuous wave lasers on crystallinity and grain size of MAPbI3
and the mixtures ((CsPbI3)0.05(FAPbI3)0.95-(MAPbBr3)0.05). A PCE
of 20.23% was achieved by using a 405 nm laser with a scan-

ning speed of 25 mm min−1 and a laser power of 150 mW. The
quality of the laser-annealed perovskite films is closely tied to
the photovoltaic efficiency of the PSCs, as the crystallinity of the
films is a critical factor (Figure 15f). This suggests that ultrafast
laser-annealing is a promising technique for the fabrication of
highly efficient PSCs.[168] Processing with a longer wavelength of
1064 nm with a pulsed (ns) laser caused an increase in the crys-
tallinity and grain size of the perovskite films, contributing to a
relatively high PCE of 13.03%.[246] The same laser crystallization
of MAPbI3 with a 1064 nm laser also showed an increase of PCE
up to 12%, indicating that the wavelength is not as crucial a pa-
rameter as the power density, which greatly affects the grain size.
The photothermal heating, which is triggered by the absorption
of light by the substrate, was shown not only for rigid substrates
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like glass (MAPbI3-PEDOT:PSS-ITO-glass), but also adapted to
flexible systems (ITO-poly(ethylene-2,6-naphthalate)).[247]

Besides these findings, laser ablation was used in many other
works to scale up and fabricate pixel-structured large-area per-
ovskite solar modules.[249,250] For these purposes, three-step laser
processing was coupled with interface engineering. Patterning
each structural element in solar panels was used to create ho-
mogeneous, interconnected individual solar cells. First, laser ab-
lation was used to pattern glass/transparent conductive oxide
(transparent electrode) to separate individual solar cells and limit
the impact of resistance increase. The second ablation step re-
moved deposited ETL, HTL, and perovskite layers to clean trans-
parent conductive oxide vertical interconnections. Finally, the
third ablation step was used to create a pattern on the second
electrode. In the end, structured solar modulus achieved a PCE
of 15% over an 83 cm2 active area.[250] This three-step patterning
was also used to create a SnO2/meso-TiO2-based fully flexible per-
ovskite module, which showed a PCE of 8.8% over a 12 cm2 active
area.[258]

The fabrication of highly luminescent perovskite stripes and
surfaces with a size of up to 250 nm was achieved by femtosecond
pulsed laser ablation.[251] Investigated MAPbI3 has extremely low
thermal conductivity of ≈10−3 W cm−1 K−1, which results in low
heat dissipation during the processing, which, in turn, preserves
PL properties. This work strongly focuses on the mechanism be-
hind it, proposing that laser ablation takes place in several stages.
The first and less energetic stage is the sublimation of organic
parts at locally induced temperatures ≈600 K with the formation
of PbI2-rich regions. The second and third stages are attributed
to the changes in PbI2 itself, namely melting at 680 K and evapo-
ration at 920 K. This explanation is close to the one proposed by
Kanaujia and Vijaya[188] discussed above in Section 4, but more
precise. This work shows the implementation of pixel structures
for displays, linear and non-linear optical elements, optical infor-
mation encryption, and surface coloring (Figure 15g).[251]

Although ablation is the most used, it is not the only
laser-based strategy to create perovskites optoelectronics. Liang
et al.[248] recently showed an efficient way to achieve perovskite
crystallization and patterning via laser transfer to a target sub-
strate. They used inorganic CsPbBr3, which indicated that, un-
der the right conditions, laser processing is efficient for any type
of perovskites, attributing the mechanism to nonlinear multi-
photon absorption. The obtained low-defective and precisely pat-
terned (pixel width up to 2 μm) structures showed remarkable
emission (18.39 cd m−2 and 1.9 cd A−1), being excellent choices
for fabricating LEDs with improved performance (luminescence
490 cd m−2, and 0.27 cd A−1 current efficiency) (Figure 15h).[248]

Besides patterning films, a more novel and efficient way is
patterning PQDs for the fabrication of miniaturized micro-LED
displays, anticounterfeiting applications, and nanolasers, even
though the direct laser patterning might be challenging because
of the ligand removal and losing the intrinsic high PL of PQDs.
Zhan et al.[259] proposed in situ laser fabrication and gamma
phase patterning of CsPbI3 PQDs, in which the PL quantum yield
was not affected, remaining at 92%. Such processing was imple-
mented to fabricate a grating, showing different colors from dark
blue (453 nm) to red (702 nm), varying the angle from 46° to 58°,
and fluorescent patterns of arbitrary shapes visible under the UV
light.[259]

6. Application of Laser-Processed Emerging
Materials in Photocatalysis

Photocatalysis is an important developing research field that
involves the use of materials to accelerate chemical reactions
through the absorption of light. To be an efficient photocatalyst,
the material should have a bandgap that allows absorption in
a wide range. It is highly desired to have a high charge carrier
mobility and the highest possible surface area. MXenes, MOFs,
and perovskites contribute to the development of this exciting re-
search area, while laser processing serves as an efficient tool to
modify material properties to increase their performance.

Laser processing of MOFs was used to produce highly effi-
cient 3D graphene-based catalytic membranes (3D-GCM) with
active metal nanoparticles. In this work, Huang et al.[260] used
MOFs as a precursor of metal ions to be incorporated in sin-
tered reduced graphene oxide sheets by a single-step laser
scribing (1064 nm, 80 ns pulse width). This facile approach
makes it possible to integrate different metallic species into
the graphene structure, resulting in Cu@3D-GCM, Cu/Ag@3D-
GCM, and Cu/Pd@3D-GCM materials for HER. Among all oth-
ers, Cu/Pd@3D-GCM showed the highest H2 catalytic gener-
ation at a rate of 1.3474 mmol g−1 h−1.[260] The close strategy
was used to fabricate MOF-derived Co nanoparticles. They were
further combined with nitrogen-doped porous graphene. Such
electrodes were fabricated on a kapton substrate and used for
water dissociation with OER and HER, showing an efficiency
close to the commercial Pt/C.[261] Laser processing was used
to produce transition-metal carbides (TMCs) from MOFs. Wu
et al.[262] were able to obtain HfC, ZrC, TiC, V8C7, 𝛼-MoC, Cr3C2,
and FeCx nanoparticles with homogeneous sizes (between 6 and
20 nm). There are three criteria that should be fulfilled to achieve
this: 1) sufficient temperature induced by laser heating to acti-
vate metal reduction, 2) efficient contact between metallic and
organic species for homogeneous reaction, and 3) instant cool-
ing and heating to prevent particle coalescence. Achieving these
conditions was possible when using MOFs. In particular, FeCx
nanoparticles were functionalized with nitrogen groups and used
as catalysts in Fischer-Tropsch synthesis. Such catalysts are one
of the most efficient for CO conversion, with an efficiency of
94%.[262]

Gunina et al.[263] demonstrated the application of laser-
processed HKUST-1 MOF for the decomposition of dyes. The
authors investigated the impact of various laser processing pa-
rameters (pulse width, frequency, and laser fluence) on the struc-
ture, properties, and performance of several MOFs. Their find-
ings revealed that HKUST-1 treated with an fs laser operating
at 100 kHz exhibited the most noteworthy photocatalytic activ-
ity against rhodamine 800. Such a performance was attributed to
the laser-induced conversion of MOF into melted particles, char-
acterized by a combination of metal oxides and carbon species.

As for the use of MXenes, laser ablation of several different
MAX phases, including Ti3AlC2, Ti2AlC, Nb2AlC, and V2AlC,
was used to produce quantum dots (MxQD). Their semiconduct-
ing nature and tunable bandgap made them highly promising
in photocatalysts for HER, with a final H2 generation rate of
48.6 mmolsH2/g for 24 h. Even fabricated at non-optimized con-
ditions and agglomerating, these materials are among the best
photocatalysts reported.[264]
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Laser-assisted chemical vapor deposition (LCVD) was used
in the fabrication of nanostructured NaTaO3 and SrTiO3 thin
films for photocatalytic hydrogen evolution. The LCVD process
was conducted on a stainless steel substrate. First, the pre-
cursors for perovskite films (Na(dpm) and Ta(O-i-C3H7)5 for
NaTaO3, and Sr(dpm)2 and Ti(O-i-C3H7)2(dpm)2dpm) were va-
porized and transferred into the LCVD reactor chamber which
was filled with an Ar atmosphere supplemented with O2. The
substrate was preheated to 673 K, and throughout the syn-
thesis, it was irradiated with CW Nd:YAG laser (1064 nm)
with powers ranging from 43 to 64 W. The resulting temper-
ature upon irradiation was measured to range between 793
and 823 K, with these two temperature values proving criti-
cal as they yielded different crystalline forms of the perovskite
films. Specifically, synthesis at 793 K led to orthorhombic crys-
tals for NaTaO3, while 823 K resulted in the monoclinic struc-
ture. Similarly, two distinct phases were observed for SrTiO3:
pure cubic SrTiO3 at 793 K and cubic SrTiO3 with tetragonal
Sr2TiO4 at 823 K. Among them it was shown that orthorhom-
bic NaTaO3 exhibited a remarkable hydrogen evolution rate of
5672 μmol g−1 h−1, and cubic SrTiO3 494 μmol g−1 h−1 upon UV
light irradiation. These rates were significantly higher than the
powder forms of the same compounds (430 and 4 μmol g−1 h−1,
respectively). This substantial improvement was attributed to
more efficient charge separation, resulting in reduced recom-
bination rates facilitated by the formation of roof-like and
cauliflower-like morphologies of NaTaO3 and SrTiO3 thin films,
respectively.[265]

Andrei et al.[266] investigated the efficiency of LaFeO3 grown
on Nb: SrTiO3 substrate using pulsed laser deposition (PLD)
for oxygen evolution reaction. The study also explored the im-
pact of oxygen pressure during growth on the photoelectrocat-
alytic performance of perovskite structures. By varying the oxy-
gen pressure, the authors achieved perovskite thin films with dif-
ferent morphologies. Notably, a pressure of 0.9 mbar resulted in
the highest roughness of 15 nm (root-mean-square roughness),
whereas all other pressures yielded roughness values below 2 nm
(0.05, 0.25, 0.3, 0.6 mbar). In addition to modified roughness, the
sample prepared with 0.6 mbar exhibited superior crystallinity
and lower defect concentrations. This sample demonstrated the
highest photocatalytic performance, producing a photocurrent of
≈1.6 mA cm−2 at the applied potential of 1 V (vs Ag/AgCl) and
illumination with a 405 nm chopped laser (5 mW output power).
Such a high value was attributed to the reduction of oxygen va-
cancies at the thin film’s surface resulting in “optimal” concen-
tration. Excess oxygen vacancies in perovskite films were noted
to act as charge traps for photogenerated carriers, leading to sup-
pressed photocatalytic activity.[266]

Interestingly, until now, laser-processed perovskites were not
exploited for photocatalysis. This might be attributed to other
common methods, like solution-based synthesis or template-
assisted methods, which offer good surface reproducibility and
stable composition with possibilities that have not yet been
exhausted.[267] However, considering that perovskites themself
are promising photocatalysts[268] and laser methods are getting
widespread for perovskites, we anticipate future research works
will cover that topic, for instance, by reducing surface defects or
engineering surface energy.

7. Summary and Outlook

Flexible optoelectronics, wearables, and photocatalytic platforms
are experiencing rapid growth in parallel with the continuous in-
terest in nanomaterials. This review showed the immense po-
tential offered by MXenes, MOFs, and perovskites in shaping
the next generation of efficient devices. We provided a concise
overview of these materials’ properties and synthesis techniques,
focusing on laser-based strategies for manipulating their struc-
tural, optical, and electronic characteristics. Despite the seem-
ingly straightforward concept of laser treatment, the range of pro-
cessing techniques is remarkably diverse, including laser scrib-
ing, laser annealing, laser ablation, cutting, transfer methods,
and several not-that-well-known approaches, for instance, so-
called sulfurization, or pulsed laser deposition. All these have
already been applied to tailor these three emerging materials.
Our work summarizes aspects from the foundational principles
to real-world applications, emphasizing the effectiveness and
promising prospects of lasing.

While laser ablation, cutting, transfer, and annealing have
been widely investigated for years in application to these emerg-
ing materials, a few curious examples should be highlighted:
laser processing applied for the synthesis of MOFs with con-
trolled size and crystallinity or for MQDs – a material with
yet unexplored potential. Implementing nano-LaMP to fabri-
cate nanoparticles or inducing oxygen-containing defects for en-
hanced deposition of noble metals are also creative and even un-
expected findings.

For all the materials considered in this review, stability un-
der laser irradiation is a crucially important factor, and there are
yet unexplored regimes that allow patterning with the required
chemical composition or structure. However, investigating the
full potential of laser processing is strongly limited by an expan-
sive parameter space. Each of the parameters, from the choice
of wavelength to spot size, scanning speed, or focusing, signif-
icantly affects the whole system, especially going down to the
nanolevel. Counting that the processes are material-dependent,
this might get even more challenging. The complexity of the task
can be reduced by investigating both – the mechanisms of the oc-
curring chemical reactions and other effects, including the trans-
fer of the ablated material. Recent works on using machine learn-
ing to optimize experimental parameters will also give a signifi-
cant boost to obtaining high-performance structures.[269–271]

Unavoidably, when it comes to laser processing, many reports
state the result as a function of laser processing parameters rather
than investigating the mechanisms behind it. To some degree,
this situation reflects the complexity of investigating the laser
processing fundamentals, which means that advanced measure-
ment tools and verified models that consider multiple effects are
needed.

Another significant limitation to the widespread adoption of
laser processing is its lack of reproducibility. This issue poses
a substantial barrier to commercialization, as different meth-
ods and slight variations in material composition can yield dis-
parate morphologies, compositions, and properties. This vari-
ability makes it challenging to anticipate and establish standard-
ized performance criteria for devices based on these emerging
nanomaterials.
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To go beyond and get to another level of using these materials
and get efficient processing with lasers, there is a need for in-
terdisciplinary collaborations between materials scientists, engi-
neers, chemists, and physicists. There are numerous applications
of emerging nanomaterials in flexible optoelectronics, and laser
processing has the potential to enhance their performance signif-
icantly. The current findings represent only a fraction of the pos-
sibilities that can be unlocked through further exploration and
innovation.
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