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Ultrafast Laser Processing of 2D Materials: Novel Routes to
Advanced Devices

Aleksei V. Emelianov, Mika Pettersson,* and Ivan I. Bobrinetskiy*

Ultrafast laser processing has emerged as a versatile technique for modifying
materials and introducing novel functionalities. Over the past decade, this
method has demonstrated remarkable advantages in the manipulation of 2D
layered materials, including synthesis, structuring, functionalization, and local
patterning. Unlike continuous-wave and long-pulsed optical methods,
ultrafast lasers offer a solution for thermal heating issues. Nonlinear
interactions between ultrafast laser pulses and the atomic lattice of 2D
materials substantially influence their chemical and physical properties. This
paper highlights the transformative role of ultrafast laser pulses in maskless
green technology, enabling subtractive, and additive processes that unveil
ways for advanced devices. Utilizing the synergetic effect between the energy
states within the atomic layers and ultrafast laser irradiation, it is feasible to
achieve unprecedented resolutions down to several nanometers. Recent
advancements are discussed in functionalization, doping, atomic
reconstruction, phase transformation, and 2D and 3D micro- and
nanopatterning. A forward-looking perspective on a wide array of applications
of 2D materials, along with device fabrication featuring novel physical and
chemical properties through direct ultrafast laser writing, is also provided.

1. Introduction

Over the past two decades, ultrafast laser irradiation has demon-
strated scientific, technological, and industrial potential in a wide
range of applications. In particular, it has evolved into a power-
ful tool for maskless patterning of both 2D and 3D materials.[1]
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In the recent decade, laser processing has
shown several advantages in applications
involving 2D layered materials (2DM), such
as ablation,[2] exfoliation,[3] graphene gener-
ation from other low-dimensional forms,[4]

stimulated growth from the solid phase
(SiC, polyimide, etc.),[5,6] laser induced
chemical vapor deposition (CVD), and
laser-reduced graphene oxide.[7] Despite
extensive reviews on laser processing of
graphene and 2DM,[8–12] there is a notable
gap in the literature related to the nonlinear
effects arising from the interaction of 2DM
with ultrafast lasers. Ultrafast lasers offer a
way to overcome the challenges of thermal
heating caused by continuous-wave (CW)
and long-pulsed laser irradiation. They hold
promise for a green technology approach
to graphene and 2D/3D materials pro-
cessing through subtractive and additive
techniques, with direct laser writing (DLW)
enabling high speed and exceptional res-
olution down to several nanometers.[13–16]

The interaction of ultrafast pulsed laser
irradiation with the graphene lattice

under various environmental conditions can result in doping,[17]

functionalization,[18] reduction,[19] ablation,[20] and precise nano-
and micropatterning.[21,22] It makes ultrafast laser processing
a highly attractive breakthrough technology for manufacturing
graphene-based devices. Furthermore, ultrafast atomic recon-
struction with phase transition has been demonstrated for mate-
rials, such as carbon nanotubes,[23,24] graphene,[25] and transition
metal dichalcogenides (TMDs) such as IrTe2,[26] MoTe2,[27] and
MoS2.[28] Compared with commonly used CW lasers[29] and UV
sources,[30,31] ultrafast DLW (UDLW) offers better control over lat-
tice modification with exceptional precision. UDLW effectively
reduces heating effects, enabling the direct processing of 2D ma-
terials onto flexible substrates. Additionally, ultrafast laser spec-
troscopy has provided valuable insights into the charge carrier dy-
namics in graphene and related materials, accelerating advance-
ments in various applications, including emerging fields, such as
terahertz (THz) optoelectronics.[32]

Here, we present recent advances and a perspective outlook for
ultrafast laser processing of 2DM in the application of novel opti-
cal and electronic devices. In Section 2, we discuss the fundamen-
tals of ultrafast laser interaction with 2DM that make it valuable
for desired processing methods. In Section 3, we provide a sur-
vey of the current state-of-the-art UDLW of 2D nanostructures.
Finally, in Section 4, we discuss the technological perspectives of
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ultrafast laser processing in the advanced photonic, electronic,
and sensor applications of 2DM and compare the mechanisms
behind different applications of ultrafast laser modified nanoma-
terials.

2. Ultrafast Charge Carrier Dynamics in 2D
Materials

Graphene possesses a gapless energy band structure that results
in unique charge carrier dynamics. Initial investigations into the
interaction of ultrafast laser pulses with 2D materials utilized ul-
trafast pulsed-laser spectroscopy methods. The charge dynam-
ics of graphene and other 2DMs have been explored using tech-
niques such as pump–probe spectroscopy,[33,34] ultrafast time-
resolved photocurrent scanning microscopy,[35] ultrafast grat-
ing imaging technique,[36] femtosecond time-resolved angle re-
solved photoelectron spectroscopy,[37,38] and time-resolved optical
pump-THz probe spectroscopy.[39,40] These time-resolved stud-
ies have identified that the energy relaxation dynamics of pho-
toexcited carriers mainly involve carrier–carrier scattering and
coupling to optical, acoustic, and remote substrate phonons.[41]

Carrier–carrier scattering leads to a very rapid (t ≲ 50 fs) broad-
ening of the electron distribution as a function of energy, associ-
ated with thermalization within the electronic system, commonly
referred to as carrier heating.[37,38,40,42,43]

When graphene absorbs electromagnetic radiation, its elec-
trons heat up and produce a detectable thermoelectric response,
even at room temperature.[44] Due to graphene gapless disper-
sion relation, small electron heat capacity, and anomalously weak
electron–phonon coupling, this photothermal electron activation
mechanism is broadband (from UV to visible), highly sensitive,
and fast. Moreover, when exposed to high-energy photons in the
4–5 eV range, an increase in optical absorption was observed.
This rise is attributed to the interband transitions of graphene
from bonding to antibonding states near the distinct saddle-point
singularity at the M point in the Brillouin zone.[45,46]

While relaxation dynamics have been actively studied and
reliable pictures have been proposed for different graphene
models,[41] excitation dynamics have been less investigated due
to a very short timescale. When an ultrafast pulse, either fem-
tosecond (fs) or picosecond (ps), excites carriers in graphene,[47]

the nonequilibrium photogenerated electron and hole distribu-
tions return to equilibrium, according to the scheme shown in
Figure 1a. The carrier generation rate upon ultrafast pulse can be
evaluated using the Bloch equations in the weak pump limit[48]
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where 𝜈F is the Fermi velocity in graphene, w is the pump pulse
width, t is time, and fv and fc are the distribution functions of
charge carriers in valance and conduction bands, respectively. Erf
is the error function, A0 is the vector potential amplitude of the
pulse, and 𝛿 is the detuning (difference between the pulse central
frequency and medium transition frequency). The factor |𝜎𝜆

cv|2

implies the interband matrix element of the sublattice Pauli ma-
trix in the (kx; ky) plane for a linearly polarized pump pulse with
polarization in the 𝜆 direction.

The charge carriers are generated anisotropically by the polar-
ized pump pulse, according to the matrix element |𝜎𝜆

cv|2 in Equa-
tion (1). Thermalization occurs, and subsequently the hot carri-
ers are cooled by interacting with the lattice.[48] In photovoltaics,
these carriers accelerate in the presence of an electric field, re-
sulting in time-dependent photocurrent.

The distribution of charge carriers on the energy scale N(E) can
be evaluated. N(E)dE is the carrier density between the energies
E and E + dE, which gives the total carrier density by integration
over all energies. This energy distribution was evaluated using
Equation (2)

N (E) = ∫ ∫
dk

(2𝜋)2
f (k) 𝛿

(
𝜀k − E

)
(2)

Figure 1b illustrates the carrier generation by optical pulses
in pristine graphene. The carrier dynamics during the excitation
was nontrivial. As long as the charge carrier lifetime in graphene
is about 1 ps,[49] the defined diffusion length (without an applied
electric field) is almost constant for various carrier densities and
is ≈1.4 μm.[36] This results in an unprecedented diffusion coef-
ficient D ≈10 000 cm2 s−1 and mobility μ ≈120 000 cm2 V−1 s−1

due to the high photoexcited carrier energies.
Key relaxation mechanisms include “Thermalization” and

“Cooling” (Figure 1a). Initial and photoexcited carriers thermal-
ize to a drifted “Thermalized Fermi–Dirac” equilibrium distribu-
tion within tens of femtoseconds[51] and to an effective carrier
temperature Te, which is higher than the lattice temperature T
due to the pumped energy in the system.[48,52,53] This eventu-
ally cools the system to a “Cooled Fermi–Dirac” distribution over
hundreds of femtoseconds, aligning with lattice temperature T.
Hot thermally distributed carriers cool due to intraband phonon
scattering. Interband recombination occurs over a much longer
timescale than thermalization and cooling.

Hot electron relaxation typically occurs within hundreds of
femtoseconds, while the lifetime of optical phonons is about 2.5
ps.[43] The difference between interband and intraband scatter-
ing is schematically shown in Figure 1с. Decrease in interband
scattering (also called impact ionization or carrier multiplication)
due to the states filling of unthermalized electrons is mainly re-
lated to the first stage of carrier photoexcitation, while a rise in
intraband scattering due to free carrier absorption is responsible
for hot carriers generation, also known as impact excitation or
Auger heating.[34,36,41]

Impact ionization plays a dominant role in carrier gener-
ation, while intraband scattering, Auger recombination, and
electron–phonon scattering do not generate new charge carriers
in graphene. For single-layer graphene, the relaxation time esti-
mates are ≈8 fs for carrier–carrier scattering, 50–120 fs for carrier
thermalization, 0.1–1 ps for carrier cooling, and 3–15 ps for car-
rier recombination.[49]

Two primary cooling mechanisms were identified for the ultra-
fast pulsed laser photoexcitation of a nonideal graphene lattice.[54]

(I) Supercollision cooling,[55] which produces nonmomentum-
conserving transitions during disorder-assisted scattering, oc-
curs near the charge neutrality point (Figure 1d).[44,56] (II)
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Figure 1. Ultrafast charge carrier dynamics in photoexcited graphene. a) Charge carrier photoexcitation and relaxation mechanisms include “Thermal-
ization” and “Cooling” terms. Adapted with permission.[47] Copyright 2008, American Chemical Society. Adapted with permission.[48] Copyright 2016,
American Physical Society. b) Time evolution of charge carrier distribution for undoped graphene as a function of energy for 40 fs laser pulse. Reproduced
with permission.[48] Copyright 2016, American Physical Society. c) Schematic illustration of carrier scattering processes in graphene: carrier–carrier scat-
tering (CC), optical phonon scattering (op), impact ionization (II), and Auger recombination (AR). Reproduced with permission.[49] Copyright 2012,
American Physical Society. d) Calculated photothermoelectric voltage (in arbitrary units) versus input optical power for supercollision (blue) and con-
ventional (red) cooling, illustrating sublinear and superlinear behavior, respectively. Inset: energy diagram, illustrating two different cooling mechanisms.
Reproduced with permission.[44] Copyright 2016, American Physical Society. e) Electron temperature Te in monolayer graphene as a function of time
delay after fs-laser pulse. The data fit to the three temperature model provided an electronic temperature fit with (solid black line) and without (dashed
amber line) the supercollision (SC) term. From the fit, the temperatures of the optical phonons (solid blue line) and the acoustic phonons (solid red line)
were also obtained. Reproduced with permission.[38] Copyright 2013, American Physical Society. f) Transient photoexcited THz negative conductivity
in graphene for different laser pump fluences in N2, air, and O2. Peak values of the photoexcited negative THz conductivity and carrier relaxation time
extracted from fits as a function of a pump fluence. Adapted with permission.[50] Copyright 2017, AIP Publishing.
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Conventional momentum-conserving electron–phonon cooling
takes place at high charge carrier concentrations.[44,57] Finally, the
recombination process between electrons and holes continues
until the equilibrium distribution is restored.

The evolution of the electron temperature (Te) in graphene is
described by nonlinear differential Equation (3)

I (t) = 𝛼Te

dTe

dt
+ 𝛽1

(
Te − T

)
+ 𝛽3

(
T3

e − T3
)

(3)

where T is the lattice temperature, 𝛼Te is the specific heat of the
graphene carriers, 𝛽1 and 𝛽3 are the rate coefficients for the con-
ventional and supercollision cooling mechanisms, respectively,
and I(t) is the absorbed optical intensity.

Ultrafast optical pulses can significantly disturb the elec-
tron temperature and, in some cases, excite high energy
optical phonons[58] (hot phonons) in addition to acoustic
phonons.[40,43,59] This can increase the carrier scattering rate.[41,60]

Despite the electron-optical phonon scattering time is in the
range of tens of femtoseconds to picoseconds,[33,37] electron
diffusion has minimal impact on T within such a short
timescale. This optical phonon-mediated cooling reduces the car-
rier T from ≈3000–3500 K[43,49,51] to ≈400 K.[35,57,61] A tempo-
ral diagram of the temperature evolution of hot electrons in
graphene after fs-laser illumination is shown in Figure 1e.[38]

Subsequent cooling of the electrons occurs through grad-
ual coupling to acoustic phonons, which takes place over
timescales of ≈100 ps to 10 ns, depending on the charge carrier
density.[61]

In practical applications of UDLW in 2DM, the environment
must be considered. Ultrafast energy relaxation processes de-
pend on the Fermi energy of 2DM, which can be altered in dif-
ferent gas mixtures, and the density of excited carriers, which
can change by photoexcitation fluence.[50] The adsorption of
molecules on 2DM can introduce or reduce the number of phys-
ically adsorbed dopants, shifting the Fermi energy level in these
regions and thus affecting the density of intrinsic carriers. When
the graphene surface adsorbed gas molecules, the density of
the photoexcited carriers changed and the relaxation time of the
doped graphene increased (Figure 1f). Therefore, the presence
of molecules near or at the surface should increase the density
of intrinsic charge carriers and the heating efficiency upon pho-
toexcitation. Moreover, the rise in electron temperature induced
by photon absorption leads to a reduction in the chemical poten-
tial, maintaining a constant total carrier count in the conduction
band. As the energy of the Fermi level decreases, the heating ef-
ficiency diminishes due to the slower intraband carrier–carrier
scattering processes.[62]

Recently, charge carrier dynamics have been studied in novel
semiconducting 2DM, such as phosphorene[63] and mono- and
dichalcogenides SnS and TiS2,[64,65] revealing a mechanism sim-
ilar to graphene, as shown in Figure 1c. The electrons were ex-
cited to high energies in the conduction band during the first 400
fs through the Franck–Condon transition, leaving holes in the va-
lence band. The cooling dynamics of semiconducting nanosheets
can be divided into two processes. Initially, the electrons undergo
thermal equilibrium in the conduction band within 873 fs, and
then the hot electrons cool down to the valence band and recom-
bine with the holes within a lifetime of 97 ps. Thus, the timescales

for these materials are approximately ten times longer than for
pristine graphene due to the presence of a bandgap.

The electron dynamics in MoS2 under ultrafast laser ir-
radiation have been investigated through experiments and
simulations.[66] The monolayer exhibited an intraband relaxation
rate more than 40 times higher than that observed for thick crys-
tals. This enhancement was attributed to defect-assisted scatter-
ing. Monolayer and few-layer structures showed faster electron-
hole recombination due to quantum confinement effects, re-
sulting in an indirect-to-direct bandgap crossover. In thin MoS2
flakes, nonradiative relaxation pathways dominate over radiative
ones.[67] The carrier recombination time at low temperatures was
about several ps,[68] and insignificant polarization decay was ob-
served over the entire emission duration.[69] At room tempera-
ture, a direct quasiparticle bandgap of 1.95 eV was determined,
along with an ultrafast (50 fs) extraction of excited free carriers
via metal contacts with MoS2,[70] which is of key importance for
optoelectronic applications that rely on separated free carriers
rather than excitons. In thicker MoS2 flakes, the strain affects the
electronic relaxation time.[71] Wrinkling enables larger amplitude
movements of MoS2 layers, relaxes selection rules for electron–
phonon coupling, disrupts chemical bonding, and enhances the
electronic density of states, leading to faster relaxation dynamics
compared with flat MoS2 flakes. Hence, applications demanding
long-lived hot carriers, such as hot electron-driven light harvest-
ing and photocatalysis, should utilize wrinkle-free TMDs.

3. Photochemical and Photophysical Effects in
Ultrafast Laser Processing of 2D Materials

The previous section described the differences in the fundamen-
tal interactions between ultrafast laser light and matter at various
timescales. Based on this knowledge, here we focus on the UDLW
of 2DM by tuning their properties via thermal and/or chemical
processes. The energy range and pulse duration play a significant
role in ultrafast laser processing.[72] In principle, using fs pulses
one can control the type of light–matter interaction, while in real
experiments the doping level and environment highly affect the
carrier dynamics.[50] Nevertheless, DLW is a useful tool to pattern
and activate the surface locally and on a large scale, attach various
species, induce phase transition and selective growth, and modify
thermoelastic, optical, and electronic properties. Ultrafast laser
irradiation allows for the patterning of 2DM on diverse substrates
without inducing significant heating effects, finding applications
in biology, medicine, etc. Moreover, UDLW can be used to create
3D structures from 2DMs.

3.1. Reduction of Graphene Oxide

Graphene oxide (GO) attracts huge attention as an industrially
scalable material due to its relatively simple production tech-
niques, compatible with cost-effective printing methods, such as
screen-printing,[73] inkjet printing,[74] spray coating,[75] roll-to-roll
process.[76] This makes maskless processing methods highly de-
sirable for tuning the properties of GO for various applications.
The presence of oxygen-containing groups (carboxyl, epoxy, hy-
droxyl, carbonyl, etc.), other sp3 defects, and vacancies makes GO
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Figure 2. Interaction of ultrafast laser pulses with graphene oxide. a) Schematic model of GO structure consisting of randomly distributed graphene-like
domains and large-area oxygen-rich domain (ORD). Adapted with permission.[81] Copyright 2012, American Chemical Society. b) Three types of kinetics
observed in as-synthesized GO probed by pulsed lasers with different wavelengths: type I – hole blockade effect for blue-shifted probe pulse, types II
and III — G-mode optical phonon emission (GOPE) for redshifted probe pulse with photon energy higher and lower than GOPE, respectively. Localized
impurity states are shown in the bandgap. Adapted with permission.[82] Copyright 2013, American Chemical Society. c) Typical charge carrier kinetics of
GO film after ultrafast laser pulse. Reproduced with permission.[82] Copyright 2013, American Chemical Society. d) Schematic illustration of the laser
reduction of GO film revealing the photochemical and geometrical patterning. Reproduced with permission.[84] Copyright 2019, Elsevier. e) GO film
exposed to fs-laser pulses with varying energy and scanning speed and three typical stages of GO reducing correlated with sheet resistance and Raman
signal evolution (for 20 mm s−1 scanning speed): I – chemical reduction, III – thermal reduction, II – both stages. Adapted with permission.[85] Copyright
2017, Elsevier. f) Heat transfer in GO film after a single 10 ps 1064 nm laser pulse of 0.2 μJ (20 mW) at different depths. From 1 to 6: GO surface, 300,
500, 700, and 900 nm under the surface, and at the GO and PC substrate boundary (1200 nm), respectively. Reproduced with permission.[19] Copyright
2013, Elsevier.

a low conductive material and demands for its reduction to at-
tain conductivity close to graphene.[77] The technology for large-
scale production and deposition of graphene from graphene ox-
ide ink is well-developed.[78] GO thick films also find their use
in the formation of 3D structures for microfluidics and wiring
interconnections.[79,80]

The structure of GO continues to be a topic of research and
discussion. The prevailing model suggests two domains within
GO: a carbon-rich, graphene-like domain characterized by oxida-
tively hybridized graphene sheets with significantly larger dimen-
sions than the randomly distributed nanometer-sized sp2 clus-
ters, and a large oxygen-rich domain (Figure 2a).[81] This model

gains support from both ultrafast (≈100 fs) and “ultraslow”
(≈200 ps) processes observed in highly oxidized GO through
pump–probe experiments.[82]

The ultrafast cooling mechanism (Figure 2b) of photoexcited
electrons via carrier-optical phonon scattering (within a few hun-
dreds of fs) and carrier-acoustic phonon scattering (within a
few ps) is similar to that in pristine graphene.[40,43,58,59] In con-
trast, the slower components of this relaxation process, charac-
terized by relaxation times ranging from a few tens to a few
hundreds of ps, are attributed to the release of trapped elec-
trons from different trap depths within the oxygen-rich domain
(Figure 2c).[83] Figure 2b also demonstrates that by tuning the
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wavelength of the fs pulse, each of these relaxation paths can be
addressed.

Different methods have been implemented to produce
reduced GO (rGO), including chemical,[86] thermal,[87]

electrochemical,[88] and light-assisted treatment.[89] Among
these, the light-assisted method, specifically DLW, is the most
attractive because it provides a precise impurity-free control
ratio of carbon and oxygen atoms with sp2 bonds restoration,[7]

maskless patterning with submicrometer resolution and high-
speed,[90] facilitating easy integration with other GO printing
methods (Figure 2d). Scanning speeds up to 0.1 m s−1 have been
achieved while maintaining reproducible rGO characteristics
(Figure 2e).[85]

The reduction mechanism of GO through UDLW involves sev-
eral factors affected by laser irradiation. The spatial energy de-
livered to the material controls the temperature profile during
processing. To analyze the reduction mechanism via UDLW, we
need to consider various aspects, including thermalization, pho-
toionization, and electron solvation in water.[91] Notably, electron
solvation in water was suggested as a predominant factor in the
water-assisted reduction of GO under UV UDLW. Understanding
the precise dynamics of charge carriers in GO during fs pulsed
UV laser oxidation in the presence of water molecules reveals the
complexity of the reduction processes. Only mobilized solvated
electrons could induce a reduction within a relaxation time of
250 ps. Thus, radiation chemistry plays a major role in the ultra-
fast reduction of GO. Moreover, multiphoton processes can sig-
nificantly impact the interaction between the materials and their
environment.[85]

The duration, energy, and repetition rate of a laser pulse de-
termine the photoreduction process. The photoreduction mech-
anism of GO by the fs-laser at a lower power is similar to
the photochemical reduction of GO under continuous UV
irradiation[81] and electrochemical reduction,[92] where both the
transformation of water to oxygen and carbon dioxide genera-
tion play a significant role.[93] Photothermal effects dominate
in the restoration of sp2 bonds, while photochemical processes
are responsible for the removal of oxygen functional groups
(Figure 2e).[19,84,85,94] Photothermal processes occur at any wave-
length of a pulsed or CW laser associated with photon absorp-
tion, leading to hot-electron generation and further relaxation
via acoustic phonons, resulting in lattice heating. In simula-
tions involving the linear absorption of GO films, a tempera-
ture rise exceeding 700 °C was observed following a 10 ps pulse
with an energy of 0.2 μJ,[19] and it lasted for ≈10 ns, which
is typically less than the time interval between two ultrafast
pulses (0.1–10 μs) (Figure 2f). Therefore, the cooling time of
the GO sheet was shorter than the interval between the laser
pulses, and the accumulation of heat between the laser pulses
could be neglected. The increased temperature also affected the
oxidative groups detachment and healing of the honeycomb
lattice.

When photochemical effects prevail during the reduction pro-
cess, it involves the direct breaking of chemical bonds between
carbon and oxygen atoms, such as C─O or C═O bonds, leading
to the removal of oxygen species,[84,95] especially when the photon
energy exceeds 3.2 eV (UV light).[96] At lower photon energies,
nonlinear effects such as multiphoton absorption can initiate the
photoreduction of GO.[85,97]

The use of ultrafast laser pulses provides flexibility in tuning
the electrical, optical, and structural properties of rGO. For ex-
ample, degradation of carbonyl groups was observed in rGO pat-
terned via a UV fs-laser.[82] For visible range ps-laser irradiation,
the reduction process of monolayer GO flakes on a substrate led
to a decrease in hydroxyl groups.[98] Ab initio calculations demon-
strated that the carbonyl groups in GO primarily contribute to
impurity states within the graphene matrix, while epoxy or hy-
droxyl groups play a role in bandgap tuning and doping.[82] By
altering the ultrafast laser wavelength, it is possible to selectively
detach specific oxygen species,[84,98] by considering their binding
energies with graphene.[99,100]

3.2. Two-Photon Oxidation

The recently developed laser-induced two-photon oxidation
(TPO) method has enabled precise control of the oxidation con-
ditions in single- and few-layered graphene, offering poten-
tial applications in graphene-based electronic and optoelectronic
devices using an all-optical approach.[101–104] This method re-
lies on two-photon processes in ultrafast laser oxidation, which
have been studied by nonlinear spectroscopy and imaging[105]

and experiments at various wavelengths,[101,103,106] indicating the
interactions between light, carbon lattice, oxygen, and water
molecules. This method was initially developed during the oxida-
tion of single-walled carbon nanotubes[107] and was later applied
to fabricate highly sensitive visible-light detectors.[108]

During UDLW, multiple processes occur involving graphene,
the substrate, and the surrounding environment. Although
graphene absorbs only 2.3% of visible light,[109] the actual op-
tical absorption may be higher due to light interference with
the substrate.[2] The thermalization process in graphene occurs
within a timescale similar to the fs-laser pulse duration, but relax-
ation via phonons takes much longer, around several ps. Hence,
there is almost no heating of the graphene surface during the
fs-laser pulse duration.[53]

Two-photon absorption (TPA) is a key mechanism in the pho-
tochemical oxidation of graphene, which involves the formation
of charged oxygen species.[110] This process can be enhanced by
the generation of water radicals and solvated electrons via TPA,
especially at higher humidity levels.[91,111]

The growth mechanism of TPO graphene upon fs-laser pulses
was studied at a high resolution down to 300 nm, revealing that
it initiates from seed points and extends to GO islands, as shown
in Figure 3a.[112] This model supports the two-domain model of
GO production,[82,113,114] resulting in two distinct regions charac-
terized by different energy structures fine-tuned by the fs-laser.
The narrow graphene channels between the oxide islands re-
semble nanoribbons, with their width dictating the bandgap en-
ergy, which increases as the graphene areas become smaller.
Therefore, the merging of these islands disrupted the conductive
graphene channels. At this point, the electrical properties are de-
termined by GO, which behaves as a semiconductor or insulator
depending on the level of oxidation. The chemical composition
of TPO graphene mostly consists of hydroxyl and epoxy groups
(Figure 3b)[115] that make this kind of graphene oxide structurally
more ordered compared with the chemically produced GO.[98]

Moreover, the saturated atomic concentration of hydroxyl groups
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Figure 3. Two-photon oxidation of graphene upon fs-laser irradiation. a) TPO on pristine graphene surface in a single spot within 2 s with a tightly focused
laser beam and square array made by oxidizing a matrix of spots with 100 nm spacing. Adapted with permission.[112] Copyright 2016, American Chemical
Society. b) Chemical composition of photo-oxidized graphene at different time of laser irradiation. Reproduced with permission.[115] Copyright 2017,
Elsevier. c) Comparison of ultrafast laser ablation and oxidation of graphene. Ablated lines in graphene after 280 fs laser processing with 13.4 nJ, 1 pulse
per μm and oxidized at 5.4 nJ, 50 000 pulses per μm. Schematic diagram presents the ultrafast laser-induced ablation and oxidative etching processes.
Reproduced with permission.[116] Copyright 2016, IOP Publishing. d) A graphene nanogap-based device after laser pre-patterning and electroburning,
and a diagram representing the effect of increasing laser fluence on graphene. The defect line is highlighted between the two yellow dashed lines. The
nanogap corresponds to the dark zigzagged line in the middle of the image. Reproduced with permission.[117] Copyright 2018, John Wiley and Sons. e)
Near-field distributions of a laser patterned “X” structure at an excitation wavelength of 9.588 μm and corresponding SEM image. Scale bar is 500 nm.
Adapted with permission.[118] Copyright 2018, Optica Publishing Group.

of TPO graphene was around 40%, while the concentration of
epoxy groups reached only 25%. The calculations predicted an
energy gap of 2 eV and a Fermi level near the valence band for
graphene functionalized with epoxy groups at a C/O ratio of 2/1,
however, no bandgap was observed for graphene with the same
concentration of carbonyl groups.[82]

The TPO process is initiated by the formation of point-
like functionalized sites, characterized as local sp3 defects or
vacancies.[119] These point defects were generated by UDLW dur-
ing the initial phase of the electron thermalization process.[120]

Experiments conducted with graphite in a high vacuum envi-

ronment have shown that these defects coalesce to form 5 nm
strained domains, and their number depends on the applied laser
pulses.[121] In the presence of oxygen and water, these initial point
defects grew into nanosized islands due to further surface oxida-
tion. This transformation is remarkably more favorable (approx-
imately five orders of magnitude) compared to the oxidation of
pristine areas.[115]

Recently, TPO was also observed in MoS2 films.[122] The pro-
cess starts with the generation of sulfur vacancies via UDLW and
further adsorption of oxygen molecules from air. It was demon-
strated via density functional theory (DFT) that oxygen molecules
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chemisorbed at vacancies form a substitutional oxygen atom and
one oxygen atom bonded to a sulfur atom that was strongly bound
to the MoS2 lattice. Interestingly, the bandgap of TPO MoS2 is
very close to a pristine flake but differs significantly from MoS2
with S vacancies.

The ablation or etching threshold of graphene and other
2DM is easily achieved by increasing the laser fluence.[15,116]

Using UDLW, it is possible to realize these two processes in-
dependently. Ablation, predominantly photothermal or photoe-
lastic in nature, initiates the melting of the carbon lattice[20]

or the repulsive detachment of graphene through an acous-
tic shockwave[123,124] and their combination, resulting in rather
nonuniform ablated graphene edges (Figure 3c).[116] Etching, or
complete oxidation, occurs as a consequence of multiple oxi-
dation processes, requiring many pulses with energies below
the ablation threshold.[103,116] A longer irradiation time at lower
pulse energies led to the accumulation of defects and subse-
quent graphene etching. The TPO model is also valid for CW
lasers, but due to the lower probability of TPA processes, oxi-
dation may require minutes[125] or even hours.[110] In contrast,
by utilizing ultrafast laser pulses, this process can be achieved
within a single pulse[102] that makes graphene processing un-
precedently fast. Thus, UDLW opens the door for ultrafast pho-
tochemical patterning of other 2DM previously processed by CW
lasers.[126,127]

During UDLW, the generation of hot carriers promotes the
photoinduced desorption of oxygen.[128,129] The associated energy
relaxation time scale was found to be extremely fast, ≈100 fs. This
rapid energy dissipation, driven by hot electrons, suggests that a
nonthermal mechanism governs the desorption pathway. How-
ever, this rapid dissipation of energy by hot electrons may reduce
the efficiency of the photochemical processes in graphene.[18]

The initial oxygen-binding sites on graphene are still un-
der debate. DFT calculations of the binding energies[130] along
with the stability of oxygen absorption on graphene at room
temperature[131] propose that the binding sites are primarily lo-
cated at defect sites, with the surface interaction playing a sec-
ondary role. The process of ultrafast laser-induced desorption of
oxygen molecules in vacuum is reversible when graphene is ex-
posed back to vacuum. However, even at a low laser fluence, CW
laser processing causes photoinduced defect formation in the car-
bon lattice[129] and increases the binding energy to oxygen.

Maurice et al. applied UDLW to initiate the formation of
nanogap in graphene via electroburning, which is a promising
tool for fabricating molecular electronic devices.[117] When the
lateral sizes of the defect-free graphene regions reached 2–7 nm
after fs-laser processing, the authors used a low bias voltage to
guide defect formation in the layer (Figure 3d). UDLW helped to
localize the defective areas and limit the extent of nanogap for-
mation.

Ultrafast laser pulses can interact with materials other than
oxygen and water to trigger the TPO of graphene. Xu et al. have
shown that the multiphoton oxidation of graphene via redox re-
actions with silica is suitable for plasmonic waveguide forma-
tion, demonstrating a resolution down to 100 nm (Figure 3e).[118]

Moreover, the resolution of fs-laser patterning on graphene and
other 2DM can be reduced to ≈10 nm when employing orthogo-
nally polarized double fs-laser beams, as has been demonstrated
for silicon surfaces.[16]

3.3. Optical Forging

Manipulation of local mechanical properties by ultrafast laser
pulses is one of the latest intriguing discoveries in the field
of light–matter interaction. At a high excitation power, the hot
charge carriers and optical phonon modes reach quasiequilib-
rium. The decay of the electron temperature during this stage
is governed by the relaxation of optical phonons.[58,59,62] After in-
tense irradiation, the photoexcited carriers undergo rapid ther-
malization and dissipate energy to the optical phonons. Most
electrons have energies below the threshold for optical phonon
emission (≈0.2 eV).[43,132] This leads to a cooling bottleneck effect,
determined by factors such as the supercollision-cooling kinetic
rate and intrinsic disorder.[56] These effects result in the mechan-
ical expansion and contraction of graphene within the timeframe
of the acoustic phonon relaxation.[61]

Hu et al. used ultrafast electron crystallography to investi-
gate how excitations and the anharmonic interactions of vari-
ous phonon modes modulate the rippling structure of suspended
monolayer graphene after fs-laser irradiation (Figure 4a).[133] Af-
ter 5 ps of the pulse, the pressure within the graphene layer
rapidly increased, causing expansion due to the excitation of
nonthermal in-plane longitudinal (LA) and transverse acoustic
phonons (TA). This dynamic behavior is consistent with the life-
times of optical and acoustic phonons and may be attributed
to a rapid transition from optical phonons to in-plane acoustic
phonons. Although rapid lattice expansion was observed within
the first 5 ps, the subsequent recovery and formation of ripple
structures over the next 50 ps led to layer contraction. This pro-
cess involves an increase in out-of-plane thermal fluctuations
and a rise in the population of out-of-plane phonon modes (ZA).
This expansion/contraction mechanism aligns well with the ex-
perimental observations of strain dynamics. The layer contrac-
tion and ripple formation were enhanced with increasing laser
fluence. The effect of expansion/contraction within the same
timescale has been previously observed in graphite samples.[134]

However, the key factor in engineering strain within graphene
layers is the generation of strongly coupled optical phonons in-
duced by ultrafast laser illumination, resulting in the expansion
of graphene layers along the z-axis. Reversible and nonreversible
tensile elastic strain of graphene and formation of local 3D struc-
tures can be utilized in many applications in plasmonics and
straintronics.[135]

Unique manipulation of the elastic properties of graphene by
UDLW was recently demonstrated for single-layer graphene sup-
ported on a substrate in an inert atmosphere.[136,137] UDLW led
to the formation of 3D structures from the 2D graphene layer, in-
cluding blisters and ripples, with controllable height and geom-
etry at subwavelength resolution (Figure 4b). The formation of
blisters can be explained by the local expansion of the graphene
membrane due to laser-induced defects and the resulting com-
pressive in-plane stress. The spatial profile of the laser intensity
plays a crucial role in determining the local expansion field, al-
lowing precise control over the expansion, blister height, and
number of ripples by varying the irradiation time (Figure 4c).
Characterization of the mechanical properties of graphene via
AFM revealed reduced adhesion in the irradiated areas com-
pared with pristine graphene, indicating detachment from
the substrate.[139] When writing elements overlapped, extended
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Figure 4. Mechanical modification of graphene by femtosecond laser pulses. a) Temporal evolution of the in-plane strain derived by monitoring the
change of the Brillouin zone area. Reproduced with permission.[133] Copyright 2016, National Academy of Sciences. b) Scheme of the gradual formation of
optically forged graphene blisters on SiO2. Adapted under the terms of the CC-BY license.[136] Copyright 2018, American Chemical Society. c) AFM images
of optically forged single blisters formed at progressively increasing irradiation time (shown in seconds) and stepwise increasing of irradiation levels
(right). Scale bar is 1 μm. Adapted under the terms of the CC-BY license.[136] Copyright 2018, American Chemical Society. Adapted with permission.[137]

Copyright 2017, American Chemical Society. d) Model of Stone−Wales line defect-defined crystallites growth. Reproduced with permission.[138] Copyright
2020, American Chemical Society.

patterns were formed, and their shapes followed a simple geo-
metric rule. Optical forging can be used to substantially enhance
the bending stiffness of monolayer graphene by forming fully sta-
ble corrugated structures.[140]

This model of defect generation by UDLW demonstrates simi-
larities with the mechanisms previously discussed for TPO in an
oxygen-containing atmosphere. By changing the environmental
conditions, graphene can be selectively oxidized without form-
ing ripples or ripples can be induced without oxidation,[136] pro-
viding an additional layer of control over the graphene prop-
erties. Additional degrees of freedom can be achieved by tun-
ing the competitive relaxation mechanisms of hot electrons in
graphene between carrier–carrier scattering and optical phonon
emission.[62] UDLW can initiate the formation of Stone–Wales
defects from point defects,[141] introducing local disorder and
facilitating graphene reconstruction in a vacuum or an in-
ert atmosphere (Figure 4d).[138] Moreover, the sizes of single
ripples can reach 100 nm, which is ≈10 times smaller than
the beam diameter. Therefore, the optical forging and for-
mation of graphene 3D structures go far beyond the diffrac-
tion limit. The localized confinement of Dirac fermions in
laser-induced strained graphene holds the potential for ad-

vanced electronic applications, including memory and quantum
computing.[142]

The adhesion between graphene and the substrate is
lower than for clean interfaces of van der Waals (vdW)
heterostructures,[136] and various surface parameters such as the
presence of water and functional groups, substrate topography,
and the number of charge trap sites can affect the graphene rip-
pling process.[143] This process can also be applied to strain engi-
neering in other 2DM, either through thermoelastic modification
or local oxidation, as recently demonstrated for TMDs using CW
and fs-laser irradiation.[122,144,145]

3.4. Thinning

Thinning of graphene using lasers involves two primary effects:
thermal and nonthermal. CW laser thinning of graphene and
other 2DM, in general, is driven by heat transfer through the
absorption of photons and subsequent energy dissipation via
phonons (thermal effect).[146,147] Ultrafast laser thinning occurs
differently. The energy from the fs-laser pulse is transferred at
much higher rates than the phonon relaxation time, leading to
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Figure 5. Ultrafast laser thinning of graphene. a) Structural change in interlayer distances of graphene stack during exposure upon 45 fs laser pulse.
Reproduced with permission.[149] Copyright 2010, American Physical Society. b) Picosecond laser thinning and non-uniform edges in graphene after
peeling off the material. Adapted under the terms of the CC-BY license.[150] Copyright 2015, Springer Nature. c) FWM images of layer-by-layer thinning
of graphene with different number of layers and increasing fs-laser illumination time, adopted from. Adapted with permission.[148] Copyright 2015, Royal
Society of Chemistry. d) Schematic view of different interactions between MoTe2 layers and fs laser by varying the laser fluence. AFM topography image
of the irradiated MoTe2 with a laser fluence of 3Fth for one scan (the scale bar is 200 nm). Optical images and E1

2g intensity map of a few-layer MoTe2
consisting of a 4L region and a 2L region before and after irradiation by a fs-laser with fluences of Fth, 2Fth, and 3Fth (the scale bar is 10 μm). Adapted
with permission.[27] Copyright 2020, American Chemical Society.

the rapid cooling of hot electrons through phonon interactions,
minimizing the thermal effect.[54] Therefore, nonthermal effects
play an important role in the layer-by-layer thinning of 2DM.[148]

A mechanism involving Coulomb repulsion detachment was
proposed to explain the exfoliation of graphene induced by fs-
laser illumination.[149] In this scenario, hot electrons are removed
from the surface within a fs-laser pulse (typically 10–150 fs) be-
fore thermalization begins. The exposure of the graphite sur-
face resulted in the detachment of the topmost layer with a ki-
netic energy exceeding 1 eV atom−1. Electronic excitation mod-
ifies the force field between the graphene layers, reducing the
interlayer interactions. Coulomb interactions among charged
graphene monolayers then drive the removal of strongly hole-
doped top and bottom layers, while weakly hole-doped subsur-
face layers are retained due to interactions with bottom electron-
doped layers (Figure 5a). This effect was also observed for ps-laser
pulses (Figure 5b).[150] By adjusting the laser energy, it was pos-
sible to simultaneously detach a certain number of layers from
the graphite surface. However, the ps-laser-induced detachment
mechanism involves bond breakage at the grain edges and re-
pulsive detachment of the material with nonuniform edges. Fs-
laser illumination was also utilized to change the interlayer dis-
tance in multilayer GaSe, visualized by optical second-harmonic
generation.[151] The distance could be fine-tuned via laser fluence,
however, the increased interlayer distance in multilayer GaSe was
not reversible.

In a humid atmosphere, both laser-induced exfoliation and
photochemical oxidation are possible.[101,116] The ultrafast oxida-

tive laser thinning of graphene is nonthermal and allows for pre-
cise thinning to a single atomic layer by selecting the appropri-
ate fs-laser fluence and scanning times (Figure 5c). As shown for
TPO of graphene, it is more favorable to oxidize a single region
rather than generate new oxide domains[112,113] that lead to the
formation of pores and graphene etching.[116]

Fast exfoliation of thick TMDs down to three layers was shown
via UDLW.[3] Figure 5d demonstrates the ultrafast laser engi-
neering of MoTe2, where the authors designed highly ordered
subwavelength nanoripples on both thick and few-layer materi-
als and were able to thin TMD materials.[27] The authors noted
that the duration of high-temperature exposure induced by the
fs-laser for nanoripple formation is much shorter than the accu-
mulated heating time caused by a CW laser, which is necessary
to affect the lattice structure.

3.5. Phase Transition

Many 2D phase transitions have been studied thus far. Here,
we discuss the phase transitions in graphene and TMDs ini-
tiated by fs-laser irradiation. Other strategies on phase con-
trol in TMDs were discussed elsewhere.[152,153] The most widely
studied 2DM demonstrating structural phase transitions are
single-layer TMDs with the chemical formula MX2, where M
stands for Mo or W and X stands for S, Se, or Te. Single-layer
MX2 materials exist in three structural forms: 2H, 1T, and 1T’
(Figure 6a).[154] The 2H phase has a trigonal prismatic
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Figure 6. Phase transition in 2D materials. a) Three atomistic structures of MX2. The red rectangles represent the unit cells. Reproduced with
permission.[154] Copyright 2014, American Association for the Advancement of Science. b) Phase energy transitions between H and T’ single-layer
TMDs, calculated via DFT. Reproduced with permission.[157] Copyright 2016, American Chemical Society. c) Raman spectra of thick MoTe2 after fs-
laser irradiation with different fluences. Adapted with permission.[27] Copyright 2020, American Chemical Society. d) XPS of 1T-2H phase transition
area for single-layer MoS2 nanosheets. Reproduced with permission.[28] Copyright 2020, Elsevier. e) Experimental and simulated temporal evolution
of difference pair distribution functions of twisted bilayer graphene, and the appearance of new bonds (1.95 and 3.12 A), indicating the ultrafast for-
mation of interlayer sp3 bonds after fs-laser illumination. Reproduced with permission.[25] Copyright 2020, American Physical Society. f) Images of the
crystalline-to-amorphous phase transition in Ge2Sb2Te5. Adapted under the terms of the CC-BY license.[162] Copyright 2017, IOP Publishing.

coordination pattern, whereas the 1T and 1T’ phases have oc-
tahedral and distorted octahedral coordination patterns, respec-
tively. In the semiconducting 2H phase, TMDs have an optical
bandgap ranging from 1.0 to 2.5 eV, while there is no bandgap
in the 1T phase, and the 1T’ phase exhibits a small bandgap of
≈0.1 eV.[155,156] DFT calculations showed that the 2H phase is
the ground-state phase of all single-layer MX2, except for WTe2,
where the 1T’ phase has the lowest energy (Figure 6b).[157] MoTe2
and WTe2 are of significant interest for phase transitions due to
their small T’-2H energy difference.

Nonlinear optical imaging, thinning, and phase transition
from 2H to 1T’ in MoTe2 were demonstrated by varying the
fs-laser fluence (Figures 5d and 6c).[27] Moreover, due to the
sub-picosecond timescale of the phase transition, the authors
were able to fabricate a vertical junction with both 1T’ and 2H
phases coexisting by introducing Te vacancies. No oxides, in-
cluding TeO2, MoO2, and MoO3, were detected in either the top
1T’ or bottom 2H layers after the UDLW. Similar effects have
been observed in other 2DM such as TMDs using photochem-

ical etching with a CW-laser.[145] Considering that MoTe2 and
other TMDs demonstrate semiconducting properties, charge ex-
citation through the bandgap is possible.[64] The lifetime of these
excitations is sufficient to initiate chemical reactions with the wa-
ter molecules.

The 1T to 2H phase transition was induced through IR UDLW
in single-layer MoS2 nanosheets within 800 nm thick films with
submicrometer resolution.[28] This transition is irreversible and
requires high energy irradiation. Figure 6d shows the XPS spec-
trum of the phase-transition area close to the fs-laser-irradiated
area of the MoS2 nanosheet film. The 2H phase of MoS2 is ob-
served only within the heat-affected zone, and the authors man-
aged to limit it to 0.4 μm by introducing ps delays between fs-laser
pulses.

Phase transitions upon ultrafast laser irradiation were also
found in TaS2−xSex.[158] Within a single 300 fs laser pulse, the
structure of layered TMD crystals undergoes an insulator-to-
metal transition, shifting from a Mott insulating state to a stable
hidden charge density wave state. The appearance of the latter
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state resulted in a huge resistivity drop at low temperatures and a
certain laser power due to the photodoping effect. However, upon
heating, the resistivity returned to that of the thermal equilibrium
phase already at 120 K.

Another interesting example is the phase transition from
twisted bilayer graphene to a 2D diamond-like structure induced
by fs-laser irradiation (Figure 6e).[25] Using ultrafast electron
diffraction, the authors found that the transition from twisted bi-
layer graphene to diaphitene, the 2D form of bulk diaphite,[121]

occurred within 330 fs, and the structure was maintained for at
least 2 ns and recovered back to graphene within 5.56 ms. How-
ever, an ultrafast structural transition from sp2 to a mixture of sp2

and sp3 carbon bonds was not observed in the aligned graphene
sheets. This study paves the way for the formation of stable 2D
diamond and diamond thin films.[159]

Other studies on 2DM have described the phase transitions
in Ge2Sb2Te5

[160,161] and Fe3GeTe2
[162] caused by fs-laser pulses.

The reversible transition from the crystalline to the amorphous
phase in Ge2Sb2Te5 occurred within only one fs pulse, which
is highly desired for nonvolatile electronic memory devices.[163]

Ge2Sb2Te5 can undergo repeated phase changes between its crys-
talline and amorphous phases, and the transition from the crys-
talline to the amorphous phase was captured on a single-event ba-
sis within 800 fs (Figure 6f). Few-layered vdW Fe3GeTe2 2D crys-
tals exhibit ferromagnetism at or above room temperature.[164]

Irradiation with a fs-laser efficiently tunes the magnetic ordering
in these crystals by optical doping and leads to the emergence of
ferromagnetic order at room temperature demonstrating light-
tunable magnetism in the intrinsic 2D vdW structures.[162] A
laser-induced electric field can write or erase domain structures
in a LiNbO3 crystal with a resolution down to 20 nm, depending
on the laser-writing direction.[165] This approach offers a path-
way for controllable nanoscale domain engineering of LiNbO3
and other transparent ferroelectric crystals and thin layers.

3.6. Doping and Energy Band Alignment

Semimetallic graphene typically can be transformed into
a semiconductor via nanopatterning or growth from small
molecules.[166] An energy bandgap occurs as a result of quantum
confinement when the size of the graphene ribbons decreases
below 10–12 nm.[167–169] Utilizing UDLW with high photon en-
ergy provides a selective approach for creating high-density,
in-plane pores, and nanoribbons in monolayer graphene.[170]

Pore formation was observed following the TPO process of
graphene after saturation of the basal plane with sp3-type defects
(Figure 7a).[103] The mechanism of graphene modification by
pore nucleation is similar to oxide domains growth on the en-
ergetically weakest sites of the formed graphene oxide.[112] This
approach can be applied to tune the properties of graphene field-
effect transistors (FET) and sensors, increasing the efficiency of
signal conversion due to the presence of functional groups at the
nanoribbon edges. Postannealing in an inert atmosphere can re-
duce the effect of oxygen groups on conductivity and mobility,
restoring graphene to intrinsic conditions but with the formation
of pores. The generation of nanopores and nanogaps with UDLW
can be utilized for the atomic-scale ablation of 2DM. Local UDLW
was used to predefine the development of the nanogaps during

the electroburning process.[117] Unlike CW lasers, fs-lasers re-
duce the heat diffusion around the processed area, resulting in
sharper patterns.

The semiconducting properties of graphene can be controlled
by doping with heteroatoms, such as B and N.[171] Moreover, the
dopant atoms can tune the main charge carrier type in graphene.
Doping via covalent functionalization with molecules contain-
ing amino groups is possible by generating atomic vacancies fol-
lowed by amino moiety oxidation.[172] Another controllable dop-
ing method for 2DM is based on light-induced isomerization
of organic molecules absorbed on graphene.[173] The fast light-
responsive isomerization of azobenzene chromophores within a
few fs shows promising applicability for modulating doping in
hybrid graphene systems.[174] It was also observed that the pres-
ence of different molecules on graphene[50] can tune the gener-
ated charge carrier dynamics due to the Fermi level shift,[42] even
for physically absorbed dopants.[175] This brings the manipula-
tion of light–matter interactions to the molecular level, opening
a new era of photochemistry.

GO naturally contains a significant number of oxygen-
containing defects that can be restored through proper reduction.
GO is an attractive option for preparing nitrogen-doped graphene
through laser-assisted methods due to the lower energy required
for bond formation on these defects.[94] Figure 7b demonstrates
the programmable nitrogen doping and simultaneous reduc-
tion of GO by UDLW in an NH3 atmosphere.[171] Three types
of N bonds were observed, and their formation energies were
calculated as follows: graphitic-N (formation energy 0.43 eV),
pyridinic-N (2.60 eV), and pyrrolic-N (7.77 eV). Since graphitic-
N mainly contributes to the n-type doping of graphene,[176] ad-
justing the laser parameters allows precise control of the elec-
tron concentration. However, regardless of the method used to
produce nitrogen-doped graphene, the presence of oxygen in
air can compensate for n-type doping and even convert it to p-
doping.[128,129] UDLW enhances the chemical detachment of oxy-
gen, and the level of detached oxygen molecules can be controlled
by varying the laser photon flux or the concentration of oxygen in
the environment. The removal of adsorbates or polymer residues
with a doping effect has also been observed with low doses of
laser pulses under normal conditions.[112,177]

As discussed earlier, an ultrafast laser is an obvious tool for
the exfoliation of single layers from bulk materials by ultrafast
charge-induced splitting of layers.[3,27,134,149] Simultaneous exfoli-
ation and pore formation have been demonstrated using a water-
ethanol solution for graphene,[181] MoS2, WS2, and hBN flakes
(Figure 7c).[178] The strong electric field at the laser focal point is
expected to induce Coulomb repulsion,[182] breaking the bonds
within the 2D flakes and solvent molecules,[183] leading to addi-
tional functionalization of the flakes and causing cracking, defect
propagation, or phase transition.[184] Longer irradiation times are
expected to divide the 2D sheets into multiple 2D nanoparticles
(quantum dots) with sizes as small as 3 nm. A similar effect was
observed for the fs-laser induced simultaneous exfoliation and
pore formation in graphene in water only.[185] Notably, these ef-
fects were only visible for the ultrafast laser pulses, indicating the
generation of oxidative species.[186]

The doping of TMDs induced by a fs-laser differs from that
of graphene. Recently, doping with UDLW was demonstrated in
MoS2 structures.[122,180] MoS2 is a wide bandgap semiconductor
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Figure 7. Femtosecond laser-induced energy alignment in 2DM. a) Pores formation in single-layer graphene during two-photon oxidation under high
irradiation dose. Reproduced with permission.[103] Copyright 2019, Elsevier. b) N-doping of graphene during photochemical treatment. Adapted with
permission.[128] Copyright 2017, American Chemical Society. Reproduced with permission.[171] Copyright 2013, John Wiley and Sons. c) Pores formation
in MoS2 flakes after fs-laser irradiation in water-ethanol solution. Reproduced with permission.[178] Copyright 2018, John Wiley and Sons. d) Scheme of
fs-laser nanopatterning of MoS2 flakes, their band structure, optical images after pores formation, and energy band modulation by local laser-induced
removing of S atoms. Adapted with permission.[179] Copyright 2019, Royal Society of Chemistry. e) Fs-laser-controlled band alignment engineering in
BP/MoS2 heterostructures. Adapted with permission.[180] Copyright 2023, Elsevier.

with a Fermi level close to the conduction band, making it an
n-type doped material. The photon energy of the typically used
fs-lasers falls in the visible or near-infrared band, while the op-
tical bandgap of monolayer MoS2 is ≈1.9 eV. Therefore, MoS2
can be excited and damaged by UDLW through TPA. Ultrafast
laser pulses have different effects on Mo and S bonds, causing a
photochemical reaction with oxygen that leads to the evaporation
of sulfur-oxygen compounds and the formation of molybdenum
oxide on the surface, as described by the formulas[187]

MoS2 + hv → Moa+ + Sb− (4)

Moa+ + Sb− + O2 → MoO3 + xMoS3 + ySO2 ↑ +zSO ↑ (5)

The TPA of the fs-laser pulses can be responsible for gener-
ating more S vacancies on the monolayer MoS2 and initiating
chemical reactions with external molecules. The presence of S va-
cancies introduced additional electronic states in the energy gap,
leading to a decrease of the bandgap, as shown in Figure 7d.[179]

These dangling bonds are highly reactive and can form chemi-
cal bonds with oxygen atoms in air. When Mo atoms and their
d-electrons are exposed to adsorbates, bonds are formed with the
adsorbing species due to chemical reactions. Unsaturated Mo

dangling bonds at the S-vacancy sites exhibit strong chemical
reducibility and can easily reduce oxygen in air to form Mo─O
bonds. Since oxygen acts as an electron acceptor, this shifts the
Fermi level close to the valence band, resulting in p-type doping.

Furthermore, the last decade studies have shown that 2DM
are perfect candidates for multilayer heterostructures formation
without the constraint of lattice matching.[188–191] This enables ul-
trafast electron transfer between heterolayers,[192–195] due to sub-
stantial changes in the electronic structure of the 2D monolayers
in vdW structures. Additionally, the high electron mobility within
the graphene conduction band provides rapid delocalization of
the transferred electrons and significantly enhances charge trans-
port with timescales as short as sub-fs. This is a result of strong
coupling at the interface of the fabricated heterojunctions.[196]

Band alignment engineering via fs-laser irradiation has been
done in vdW heterostructures to enhance the charge transfer
properties between the 2D layers (Figure 7e).[180] Depending on
the laser irradiation fluence, this process enables precise spatial
control of doping or healing effects within the heterostructure.
UDLW has also been implemented for contact engineering with
metal electrodes, resulting in reduced contact resistance.[122,197]

Here, we show that ultrafast laser irradiation can be utilized to
change the properties of 2DM in a controllable manner compared

Adv. Mater. 2024, 2402907 2402907 (13 of 25) © 2024 The Authors. Advanced Materials published by Wiley-VCH GmbH
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to CW laser illumination. Oxidation, reduction, thermoelastic
modification, phase transition, and thinning precisely change
the resistivity, absorbance, and band alignment in graphene and
other 2DM. The large resistivity switching and stability of nano-
materials fabricated with fs-lasers are expected to have techno-
logical applications in electronic, photonic, and high-speed non-
volatile memory devices.

4. Applications of Ultrafast Laser Modified 2D
Materials

In this paper, several ultrafast laser manufacturing techniques
for 2DM are examined, each enabling precise, site-selective mod-
ifications with high fabrication speeds and simplified processes
for various applications. These techniques, along with the mech-
anisms for device fabrication and their potential applications, are
comprehensively evaluated and summarized in Table 1.

This section explores the reversible changes in the 2DM opti-
cal characteristics tuned via UDLW, allowing for optical record-
ing and light modulation.[198,199] Recent demonstrations of pho-
toluminescence in laser-patterned graphene and MoS2 high-
light the versatility of UDLW in controlling the optical prop-
erties of 2D materials. Ultrafast laser technologies play a piv-
otal role in enhancing the performance of electrical and opto-
electronic devices, such as field-effect[17,101,187] and bipolar[200]

transistors and photodetectors,[106,122,197] as well as providing
band alignment engineering for advanced functionalities.[180]

The application of UDLW extends to the development of flexible
photodetectors,[201] gas sensors,[202,203] and 3D structures from
2D films,[85,204] demonstrating its broad impact on diverse fields
of current research and technology development.

4.1. Photonic Devices

One of the attractive characteristics of graphene and its deriva-
tives originates from their diverse optical properties, including
fluorescence and refractive index. Reversible changes in the opti-
cal characteristics of graphene can be achieved via UDLW, open-
ing up possibilities for optical recording and light modulation.
Recently, photoluminescence (PL) of fs-laser-patterned graphene
in an inert atmosphere was demonstrated.[138] PL has a maxi-
mum at 570–610 nm, depending on the laser irradiation dose,
with a shift toward higher wavelengths at higher laser doses
(Figure 8a). During UDLW, graphene was also forged. These ob-
servations are supported by the model of crystalline (quantum
dots) formation due to the generation of line defects in graphene
under fs-laser pulses (Figure 4d).

Similar to graphene, PL in MoS2 can be altered by UDLW
(Figure 8b). Processing with 800 nm pulses in ambient condi-
tions resulted in an increase in PL in patterned regions,[179] while
irradiation in a nitrogen atmosphere with simultaneous forging
of the flake resulted in a decrease in the PL signal.[205] Therefore,
it is possible to control the optical properties of 2DM by adjusting
the laser parameters and the environment.

Although laser-induced periodic surface structure (LIPSS)
patterning has been well-established for different materials,
graphene and its composites have the potential to create unique

structures with heterogeneous physical properties. An example
of the practical application of the recently developed fs-laser plas-
monic lithography was demonstrated in the processing of a GO
film and the fabrication of micro/nanodevices with controlled
optical properties (Figure 8c).[198,199] The presence of inhomoge-
neous dielectric permittivity within the layers of the GO material
leads to a non-trivial phenomenon in the interaction between the
plasmons and light. The interaction between incident light and
the surface results in the excitation of transverse electric surface
plasmons (TE-SPs). These TE-SPs modulate the distribution of
the laser energy, resulting in LIPSS oriented parallel to the di-
rection of the laser polarization. This unusual TE-SP wave was
generated due to the gradient change in the distribution of the di-
electric permittivity, extending from the surface to the inner part
of the rGO/GO sample along the z-axis, following fs-laser irradia-
tion. UDLW affects both the final thickness of the grooves, caused
by the reorientation and reconstruction of the GO flakes, and the
refractive indices at the ridge and valley positions. The spatial ori-
entation of this grating was parallel, in contrast to the previously
observed subwavelength rippling of GO during fs-laser reduc-
tion, which was perpendicular to the polarization direction.[208]

Li et al. have developed multimode optical recording and the
generation of full-color 3D images in GO-dispersed polymers
based on hologram-encoded refractive-index modulation by a fo-
cused fs-laser beam, as shown in Figure 8d.[206,207] This method
utilizes fs-laser two-photon reduction, which induces a substan-
tial refractive-index modulation ranging from 10−2 to 10−1. Si-
multaneously, there was a decrease in fluorescence intensity, en-
hancing both information security and storage capacity, allowing
to reach up to 290 GB per disc.[209] To further improve storage ca-
pacity, manipulation of other intrinsic optical properties, such as
fluorescence emission, is possible through photoreduction.[210]

Using a fs-laser with a low repetition rate and low power, in con-
trast to a CW laser, offers the advantages of high resolution and
precise control over the fluorescence lifetimes.

UDLW was used to generate spin defects in the hBN
flakes.[211,212] This method has potential applications in quan-
tum sensors and quantum networks. The defect density was con-
trolled by the fs-laser pulse energy, which helped reduce surface
damage. While the fs-laser energy required to generate spin de-
fects in hBN damaged the Si/SiO2 and Au substrates, it caused
minimal damage to the quartz substrate due to its low absorbance
of visible and NIR photons. In addition, nano-sized bright lumi-
nescent centers can be created in hBN via UDLW,[213] allowing
for single-photon emission from point defects in monolayer and
few-layer hBN at room temperature.

4.2. Electrical and Optoelectronic Devices

The opening of the bandgap in graphene FETs was demonstrated
by local TPO.[101] Utilizing local photochemical doping in a part
of the channel in graphene FETs, in-plane junctions such as p–
n[128] and p–p+[106] have been successfully demonstrated (Figure
9a). The generation of a photocurrent at low power densities
in the p–p+ junctions formed in single-layer graphene was at-
tributed to the photothermoelectric effect.

This approach is applicable to other devices based on
2DM. By combining black phosphorus (BP) and MoS2,
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Table 1. Prospective applications of ultrafast laser modified 2DM.

Application area Structure Fs-laser initiated
fabrication mechanism

Device/ Specified usage Performance/ functionalities Challenges Refs.

Electronics Single-layer graphene n-doping by grafted NH2

groups
n-type FET Reproducible n-doping in

normal conditions. Low
number of functional
groups (only 3%)

VDirac is still in the
p-type region

[17]

TPO, p-doping with
oxygen-containing
groups

p-type FET P-type performance in air,
bandgap engineering

Low mobility and
ON/OFF ratio

[101]

Vacancy-type defects
generation

Molecular electronics Sharper pattern compared
with CW lasers, lower
current for electroburning

Size of the gaps for
single molecules

[117]

Multilayer Ge2Sb2Te5 Phase transition Nonvolatile memory Sub-ps phase transition Uniformity, thermal
effects

[160,161]

BP/MoS2

heterostructure
Band alignment

engineering
Ternary inverter Wide output swing with 3

logic states, the VGain of
0.35

Long-term stability [180]

Multilayer MoS2 Ablation n-type and p-type FET Nanoribbon arrays, high
ON/OFF ratio

Control of nanoribbon
size, mobility

[187]

Opto-electronics Single-layer graphene TPO, thermoelectric effect Photodetector, p–p+

junction
Responsivity of 100 mA W−1,

noise equivalent power ≈6
kW cm−2, low operational
voltage

Mobility, relatively
wide junction area

[106]

Multilayer MoS2 Contact engineering Phototransistor High rectification and
ON/OFF ratio of 104,
improved contact
resistance

Operational light
power range, dark
current

[122]

Photodetector Responsivity of 1.72 A W−1,
rectification ratio >104,
detectivity of 1.8 1013

Jones

Fill factor, domination
of space charge
limited current

[197]

BP/MoS2

heterostructure
Band alignment

engineering
Broad range

photodetector
Responsivity of 64.5 A W−1,

detectivity of ≈1.48 1011

Jones.

Complexity in
fabrication,
reproducibility

[180]

Bipolar junction
transistor,
phototransistor

Rectification ratio of 103 and
responsivity of 2.2 A W−1

Wide base,
responsivity of the
phototransistor

[200]

rGO–ZnO DLW on a flexible substrate UV photodetector Responsivity of 3.24 A W−1.
Intact substrate

Response times,
responsivity

[201]

Multilayer SnSe Ablation, LIPPS,
thermoelectric effect

Integrated
photodetector

Self-powered, responsivity of
4 mV W−1 in NIR region

Response times,
detectivity

[214]

CuO/MoS2

heterostructure
Contact engineering in hBN

protected environment
Broad range

photodetector
High responsivity of 250 A

W−1 and detectivity of 6.5
1011 Jones, long-time
stability

Operational voltage,
rectification factor

[215]

Photonics Single-layer graphene Inert atmosphere forging LED and display High PL with a maximum at
600 nm

Polymer residues [138]

Single-layer MoS2 MEMS in photonic
circuits, optical
recording

PL quenching, longer
fluorescence lifetime

Atmosphere control [205]

rGO-polymer Reduction, refractive-index
modulation

Multimode optical
recording, holograms

Generation of 2D and 3D
color images and
holograms

Pixel size, viewing
angle

[206,207]

Monolayer and
multilayer hBN

Ablation, phase change
from hBN to cBN

Laser or LED, single
photon emitters

Localized single photon
emission centers with
g2(0) ≈0.2 and a line width
of 1.4 nm

Substrate damage [213]

(Continued)
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Table 1. (Continued)

Application area Structure Fs-laser initiated
fabrication mechanism

Device/ Specified usage Performance/ functionalities Challenges Refs.

Graphene- InAs/GaAs
QDs

DLW followed by ns-laser
irradiation

Laser, saturable
absorber

Single pulse energy of 0.33 nJ
and a pulse width of 483
fs, fast carrier recovery
times

Long-term stability [241]

Spintronics Few-layer Fe3GeTe2 Tune of the magnetic
ordering by optical
doping

Storage, magnetic
sensor

Magnetic anisotropy energy
and TCurie modulation

Stability of
ferromagnetism in
room T

[162]

Multilayer hBN Ablation, generation of B
vacancies

Quantum sensors Stable PL from generated
defects, high magnetic
resonance contrast. Single
photon emission centers
with g2(0) ≈0.34

Substrate damage,
control of PL, and
type of defects

[211, 212]

Plasmonics rGO Lithography (cylindrical
focusing), LIPPS

Polarization-dependent
devices

Optical birefringence
(≈0.18), anisotropic
photoresponse (≈1.21 and
≈0.46 ratio) in the visible
range

Control of anisotropy [198,199]

Single-layer graphene Inert atmosphere forging Resonators, sensors Guiding surface plasmons
via local strain engineering

Homogeneous
elevation in forged
areas

[136]

Ablation, LIPPS Local anisotropic and
periodic doping of
patterned areas

Resolution, variation
in doping level

[237]

Sensors Single-layer graphene TPO pH sensor Different defect
concentrations allow for
sensitivity tuning,
sensitivity up to 25 mV
pH−1

Sensitivity, high pH,
polymer residues

[177]

Biosensor and
bio-interface

Enzyme activity control via
oxidation level and area
localization

Stability and
reproducibility of
enzyme activity

[222]

Single-layer MoS2 S vacancies generation Molecular detection Surface-enhanced-Raman-
scattering enhancement
up to 6 times,
biocompatible

Enhancement factor
compared with
metal nanoparticles

[179]

rGO, MoS2, WS2 DLW in solution Gas sensor Membrane surface stress
sensor enhanced
sensitivity and selectivity

Compensation for
humidity response

[202]

Few-layer WS2 Phase engineering, S
vacancies generation

Gas sensor Detection limit below
0.1 ppm,
response/recovery time of
43/67 s at room T

Selectivity toward
NH3

[203]

Microscale
systems

rGO Reduction on a flexible
substrate, forging

Microfluidics with
built-in electrodes

Resistance of 200 Ω sq−1,
forging up to 40 μm in
height

Thermal nature of
forging

[85]

Reduction Microjet engine, MEMS No toxic materials, operation
on a dry glass surface

Contamination [204]

Single-layer graphene Inert atmosphere forging of
2D graphene into 3D
shapes

MEMS, microfluidics,
optomechanical
resonator, 3D
scaffolds

Bending stiffness is
enhanced by up to five
orders of magnitude

Nature of forging
mechanism, control
the type of defects,
reproducibility

[137,140]

GO/hydrogel Two-photon polymerization MEMS, 3D scaffolds Nanofilament with a
diameter of 100 nm and
aspect ratio of up to 100

Low conductivity,
uniformity of
dispersion,
biocompatibility

[223]
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Figure 8. Ultrafast optical recording in 2D materials. a) Photoluminescent graphene patterns via fs-laser local processing. Reproduced with
permission.[138] Copyright 2020, American Chemical Society. b) Photoluminescence tuning in MoS2 by UDLW. Reproduced with permission.[179] Copy-
right 2019, Royal Society of Chemistry. Reproduced with permission.[205] Copyright 2021, John Wiley and Sons. c) Fs plasmonic lithography for high-speed
micro/nanograting processing of GO film. Reproduced under the terms of the CC-BY license.[198] Copyright 2020, Springer Nature. d) Fs-laser two-photon
reduction induced giant refractive-index modulation in GO-polymer composite and an example of recorded wavelength-multiplexed phase hologram.
Adapted under the terms of the CC-BY license.[206] Copyright 2013, Springer Nature. Adapted under the terms of the CC-BY license.[207] Copyright 2015,
Springer Nature.

a symmetric bipolar junction transistor was designed
(Figure 9b).[200] It also performed as a gate-tunable pho-
totransistor demonstrating high photodetectivity and pho-
tocurrent gain of 𝛽≈21. Moreover, for bi-component layered
materials such as TMD, this method can provide an addi-
tional degree of freedom by varying the concentration of its
components.

The fs-laser-induced photochemical process, in combination
with the interaction of photons with surface plasmons, can re-
sult in LIPSS lithography, creating subwavelength channels in
MoS2 flakes and developing transistors with tuned doping lev-
els (Figure 9c).[187] Chemical doping in multilayer MoS2 occurs
on both the surface and side walls of the formed nanoribbons,
resulting in a clear change in the sign of the main charge car-
riers, along with a decrease in the total resistance and charge
carrier mobility. Yan et al. fabricated self-powered SnSe photode-
tectors utilizing a similar approach.[214] Fabricating a LIPSS on
half of the SnSe film enhanced optical absorption by 20% and
generated a voltage upon illumination via a photothermoelectric
effect.

UDLW has been used as a contact engineering method to en-
hance the photoresponse in hBN-encapsulated CuO/MoS2
vdW heterojunctions.[215] Irradiation of MoS2 on top of

Au significantly improved the electrical resistance and re-
sulted in Schottky contact.[122,197] This enhanced the photore-
sponse of the MoS2 photodetector devices up to 1.7 A W−1

(Figure 9d).
UDLW was also utilized in band alignment engineering to cre-

ate high-performance photodetectors and multivalued logic cir-
cuits based on BP/MoS2 heterojunction FET.[180] Tuning the het-
erojunction band profile not only increased the photoresponse
but also reduced the saturation limit of the incident light power
(Figure 9e). The short duration of the fs-laser pulses allowed se-
lective local doping of the heterojunction for the development of
a ternary inverter (Figure 9f). To protect the devices from electri-
cal depletion by gas molecules such as O2 and H2O, laser pro-
cessing was performed after hBN encapsulation, which signifi-
cantly improved device stability and lifetime. Decreasing the fs-
laser beam spot, for example, using scanning near-field optical
microscopy, can further enhance the photoresponse of 2DM pho-
todetectors by enhancing the effective charge separation at the
junction.

An et al. fabricated a flexible photodetector for UV light, by
combining rGO nanoflakes with ZnO nanoparticles via single-
step selective fs-laser patterning by tuning the incident pho-
ton energy in different regions of the device.[201] The device
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Figure 9. Ultrafast laser-induced doping of graphene, GO and other 2D materials. a) TPO of graphene channel in FET configuration with formation of
a local p+ channel and double charge neutrality point (CNP) in transfer I–V curves. Adapted with permission.[106] Copyright 2018, American Chemical
Society. b) Gate-tunable symmetric bipolar junction transistor enabled by fs-laser irradiation of BP and MoS2. Adapted under the terms of the CC-BY
license.[200] Copyright 2020, Royal Society of Chemistry. c) Femtosecond laser induced conversion of initial n-doping of pristine MoS2 flake (P-MoS2) to p
doping during nanoribbon array formation (NrA-FET). Adapted with permission.[187] Copyright 2019, American Chemical Society. d) Contact engineering
in MoS2 and Au interface by UDLW for asymmetric Schottky contacts. Adapted with permission.[197] Copyright 2023, Elsevier. e) The band diagrams for
pristine and treated HJ devices and their time-resolved photoresponse at various gate voltages. Adapted with permission.[180] Copyright 2023, Elsevier.
f) Multivalued logic on BP/MoS2 heterojunction FET. Adapted with permission.[180] Copyright 2023, Elsevier. g) Ammonia gas sensor based on fs-laser
modified few-layer WS2 flake with 2H and 2M junctions. Adapted with permission.[203] Copyright 2023, John Wiley and Sons.

showed a high, linear, and reproducible response, and exhib-
ited superior mechanical robustness that is useful for wearable
electronics.

UDLW can enhance the sensing properties of 2DM.[216] The at-
tachment of hydroxyl and epoxy groups to the graphene surface
via the fs-laser under ambient conditions increased the sensitivity
of graphene FETs to pH.[177] UDLW graphene with various pat-
tern arrays enabled multifunctional sensing selectivity for strain,

temperature, and gas detection in wearable sensors.[217] Piezore-
sistive membrane gas sensors for various volatile organic com-
pounds were demonstrated by inducing defects in GO, MoS2,
and WS2 flakes by fs-laser processing in different solutions.[202]

Precise control of the fs-laser-driven phase transition in the few-
layer WS2 demonstrated the generation of a 2H-WS2 region
rich in sulfur vacancies, allowing sub-ppm ammonia detection
(Figure 9g).[203]
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Figure 10. Ultrafast laser induced mechanical manipulation of GO. a) Laser-driven propulsion of multilayer GO flakes under multiple pulses irradiation.
Adapted with permission.[204] Copyright 2018, Royal Society of Chemistry. b) GO forging and local reduction by ultrafast pulsed laser irradiation from
backside and topside respectively. Adapted with permission.[85] Copyright 2017, Elsevier.

4.3. Microscale Systems

The observed explosion in GO during UDLW, involving the rapid
evaporation of H2O, CO2, and CO groups during reduction,[19,85]

can be utilized for micromotor development in light-driven
micromachines[204] or 3D patterning of GO structures.[85] Upon
laser irradiation, the GO layers underwent photoreduction and
produced gases isotropically ejected into the atmosphere. How-
ever, the intermediate layers experienced photoreduction, with
gases ejected from the side edge, creating a directional force on
the GO flake. The ejected gases and quantum-dot-like fragments
generated a recoiling force, moving the GO flake in the opposite
direction (Figure 10a).[204] The pressure of the produced gases
varied with the time and power of the fs-laser irradiation. Due to
a certain amount of oxygen groups, the pressure is limited and
suitable for small particles, providing specific delivery when GO
is used as a container. The effect of local forging of graphene un-
der ultrafast laser irradiation, based on local gas evaporation, fa-
cilitates the creation of curved structures on top of flexible sub-
strates (Figure 10b).[85] Furthermore, these patterns can be re-
duced to build conductive structures on curved surfaces, which
can be utilized in microfluidic applications with integrated sen-
sors.

5. Perspectives

Traditional microfabrication processes are still actively used for
the modification of 2DM properties and their integration into
functional devices due to the robustness and scalability of the
technology. UDLW has become a novel technological tool, pro-

viding on-demand material manipulation with less harsh envi-
ronmental effects and material waste. Recent findings have pro-
gressively enhanced the efficiency of ultrafast laser processing in
terms of resolution and processing speed, bringing it to a level
comparable to traditional processes. Specific focusing methods
allow UDLW to achieve resolution down to 10 nm.[218–220] More-
over, with the evolution of laser processing tools, the speed of
the process is no longer a limitation for industrial applications.
The use of microlens arrays[221] and high-speed scanning systems
(galvoscanners with a speed up to 10 m s−1 or polygonal scanners
up to km s−1)[22,222] provides surface treatment times comparable
to those in the industry.

The development of biomaterials for sensor applications,
drug delivery, and tissue engineering can be revolutionized by
integrating ultrafast processing of carbon nanomaterials and
DLW of biopolymers.[223,224] This involves simultaneous laser
3D structuring, reduction, or functionalization of graphene and
GO. Moreover, innovative photochemical methods can covalently
bind bio- and organic molecules to 2DM, paving the way for
the development of functional nanorobots for theranostic ap-
plications. Recent advanced techniques, such as azide photo-
chemistry, have been proposed to covalently modify carbon nan-
otubes and graphene.[225,226] This technique offers a new level
of control over molecular orientation and tuning of nanoma-
terial properties, when combined with the genetic encoding of
bioreceptors.[227] Noncovalent immobilization of proteins can be
realized via the TPO of graphene with a high resolution.[228]

UDLW can bring an additional level of localization and multiplex-
ing for various bioreceptors on a single device. Practical imple-
mentation of these effects could lead to the creation of innovative
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biosensors and biorobots,[229] utilizing all-optical methods for
modifying structures and creating new hybrid nanoparticles.[227]

UDLW has accelerated the development of optoelectronic
devices and NEMS systems based on 2DM. Modification of
free-standing 2D structures is a promising direction for mask-
less technologies, providing 3D processing that traditional pho-
tolithography cannot achieve. Fs-laser irradiation of graphene ox-
ide led to the creation of IR detectors based on rGO.[198] However,
the performance of such devices is limited due to the presence of
surface traps. Currently, ion-beam technologies are utilized for
suspended graphene modification, but they also have limitations
such as sample preparation, processing speed, and potential in-
troduction of defects.[230]

Recent research on semiconducting epigraphene, cova-
lently bonded to silicon carbide substrates, reveals a bandgap
of 0.6 eV and estimated room temperature mobilities up to
5500 cm2 V−1 s−1, achieved through quasiequilibrium
annealing.[231] UDLW offers precise tuning of the graphene
bandgap by inducing mixed sp2 and sp3 bonds in twisted
graphene systems,[25] paving the way for the utilization of
graphene with engineered optical and electronic properties
for various applications. TPO of graphene promotes the area-
selective atomic layer deposition in predefined areas with a
resolution down to 300 nm,[232] which can be applied during
the fabrication of 2DM FETs to minimize interface traps and
decrease the contact resistance by tuning the Fermi level with
an ultrafast laser.[233] The resolution of TPO can be further
reduced by utilizing near-field effects or orthogonally polarized
beams.[220] Fs-laser patterning can create 3D-shaped nanode-
vices with a controlled bandgap and high-speed photodetectors
sensitive to light polarization.[199] Photoelastic modification
of 2DM in suspended structures[140] can be utilized for novel
NEMS where local stress is tunable through laser irradiation. 3D
reconstruction enables the formation of electronic elements, pro-
viding control over the optical and electrical properties through
nano-origami.[234,235] Local 3D reconstruction of graphene can be
utilized to create flat bands, inducing superconductivity, without
relying on “magic” angles in 2DM.[236]

Simultaneous modification of the mechanical and chemical
properties of free-standing structures is complex and involves
electron heating and relaxation on optical and acoustic phonons.
Controlling the spatial arrangement of 2D materials enables the
formation of folding structures to encapsulate various molecules,
paving the way for submicroreactors and tubistors. UDLW re-
duces substrate effects and enhances the development of high-
speed optical photodetectors and ultrasensitive biochemical sen-
sors. Ultrafast laser local engineering of mechanical stress cen-
ters in graphene offers a technique that does not require specially
prepared substrates.[237] Although heating effects in substrates
are minimized with ultrafast lasers, it is important to consider po-
tential factors such as light interference or the relaxation of opti-
cal phonons, which may influence the increase of light power de-
livered to 2DM or affect photoacoustic interactions, respectively.
A proper understanding of these mechanisms is crucial for the
development of ultrafast laser processing tools.

Recently, interest has shifted from 2DM to vdW
structures,[238–240] creating a synergetic effect that underpins
new physics. Traditional lithography techniques are ineffective
for exploiting the properties of such structures due to a lack

of control over the geometric orientation, doping levels, and
defect introduction. Laser-based methods offer the potential to
develop a time- and space-controlled process for creating self-
aligned channels in vdW transistors with controlled anisotropy
of properties.[200,241]

Local laser-enabled modification of one layer in the vdW struc-
ture allows tuning of the energy gap and electronic profile via
all-optical methods for integrated circuit development.[180,242] Dif-
ferent relaxation processes in graphene and TMD structures after
ultrafast excitation can be utilized for the separate modification of
various vdW layers. Combining selective laser-induced ablation
and doping enables the formation of self-limited heterojunctions
in the layered structures.

6. Conclusion

Ultrafast laser processing is an emerging tool for the modifica-
tion of materials with improved functional properties. This tech-
nology is currently evolving from a laboratory concept to a practi-
cal manufacturing tool. Working at the atomic scale and enabling
processes such as reduction, doping, exfoliation, and functional-
ization of 2DM via ultrafast laser processing offers a novel and
rapid approach to manipulate and tailor these materials for fu-
ture applications. This method not only enhances 2DM prop-
erties but also incorporates environmentally sustainable prac-
tices by minimizing thermal damage and reducing chemical
waste.

The high spatial and time-resolved control of the funda-
mental properties of 2DM achieved by ultrafast lasers holds
great promise for the 3D manipulation and modification of
nanomaterials, challenging conventional microfabrication meth-
ods. Integration with biopolymer structures for sensing, imag-
ing, and theranostic applications and processing speeds us-
ing galvoscanners, comparable to traditional lithography, high-
lights the potential of ultrafast laser processing to revolu-
tionize material sciences. As 2D materials continue to un-
veil new areas of application and exhibit extraordinary prop-
erties, UDLW accelerates the development of custom-oriented
applications.

All-optical processing technologies for creating hybrid systems
based on 2D materials, combining physical channel patterning
with control of their properties, are on the horizon. This paves the
way for the design of photonic, electrical, optoelectronic devices,
and sensors based on hybrid graphene and other 2DM nanos-
tructures that operate on new physical principles and possess
biomimicking properties.
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Silajdźíc, A. Pesquera, A. Centeno, A. Zurutuza, P. Bøggild, D. H.
Petersen, 2D Mater. 2015, 2, 045003.

[3] S. J. An, Y. H. Kim, C. Lee, D. Y. Park, M. S. Jeong, Sci. Rep. 2018, 8,
12957.

[4] P. Kumar, L. S. Panchakarla, C. N. R. Rao, Nanoscale 2011, 3, 2127.
[5] J. Lin, Z. Peng, Y. Liu, F. Ruiz-Zepeda, R. Ye, E. L. G. Samuel, M. J.

Yacaman, B. I. Yakobson, J. M. Tour, Nat. Commun. 2014, 5, 5714.
[6] Y. Xu, B. Jiao, Y. Wang, S. Xue, H. Gao, K. Yu, X. Fan, Y. Liu, Y. Tao, L.

Deng, W. Xiong, ACS Appl. Mater. Interfaces 2022, 14, 5558.
[7] D. A. Sokolov, C. M. Rouleau, D. B. Geohegan, T. M. Orlando, Car-

bon 2013, 53, 81.
[8] P. Kumar, RSC Adv. 2013, 3, 11987.
[9] P. S. Kollipara, J. Li, Y. Zheng, Research 2020, 2020, 6581250.

[10] B. W. Su, X. L. Zhang, W. Xin, H. W. Guo, Y. Z. Zhang, Z. B. Liu, J. G.
Tian, J. Mater. Chem. C: Mater. 2021, 9, 2599.

[11] S.-T. M. Akkanen, H. A. Fernandez, Z. Sun, S.-T. M. Akkanen, H. A.
Fernandez, Z. Sun, Adv. Mater. 2022, 34, 2110152.

[12] R. You, Y. Q. Liu, Y. L. Hao, D. D. Han, Y. L. Zhang, Z. You, Adv. Mater.
2020, 32, 1901981.

[13] J.-H. Yoo, E. Kim, D. J. Hwang, MRS Bull. 2016, 41, 1002.
[14] H. Ohnishi, E. Inami, J. Kanasaki, Surf. Sci. 2011, 605, 1497.
[15] R. J. Stöhr, R. Kolesov, K. Xia, J. Wrachtrup, ACS Nano 2011, 5, 5141.
[16] Z. Lin, H. Liu, L. Ji, W. Lin, M. Hong, Nano Lett. 2020, 20, 4947.
[17] Y. Xu, J. Jin, W. Wang, Z. Peng, H. Liu, Y. Wang, Z. Wei, J. You, J.

Impundu, L. Sun, H. Wei, Y. Jun Li, M. Xue, Mater. Lett. 2023, 350,
134979.

[18] H. Liu, S. Ryu, Z. Chen, M. L. Steigerwald, C. Nuckolls, L. E. Brus, J.
Am. Chem. Soc. 2009, 131, 17099.

[19] R. Trusovas, K. Ratautas, G. Račiukaitis, J. Barkauskas, I.
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