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HIGHLIGHTS

e This review paper provides a comprehensive analysis of light-material interaction (LMI) parameters, offering insights into their

significance in material processing.

e [t examines a wide array of photothermal and photochemical processes, showcasing their versatility in creating advanced materials

for energy conversion and storage applications.

® The review presents a multidisciplinary approach to advancing LMI technologies and highlights their potential contribution to the

commercialization of future energy conversion and storage systems.

ABSTRACT This review provides a comprehensive overview of the progressin =~ tron b ! . T ——
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light-material interactions (LMIs), focusing on lasers and flash lights for energy ! «. <

conversion and storage applications. We discuss intricate LMI parameters such as
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light sources, interaction time, and fluence to elucidate their importance in material % s
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processing. In addition, this study covers various light-induced photothermal and
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photochemical processes ranging from melting, crystallization, and ablation to dop-

ing and synthesis, which are essential for developing energy materials and devices.
Crystallization

Finally, we present extensive energy conversion and storage applications demon-

strated by LMI technologies, including energy harvesters, sensors, capacitors, and

batteries. Despite the several challenges associated with LMIs, such as complex
mechanisms, and high-degrees of freedom, we believe that substantial contributions and potential for the commercialization of future energy

systems can be achieved by advancing optical technologies through comprehensive academic research and multidisciplinary collaborations.
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Abbreviations

LMI
ESSs
IoTs
PZT
PET
LLO
SEM
f-TEG
LMS
LED
f-VLEDs
PLO
PVs
PI
LAL
GSV
Cw
ITO
XRD
ME
IPL
SSEs
LLZO
SLS
3D
LIBs
R2R
NCA
PEN
DSC
MSCs
ERS
LILP
HISP
FLA
FLF
pLEDs
NWs
CCs
TENGs
PDMS
MMTENG

GCCs
FPG
Vis—NIR
Ecs
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Light—-material interaction
Energy storage systems
Internet of things
Pb(Zr,,Ti;_ )04

Polyethylene terephthalate
Laser lift-off

Scanning electron microscopy
Flexible thermoelectric generator
Laser multi-scanning
Light-emitting diode

Flexible vertical light-emitting diodes
Photonic lift-off

Photovoltaic devices

Polyimide

Light-absorbing layer

Granule spray in vacuum
Continuous-wave

Indium tin oxide

X-ray diffraction
Magnetoelectric

Intense pulsed-light

Solid-state electrolytes
Li;LasZr,0,,

Selective laser sintering
Three-dimensional

Li-ion batteries

Roll-to-roll

Nickel cobalt aluminum
Polyethylene naphthalate
Dye-sensitized solar cell
Microsupercapacitors
Explosive reduction and sintering
Low-intensity and long-pulsed
High-intensity and short-pulsed
Flash light-induced annealing
Flash light-induced functionalization
Micro light-emitting diodes

Ag nanowires

Current collectors

Triboelectric nanogenerators
Polydimethylsiloxane
Magneto-mechano-triboelectric
nanogenerator
Graphene-copper composites
Flash-induced porous graphene
Visible-near-infrared
Electrochemical capacitors

GO Graphene oxide

LSG Laser-scribed graphene

B-LIG-MSCs Boron-doped laser-induced graphene
microsupercapacitors

SSFL Shaped femtosecond laser

NLSG Nitrogen-doped laser-scribed graphene

rGO Reduced graphene oxide

GF Graphene liquid crystalline fibers

FH Flash heating

NrGO Nitrogen-doped reduced graphene oxide

FH-NrGO Flash-heated nitrogen-doped reduced
graphene oxide

2D Two-dimensional

QDs Quantum dots

FTS Flash-thermal shock

NiS Nickel sulfide

EDS Energy-dispersive spectroscopy

N-CNTs Nitrogen-doped carbon nanotubes

LCVP Laser-driven chemical vapor pyrolysis

SiC Silicon carbide

SiOC Silicon oxycarbide

PCPs Preceramic polymers

PLS Print light synthesis

TSP Touchscreen panel

f-uLEDs Flexible micro-light-emitting diodes

AD Aerosol-deposited

WPBPS Wearable piezoelectric blood pressure
sensor

DBP Diastolic blood pressure

FDA Food and Drug Administration

iPANS Inorganic PZT acoustic nanosensor

PMN-PZT Pb(Mg; 5Nb,,3)O3—Pb(Zr,Ti)O;
PMN-PT Pb(Mg,sNb,,3)O5;—PbTiO;
Ccv Cyclic voltammetry

1 Introduction

Significant advancements in energy device technologies
have profoundly impacted our daily lives by revolutioniz-
ing the management, consumption, storage, and generation
of energy. These innovations provide effective solutions
to the increasing energy demands, fostering clean energy,
sustainable communities, and enhanced overall well-being
[1-10]. For example, advancements in energy storage sys-
tems (ESSs) have led to the proliferation of portable elec-
tronics such as smartphones, laptops, wearable sensors, and

https://doi.org/10.1007/s40820-024-01483-5
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Internet of Things (IoTs). These technological improvements
have developed various societal sectors, such as communi-
cation, data collection, automation, and entertainment, ena-
bling individuals to stay connected, productive, and efficient
[11-14]. ESSs are expanding to various energy conversion
applications, such as solar cells, energy harvesters, and
optoelectronics for realizing renewable energy, biomedical
healthcare, and self-powered electronic systems [15-31].

Conventionally, thermal treatment of the functional
energy materials such as electro-ceramics, metal oxides,
silicon, carbon materials, and perovskites is performed in a
furnace at high temperatures of 1000 °C or above, depending
on the material systems and the intended microstructures.
However, the furnace annealing method requires long pro-
cessing times and a large amount of energy, because most all
of the energy is used to gradually raise and lower the system
temperature, including the target sample and furnace. These
features impede achieving rapid and controlled thermal treat-
ment of energy materials to minimize undesirable effects
such as severe oxidation, microstructural damages, thermal
expansion mismatch, and mechanical failures. In addition,
energy materials must be physically separated from the elec-
tronic circuitry during furnace heating, limiting the on-chip
integration of energy applications.

Light-material interaction (LMI) processes have emerged
as promising candidates for investigating energy devices
owing to their exclusive capability to induce instantaneous,
multiphysical, spatiotemporally controlled, nonequilibrium
photon reactions, which are difficult under traditional micro-
fabrication and thermal processes [32—38]. Among numer-
ous light sources, including light-emitting diodes (LEDs),
sunlight, lasers and flash lamps have been extensively
employed because of their capability to irradiate high-inten-
sity photon energy, as presented in Table 1. Lasers operate

based on light amplification by the stimulated emission of
radiation, which enables the emission of high-power pho-
ton energy. The intense laser beam can be further focused
in an extremely localized area through optics owing to its
excellent directionality and coherence. Flash lamps irradi-
ate high-intensity pulsed light through intense electrical
discharging, which can rapidly increase the temperature of
energy materials within milliseconds by delivering substan-
tial energy to the processed material. However, wavelength
characteristics of the light emitted by lasers and flash lamps
are different, which leads to distinctive LMI tendency. Laser
sources generate monochromatic light of a specific wave-
length, enabling a high-absorption efficiency by selecting a
wavelength suitable for target energy materials. Flash lamps
produce a broad light spectrum, ranging from ultraviolet to
infrared. This wide range of wavelengths allows materials
(with diverse compositions and arrangements) to absorb
appropriate photon energies and induce effective annealing
to improve the material properties of energy device compo-
nents. For example, the broad flash light spectrum can excite
multiple plasmonic modes of randomly arranged nanowires
(NWs), resulting in a uniform plasmonic welding effect [39].

Diverse manufacturing techniques have been imple-
mented by lasers and flash lamps, leveraging their respec-
tive advantages such as high-precision laser controllability
and large-scale flash light processability, respectively, as
shown in Fig. 1 [39-46]: (i) High-intensity photon energy
directed at the material interface generates extreme tempera-
ture gradients within the confined space and time to trigger
photothermal reactions, including melting, vaporization,
ablation, decomposition, thermal expansion, and delamina-
tion. Transient interfacial interactions have been exploited
to develop practical approaches, such as lift-off and surface
texturing, to transfer the functional layer and maximize the

Table 1 Comparison of light sources for light-induced energy conversion and storage applications

Types of light sources Lasers Flash lamps LEDs Sunlight

Capability for high- ~ Very high High Low Very low
intensity processing

Wavelength Monochromic Broad spectrum Narrow band emission Broad spectrum

Advantages High controllability High scalability Large-area processability Eco-friendly

High absorption efficiency

Limitations Low scalability

Limited for large-area processing Limited absorption efficiency

Large-area processability

Low precision

Abundant in nature
Limited range of possible light-induced effects for
energy applications due to the insufficient light
intensity
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Fig. 1 Schematic of the overall concept of light-induced energy materials and devices

active surface area to improve energy applications [47-58].
(i1) Prolonged optical annealing allows thermal energy to be
transferred deep inside the target materials through a heat
conduction, leading to numerous volumetric photothermal
effects, including sintering, welding, and crystallization
[59-62]. Incident photon energy can cause the bonding and
assembly of fine materials (from the nano- to the microscale)
into a solid by promoting atomic mass transport, thermal dif-
fusion, and fusion between neighboring substances [63—65].
In light-induced melting and solidification processes, materi-
als undergo controlled reordering and realignment of atomic
arrangements, transforming amorphous materials into crys-
talline structures [66, 67]. Photonic sintering and crystalliza-
tion enhance various energy material properties, including
electrical conductivity, electron mobility, dielectric con-
stants, optical absorption, piezoelectricity, and magnetoelec-
tricity [68—70]. (iii) The interactions between light and mate-
rials can trigger physical and chemical responses, giving rise
to distinctive processes such as oxidation, reduction, dop-
ing, dissociation, and synthesis [71-75]. The energy-related
properties of photon-reactive materials can be optically

© The authors

modified, improved, and optimized by tailoring their chemi-
cal structures to satisfy device performance, functionality,
efficiency, and reliability requirements. Recently, these
light-derived chemical engineering methods have advanced
beyond classical thermodynamics, enabling physicochemical
interlocking and synthesis of metastable nanomaterials for
creative energy and optoelectronic systems [76, 77].

Here, we provide an overview of the representative pro-
gress in light-induced technologies for developing energy
materials and systems, elucidating their impact on function-
ality, performance, and applications. First, we discuss the
parameters related to LMI, including light sources, basic
principles, and processing factors that affect comprehensive
photonic effects in materials. Next, we introduce various
photothermal processes, such as sintering, crystallization,
and lift-off, as well as photochemical reactions, ranging
from doping to synthesis. Finally, a wide spectrum of energy
conversion and storage devices demonstrated by LMIs are
discussed, including energy harvesters, sensors, capacitors,
and batteries.

https://doi.org/10.1007/s40820-024-01483-5
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Fig. 2 a Wavelength and interaction time features of lasers and flash lamps [48, 81-103]; b light wavelength influencing the optical penetration
depth for light-absorbing materials; ¢ interaction time that determines the heat diffusion length; d fluence and interaction time regime related to
LMI events [81-83, 89, 92-96, 99, 102-104]; e repetition rate and spatial overlap, contributing to f heat accumulation/dissipation effects; g envi-

ronmental conditions that trigger physicochemical reactions

2 Key Processing Parameters for LMIs

LMIs can precisely and selectively manipulate thermal
energy transport within controlled time intervals, which is
challenging to achieve using traditional microfabrication
and furnace-based annealing methods. However, achieving
the intricate nature of LMIs involves multiple simultaneous
parameters that must be considered carefully to achieve the

SHANGHAI JIAO TONG UNIVERSITY PRESS

desired physicochemical reactions and their corresponding
consequences involves considering multiple simultaneous
parameters due to the intricate nature of LMIs. Figure 2
highlights the key factors contributing to the interactions
between light and materials, including incident wavelength,
irradiation duration, fluence or power, repetition rate, spatial
overlap, and environmental conditions.
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2.1 Wavelength

Lasers produce monochromatic and coherent radiation of
specific wavelengths, which is attributed to the characteris-
tic excitation of the laser medium. In contrast, flash lamps
emit photons with a broad optical spectrum ranging from
ultraviolet to infrared, as presented in an overview of differ-
ent lasers and flash lights (Fig. 2a) [70, 78, 79]. For exam-
ple, a Ti:sapphire femtosecond laser effectively irradiates
photons with wavelengths near 800 nm by optically pump-
ing a crystal of sapphire doped with Ti** ions [80]. In flash
lights, the optical spectrum ranging from 190 to 1100 nm
is predominantly emitted by ionizing noble gas atoms with
quantized energy states through electrical discharging [70].
These wavelengths from the light sources should be care-
fully selected for LMIs because they are critical in determin-
ing efficient light absorption.

The interaction of incident light with light-absorbing
materials is characterized by absorption and reflection,
which depend on the spectrally varying optical properties
of the materials, denoted by the complex refractive indices
(n+ik). Based on the Beer—Lambert law, the light intensity
I within the medium and the corresponding optical penetra-

tion depth [ can be expressed as follows [79]:
=1 1= é = %{ (1)
where [, is the incident photon intensity, « is the absorp-
tion coefficient, d is the optical path length, A is the light
wavelength, and k is the extinction coefficient (imaginary
part of the refractive index). A wavelength with a lower
absorption coefficient can penetrate deeper into the material
than a wavelength with a higher absorption coefficient, as
illustrated in Fig. 2b. Near-infrared light generally exhibits
a longer optical penetration depth than visible or ultraviolet
light for perovskite Pb(Zr,,Ti;_,)O; (PZT) and noble metal
(e.g., Ag and Au) nanomaterials, allowing photothermal
annealing of thick layers by ensuring uniform and volumet-
ric thermal effects across the thickness direction [97, 105,
106]. In contrast, short wavelengths are advantageous in
processing materials with a large band gap or thin films (in
the order of 100 nm), as well as mitigating thermal damages
to heat-vulnerable substrates, such as polyethylene tereph-
thalate (PET), owing to their shallow absorption depth [73,
107, 108].

© The authors

2.2 Irradiation Time

When lasers or flash lights with distinct pulse durations
are irradiated onto the target material surface, various of
consecutive LMIs, including prompt absorption of optical
energy, photothermal conversion, lattice thermalization, and
heat dissipation, occur within a timescale ranging from fem-
toseconds to milliseconds, which determines the timespan
of LMI. The interaction time ¢ is typically defined by the
characteristic pulse width of pulsed lasers and flash lights.
For continuous-wave (CW) lasers, this is determined by the
scanning speed and beam spot size [109]. The pulse duration
influences the heat diffusion length /,,. This relationship can
be expressed as follows:

Iy ~ V2D )

where D is the thermal diffusivity of the material and ¢ is the
interaction time. Therefore, the interaction time is crucial
in controlling the heated target material volume (Fig. 2c).
Pulsed lasers with short pulse widths are advantageous when
high-precision LMIs are desired without causing thermal
effects on adjacent materials. For example, femtosecond
laser ultrafast pulses can minimize heat-affected zones
because the instantaneous energy deposition time is shorter
than the electron—phonon relaxation time (in the order of a
few picoseconds for metals) [85, 110]. Light pulse durations
in the range of 10 ps to 100 ms (thermal flux regime) can be
discharged by flash lamps, which facilitates surface anneal-
ing of thin films with thickness up to micrometer-scale. In
case of CW lasers, optical irradiation time can be further
extended by adjusting the laser scanning speed, and focused
beam spot size. The prolonged annealing times (in the region
of isothermal process) enabled by CW lasers are preferable
for volumetric heating effects [70].

Another variable affecting thermal diffusion length is the

thermal diffusivity (D = QLC) of the material, which is a func-

tion of heat capacity (C), density (¢), and thermal conductiv-
ity (k) [78, 79]. The thermal diffusion length was estimated
to be 31.1 pm for aluminum (D~9.7x 107 m? s7!) and
5.8 pm for stainless steel (D~3.3x10°m?s~") undera 1 ps
light irradiation because of the significant difference in their
thermal conductivities. Hence, LMI interaction time and
substrate thermophysical properties must be considered to
achieve the desired photothermal processes within a con-
trolled volume.

https://doi.org/10.1007/s40820-024-01483-5
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2.3 Fluence and Intensity

Fluence (J cm™2) and intensity (W cm™?) are commonly used
to quantify the photon energy applied to the material surface.
The incident light energy and interaction time establish the
surface temperature profiles and heating/cooling rates, lead-
ing to diverse LMI phenomena as shown in Fig. 2d. The spa-
tial distribution of the Gaussian laser beam can be expressed,
as follows [111]:

2
r
I(r,t) = Ipwkexp(—ﬁ) 3)

where, 1, is the peak intensity and w is the radius at which
the laser intensity drops to 1/e* of 1,oqr- Therefore, the laser
beam has a stronger intensity at the center of the laser (i.e.,
r = 0) compared to the peripheral areas. This variation in
local laser intensity results in different laser—material inter-
actions, such as hydrodynamic instability, particle genera-
tion, and plume formation [112]. Particularly, for pulsed
laser beams, the dimensionless temporal profile can be
described as follows [111]:

Lpear ()
peak
, 1<t
p([) = { Lk max pulse (4)
0, > Lpuise
where 1,44 qy 18 the maximum peak intensity at # = 7,,,,.

Louise 18 typically characterized by the full-width-half-maxi-
mum pulse length. Pulsed lasers with unique pulse durations
can lead to different LMIs, as discussed in Sect. 2.2.

In the LMI time frame above ~ ps, sufficient light intensity
can raise the temperature of materials such as polymers, Ag
NWs, oxide ceramics such as PZT, and hybrid perovskites
near or beyond their melting point, facilitating different ther-
modynamic processes, such as sintering, welding, alloying,
recrystallization, and pyrolysis [84, 97, 113-115]. These
LMIs have been extensively demonstrated using flash lights
because of their broad fluence range from 0.1 to 20 J cm™
coupled with LMI time exceeding 100 ps. Laser sources
operating with fluence in the range of 0.2-0.7 J cm™2 have
been applied to initiate localized photothermal responses,
such as annealing, pyrolysis, and thermodynamic phase
change.

Beyond the ablation threshold, where light fluence is high
(>0.4 J cm™2) and interaction time is below 1 s, vapori-
zation, and plasma formation may occur on the irradiated
surfaces. Specifically, the transition of solid material into
gaseous phases can selectively remove material from the
target surface. Furthermore, recoil pressure applied to the

| SHANGHAI JIAO TONG UNIVERSITY PRESS

molten liquid pool promotes the ablation process by expel-
ling liquid materials [48]. Ionization of the vapor can lead
to strong plasma formation, generating a shock wave. These
effects can be strategically leveraged in laser lift-off (LLO),
texturing, cutting, drilling, and analytical chemistry [37,
48, 110, 116-118]. For example, an ultrafast femtosecond
laser was used to ablate and texture metallic surfaces for
solar thermoelectric generation [81]. XeCl excimer lasers
with a 30 ns pulse width have been widely used for LLO to
transfer pre-assembled devices owing to their ability to melt,
dissociate, and vaporize sacrificial materials within tens of
nanoseconds [119].

2.4 Repetition Rate and Spatial Overlap

The repetition rate f'is defined as the number of pulse irra-
diations per second. The spatial overlap can be determined
by factors such as the repetition rate, scanning speed, and
spot beam size, as depicted in Fig. 2e [120]. The total energy
P deposited at an equivalent location is proportional to the
product of the incident pulse energy E,, repetition rate f,
and spatial overlap d, and is expressed as follows:

P~E,XfXxd (3)

Therefore, overlapping LMI material regions can undergo
intensified heating at high repetition rates, causing the
deposited photon energy to accumulate over time before dis-
sipating into the bulk, as schematically illustrated in Fig. 2f.
In contrast, low repetition rates along with narrow spatial
overlap allow effective quenching of thermal energy, result-
ing in uniform LMIs throughout the target sample without
detrimental photonic effects in the overlapped region. Stra-
tegic manipulation of these two parameters provides con-
trol over the heating level, affecting photothermal processes,
including sintering, crystallization, welding, texturing, and
ablation.

2.5 Environmental Conditions

As illustrated in Fig. 2g, environmental conditions, such as
the gas environment and the use of secondary heating meth-
ods, can affect LMIs. Diverse processes, including reduc-
tion, doping, synthesis, phase separation, and etching, can
be initiated depending on the material and background gas

@ Springer
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conditions (e.g., precursors, inert gases, or vacuum). For
example, a 2D transition metal dichalcogenide was synthe-
sized by irradiating a fiber laser (1.06 pm wavelength) in the
presence of a precursor [83]. Laser-assisted graphene chlo-
rination was demonstrated using an ultraviolet nanosecond
laser, which allowed environmental Cl, gas dissociation and
sequential chloride diffusion into graphene [121]. Moreover,
different thermal source types, such as a heating stage or
dual laser irradiation, can be applied in addition to the pri-
mary light source to provide sufficient activation energy for
LMIs and control the heating and cooling rates during the
light-induced annealing process [100, 107]. Besides heat-
ing in gas, other environmental conditions, such as assisting
liquid in the form of waterjet, flowing water, chemical solu-
tions, and vacuum, have important influences on the laser
machining process. Mohammed et al. [122] synthesized gold
nanoparticles by laser ablation in deionized water. Liquid
media (chlorine) was utilized as a liquid jet to cut silicon by
laser chemical processing and achieved maximum groove
depth and form [123]. A high aspect ratio (over 100:1) and
high-quality microholes 100 pm diameter were fabricated
by femtosecond laser in air and vacuum environments [124].
The laser-induced hydrothermal growth method was dem-
onstrated to grow NWs on a selected area even smaller than
the laser focus size by creating a laser absorption layer [125].
This approach enables precise localized temperature control,
successfully synthesizing smaller nanowire arrays without
complex optics adjustments and can be applied to various
nanowires, such as ZnO and TiO,, as well as heat-sensitive
polymer substrates.

3 Examples of LMI for Energy Conversion
and Storage Applications

3.1 Lift-Off (Laser + Flash)

The lift-off process has been widely used to transfer
entire inorganic thin films or devices onto flexible sub-
strates for use in flexible electronics, optoelectronics, and
energy harvesters [23, 51, 89, 103, 116, 126-128]. First,
the fabricated electronic devices and thermally annealed
inorganic thin films are fixed onto plastic receiver sub-
strates. When a laser beam is directed to the backside of
a rigid mother substrate that is transparent to the exposed
light wavelength, the irradiated laser passes through the

© The authors

bulk substrate. Subsequently, it reaches the interfacial
layer between the active electronics/inorganic thin film
and rigid substrate to support photothermal reactions,
such as dissociation, explosive gas release, melting, and
vaporization. These LMI behaviors enable the thin-layered
structure-based devices to be peeled off the rigid substrate
without cracking, wrinkling, or mechanical deformation
[54, 116, 127]. This capability is important for developing
advanced, lightweight, and flexible energy devices that can
be integrated into a variety of new applications, such as
wearable technology and portable power sources.

Park et al. used the LLO process to separate the entire
area of a piezoelectric PZT thin film from a transparent
sapphire substrate [89]. Figure 3a shows a schematic of the
LLO transfer process. The crystallized PZT thin film on
the sapphire substrate was transferred onto a flexible PET
substrate via laser beam irradiation. Because the XeCl laser
photon energy (4.03 eV) is located between the band gap
energies (E,) of the sapphire (E,=10 eV) and PZT ceram-
ics (E,=3.2~3.6 eV), the penetrating laser beams locally
vaporized the laser-absorbing sacrificial layer between the
PZT layer and the sapphire substrate, thus delaminating the
PZT thin film from the sapphire (see Fig. 3b). As shown in
the inset of Fig. 3b, the transferred PZT thin film on a flex-
ible substrate exhibited highly flexible characteristics with-
out cracks and was used to fabricate a large-area, highly
efficient, flexible piezoelectric energy harvester. Figure 3c
shows optical image (i) and scanning electron microscopy
(SEM) images (ii and iii) of the laser-irradiated PZT thin
film surface on the PET substrate. To separate the active
area from the mother substrate, two-dimensional laser beams
with square spots of 500 pm X 500 pm were scanned, over-
lapping in the x- and y-directions.

Kim et al. reported a high-performance, flexible thermo-
electric generator (f-TEG) using the laser multi-scanning
(LMS) LLO method [116]. The TEG on a SiO, (buffer oxide
layer)/amorphous Si (a-Si, exfoliation layer)/quartz (sacri-
ficial substrate) fabricated via screen printing was immedi-
ately peeled off using multiple scans of the XeCl excimer
laser, as shown in Fig. 3d, e. Unlike the general LLO pro-
cess, the laser beam was exposed to the sample several times
during LMS LLO to detach the TEG array layers from the
quartz substrate by reducing adhesion between the a-Si and
sacrificial quartz. A thick buffer oxide layer was adopted
and optimized using the heat transfer physics of the finite
element method to shield the TEG layers from photothermal

https://doi.org/10.1007/s40820-024-01483-5
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Fig. 3 a Schematic illustration showing exfoliation step of piezoelectric PZT onto a flexible substrate from a rigid wafer by LLO transfer tech-
nique; b flexible PZT thin film on plastic substrate is peeled off from a transparent sapphire wafer by laser irradiation; ¢ optical image (left
panel) and SEM images (right panels) of light source-induced areas of PZT thin film. Reproduced with permission from Ref. [89]. Copyright
2014, Wiley—VCH. d Illustration of LLO procedure based on laser multiscanning for fabricating f-TEGs; e photograph of {-TEG being exfoliated
from bulk quartz; f calculated simulation results investigating optimal butter oxide layer thickness using a finite element method; g SEM image
indicating Si layer exposed areas after laser multiscanning. Reproduced with permission from Ref. [116]. Copyright 2016, American Chemical
Society. h Fabrication step schematic of KrF laser detaching GaN-based f-VLED from transparent bulk wafer; i captured images of transparent,
blue-colored f-VLED array transferred onto curved surface of a human fingernail in on and off states. Reproduced with permission from Ref.
[127]. Copyright 2018, Wiley—VCH. j Illustration showing PV exfoliation from LAL/glass substrate onto PI thin layer using PLO method; k
simulated temperature change at LAL-PI interface to confirm the feasibility of flexible PV lift-off from a rigid substrate. Reproduced with per-
mission from Ref. [103]. Copyright 2021, American Chemical Society

damage during harsh laser delamination (see Fig. 3f). Fig-  in Fig. 3i, ultrathin, transparent, and flexible, blue-colored
ure 3g presents an SEM image showing the a-Si exfoliation ~ f-VLEDs with high optical power, a long lifetime, and
layer on the bulk substrate after the first and second laser ~ excellent thermal/mechanical stability can be conformally
shots; sequential laser irradiation of the a-Si layer led to  attached to a human fingernail.
the generation of numerous polycrystalline Si nanoparticles. Due to the requirement of intense light intensity for lift-off
Figure 3h shows a schematic of the GaN-based inorganic ~ processes, they have been mostly implemented by concen-
multilayer exfoliation step from the mother sapphire sub-  trating a high-energy pulsed laser beam into a small focused
strate via nitrogen gas volume expansion between the GaN  area, which makes it difficult to improve their scalability
layer and sapphire wafer using KrF laser irradiation [127]. A for mass production. Recently, lift-off technology has been
high-purity GaN LED layer on a thick Cu/Ni foil was used  demonstrated using a flash lamp light source, which pos-
to fabricate flexible vertical LEDs (f-VLEDs). As shown  sesses strong potential to enable cost-effective and large-area
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delamination processes for energy applications. Liu et al.
used a microsecond timescale photonic lift-off (PLO) tech-
nique to implement ultrathin, flexible solar cells with a
thickness of <20 pm [103]. First, CulnSe, nanocrystal-based
photovoltaic devices (PVs) were fabricated on a thin polyim-
ide (PI) layer on a metal light-absorbing layer (LAL)/rigid
glass substrate. During the rapid, scalable flash lamp-based
PLO process, the light pulse reached the LAL through the
backside of the glass support. Subsequently, the generated
heat facilitated the exfoliation of PVs on the ultra-flexible PI
layer (see Fig. 3j). Figure 3k shows the calculated tempera-
ture change at the LAL-PI interface and PI surface using the
SimPulse program based on the geometry of a 20 pm-thick
PI on LAL-coated glass and a light pulse of 150 ps. Unlike
the temperature profiles of the PI surface, the temperature
at the LAL-PI interface rapidly rises and falls within a short
time (approximately 550 ps), leading to the peeling-off of
devices on a thin PI layer.

3.2 Crystallization (Laser)

Laser—material interaction technologies that transform pho-
tonic energy into thermal energy have been envisioned as
promising alternatives to conventional furnace heat treat-
ment [72, 129-135]. When the laser beam is irradiated to
the poor crystalline materials, the photon energy is primar-
ily absorbed through optical absorption, which heats the
material even beyond its melting point. The molten mate-
rial begins to rapidly lose heat to its surroundings, causing
sequential dynamics for crystallization, including nuclea-
tion, crystal growth, and formation of crystal structure: i)
Small crystal nuclei form within the molten material for the
transition from an unstable molten state to a stable crystal-
line state. ii) The molten material around the nuclei gradu-
ally attaches to them, allowing the crystals to grow. The
growth rate depends on the cooling rate, thermal proper-
ties of the material, and its chemical composition. iii) As
crystal growth progresses, the material forms larger crystal
by transitioning its structure from the original poor crystal-
line to a regular crystalline lattice. The size and shape of
the crystals are heavily dependent on the initial nucleation
conditions and growth rate, which can be controlled by laser
parameters such as optical power, pulse width, and scan-
ning speed. Consequently, the laser-irradiation-based pho-
tothermal annealing facilitates controlled solidification and
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crystallization of materials such as inorganics, amorphous
metals, and perovskites, which affect their material’s grain
size, crystallinity, structural purity, density, and surface
roughness. The modification of these key factors provides
effective solutions for improving the performance and effi-
ciency of energy applications.

The schematic illustration in Fig. 4a shows the annealing
process of an inorganic PZT film onto an amorphous Met-
glas substrate [104]. A 2-pm-thick piezoelectric PZT film
deposited using granule spray in vacuum (GSV), a room-
temperature deposition process, was heat-treated using a CW
diode-pumped Nd: YAG thin-disk laser with a wavelength of
532 nm. Figure 4b, ¢ shows the microstructure of the PZT
films on the Metglas foil before and after CW laser anneal-
ing. The as-deposited PZT film exhibited a low crystallite
fraction (Fig. 4b) and undefined diffraction rings with a few
singular spots (inset). In contrast, the laser-annealed PZT
film irradiated with a laser fluence of 390 J mm~2 exhibited
improved crystallinity and grain growth (Fig. 4c). It was also
found that the dielectric and ferroelectric properties of inor-
ganic PZT films are enhanced by introducing laser-induced
photothermal interaction.

Jeon et al. [97] reported controllable laser crystallization
of CH;NH,;Pbl; (MAPbI;) perovskite hybrid films for solar
cells using a near-infrared laser. Perovskite solar cells based
on spin-coated MAPbI; wet film on PEDOT:PSS/indium
tin oxide (ITO)/glass substrates were laterally scanned with
an Nd:YAG laser beam with a wavelength of 1064 nm (see
Fig. 4d). As shown in Fig. 4e, which shows the phase transi-
tion model during the laser—material interaction, laser irra-
diation triggered the transformation of the poorly crystal-
line state (intermediate phase, left panel) of the as-prepared
films into a light-absorbing crystalline structure (perovskite
MAPbI,, center panel). A high-power density of over 120
W cm™? initiated the decomposition of MAPbI, into Pbl,
(right panel) [136, 137]. Figure 4f—i shows the morphologies
of the perovskite films irradiated with laser power densities
ranging from 0 to 100 W ¢cm™ at a scan rate of 0.1 mm s~ .
With increasing applied power density, the low-crystalline
phase of the as-deposited film transitioned into polycrys-
talline structures, and the grain size increased. The dras-
tic change in the X-ray diffraction (XRD) patterns (Fig. 4j)
of the perovskite films fabricated at various laser powers
indicates that the laser-induced photothermal interaction
activates the transformation and thermal decomposition of
tetragonal MAPbI.

https://doi.org/10.1007/s40820-024-01483-5
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Fig. 4 a Schematic diagram of CW laser irradiation process for annealing inorganic PZT film onto Metglas foil. Bright-field TEM images of b

as-prepared PZT film and c laser-treated film with a laser fluence of 390 J mm™2; insets indicate selected area electron diffraction patterns cor-

responding to each TEM image. Reproduced with permission from Ref. [104]. Copyright 2016, American Ceramic Society. d Illustration of
laser-based crystallization of MAPbI; hybrid films for implementing flexible perovskite solar cells; e graphic illustration of phase transition steps
during interaction of laser and perovskite MAPbI;; f-i SEM images of perovskite films annealed by IR laser with power densities from 0 to 100
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Achieving uniformity and high quality in crystallization ~ polycrystalline silicon process took two decades to be
is essential for optimizing the performance of energy mate-  adapted for industrial use due to its variability in mate-
rials and devices. However, elevating completeness of the  rial properties and complex dynamics of heat and mass
crystallization technology to industrial-scale applications  transfer during the process. To address these challenges,
is quite challenging. For example, the low-temperature  the spatial precision and controllability of LMI processes
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should be ensured, which are feasible by advancing optical
technologies that can more accurately control the distribu-
tion of energy and time during crystallization. In addition,
enhancing uniformity in material synthesis and deposition is
required to improve the production yield of energy systems
without deteriorating their quality and performance.

3.3 Crystallization (Flash)

Flash lamps have garnered substantial attention owing to
their rapid processing capability, highly efficient light out-
put, and large-scale processability [70, 105, 138-141].
Xenon flash lamp-induced photonic annealing techniques
enable rapid heating/cooling of energy materials to the crys-
tallization temperature, facilitating crystallization within
milliseconds without distinct radiative damage [41, 92, 114,
138, 142, 143].

Palneedi et al. [115] fabricated a high-performance mag-
netoelectric (ME) composite film comprising piezoelectric
and magnetostrictive films by adopting an intense pulsed-
light (IPL) thermal treatment with a xenon flash lamp sys-
tem. For ME heterostructured composite structure, the aer-
osol-deposited piezoelectric PZT thick films on a Metglas
foil were attached to a glass slide and then irradiated with
an IPL of various pulse durations (0.25-1 ms, as shown in
Fig. 5a). The XRD patterns of the as-deposited and IPL-
annealed PZT films in Fig. 5b show significant discrepancies
in intensity, broadness, and peak position, indicating that the
flashlight-based photothermal energy induces crystallinity
enhancement, nanocrystalline formation, and residual com-
pressive stress inside the films. The microstructure of the
PZT/Metglas ME film (Fig. 5¢) shows an improved crystal-
line structure with an increased fraction and crystallite size,
compared to the as-prepared films having a mixed amor-
phous and crystalline microstructure.

Peddigari et al. [144] reported an ultrasensitive magnetic
field detector comprising a flash photon-annealed amor-
phous Metglas substrate and piezoelectric composite. They
used high-temperature flashlight annealing with a short pulse
of ~300 ps to promote surface recrystallization of amor-
phous Metglas sheets at the nanometer scale for enhanced
magnetic performance (Fig. 5d). Compared with the micro-
structure of the pristine Metglas film (Fig. 5e), partial
recrystallization at the surface was formed on light-induced
films (Fig. 5f) by employing flash photonic annealing. This
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novel strategy improved the magnetic flux concentration and
piezo-magnetic coefficient, facilitating the development of
an ultrasensitive magnetic field sensor.

Figure 5g shows the overall procedure for the flash-
induced ultrafast recrystallization of perovskite crystalline
structures to enhance their optoelectronic properties [145].
The perovskite MAPbBr; precursor-based structures were
quickly heated and quenched within milliseconds with a
flash light, resulting in a densely recrystallized MAPbBr;
perovskite film with a fine grain size of ~38 nm without
radiative damage. During the recrystallization process, the
cuboid-structured perovskite crystals that initially formed
a rough surface were heated and melted into a single dense
film with smooth surface. As a result, the root mean square,
indicating the surface roughness of the bare perovskite layer,
decreased from 8.47 to 3.22 nm using the flash light pro-
cess, thereby achieving a higher current efficiency of per-
ovskite-based LEDs compared to typical thermal annealing
processes.

3.4 Sintering (Laser)

Laser sintering techniques are gaining attention for manu-
facturing nanostructures (in hierarchical structures and pat-
terning, for example) in energy device applications such as
batteries, solar cells, supercapacitors, and electrocatalytic
electrodes. These processes allow us to engineer materials
with highly specific structures, such as tailored porosity and
complex geometries, which are essential for enhancing the
performance of energy systems.

Among the solid-state electrolytes (SSEs), gar-
net-type materials [Li,La;Zr,0,, (LLZO) and
Lig 4JLasZr, 4Tay O, (LLZTO)] have attracted attention
owing to their superior chemical compatibility with Li
metal, high ionic conductivity, and layered oxide cathodes
[146-153]. However, the LLZTO garnet-type electrolytes
possess drawbacks, such as poor sinterability, high sinter-
ing temperatures (above 1100 °C), long soaking time of
1040 h, and high packing density, which makes these SSEs
less suitable for battery applications [146, 152, 154—158].
In addition, Li loss can occur owing to its volatilization,
forming a secondary phase (La,Zr,0,) from the decompo-
sition of LLZTO, resulting in a porous microstructure and
degradation of mechanical and electromechanical responses
[155, 159]. Erika et al. [160] utilized a CO, laser sintering

https://doi.org/10.1007/s40820-024-01483-5
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process for the densification of garnet-type SSE LLZTO
films, as schematically shown in Fig. 6a. A CO, laser was
used to sinter successive layers of powder by heating it to
just below its boiling point, which fuses the particles in the
powder into a solid form. This approach has reduced Li loss
by rapid sintering (<1 s), which facilitates unique aniso-
tropic shrinkage that decreases film thickness, and creates
a wave-like surface topology that allows three-dimensional
(3D) interfacial contact with the electrode materials. In addi-
tion, the laser-sintered LLZTO films exhibited highly dense,
crack-free, homogeneous microstructure with outstanding
electrical properties (high conductivity of 0.26 mS cm~! and
low activation energy of 0.08 eV).

Selective laser sintering (SLS) is a powder-based 3D
printing technology that uses a laser as the power and heat
source to fuse tiny particles of polymer/ceramic powder
material to form a solid structure. SLS has been developed
fabricating electrodes in Li-ion batteries (LIBs), enabling
LIBs to have higher performance than that achieved with
conventional electrode fabrication methods such as thin film
deposition and roll-to-roll (R2R) processing [164]. Kather-
ine et al. [161] utilized SLS to fabricate binder-free lithium
nickel cobalt aluminum oxide (NCA) cathodes for LIBs
(Fig. 6b). NCA is primarily utilized as a cathode material
that enables high energy and power densities for use in elec-
tric vehicles. Layer-by-layer SLS of bulk 3D NCA samples
were refined using a parametric single-track analysis, result-
ing in a dual phase of layer (R 3 m symmetry) and rock salt
structure (Fm-3 m) with porous structure with a grain size
of 2-3 um. Retaining the electrochemically active layered
structure and porous morphology in the NCA samples ena-
bled the construction of binder-free, 3D-printed cathodes for
next-generation LIBs with enhanced power densities.

BaZrO;-BaCeO;-based electrolytes were fabricated by
a rapid laser sintering process for application in ceramic
fuel cells and electrolyzers [165, 166]. However, during wet
processing/sintering, chemical reactions between ceramic
elements (BaZrO;) and polar solvents [Ba(OH),, BaCO;]
lead to volume changes that crack the electrolytes [167]. To
address such problems, Akihiro et al. [162] utilized chemi-
cally inert saturated-hydrocarbon with proton-conducting
ceramic (BCZYSm: BaCe,Zry Y, g;Sm, 1305 5)-based
slurries composed of hexadecane, polybutene, and fatty
acids and employed rapid laser sintering at 600 °C over a
short period (~3 s). Figure 6¢ shows the cross-sectional
SEM image of a laser-sintered BCZYSm membrane. It
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revealed a dense and uniform microstructure with a thick-
ness of 13.5 um and proton conductivity of 10 S/cm. This
study offered a framework for developing proton-conducting
ceramic membranes via rapid laser sintering and the use of
hydrophobic slurries.

Flexible solar cells have received considerable attention in
the photovoltaic market owing to their light weight, low cost,
ease of fixation on complex surfaces, and good compatibility
[168]. Flexible substrates, including metal foils or meshes,
conductive plastic films, and ITO-coated polyethylene naph-
thalate (PEN)/PET, are utilized for flexible dye-sensitized
solar cell (DSC) applications [169]. Although nontranspar-
ent metal substrates require backside lighting, the counter
electrode can absorb unwanted light, and the electrolyte is
an issue for this type of solar cell. The efficiency of plastic
substrate-based DSCs is 7%-8%, which is lower than that
of conventional DSCs on fluorine-doped tin oxide (FTO)
glasses [170, 171]. This is attributed to the high sintering
temperature (~ 550 °C) of the TiO, film grown on the FTO
glass. The ITO-coated PEN and PET substrates can with-
stand heat below 150 °C. Liqun et al. [163] fabricated TiO,
films on conductive plastic substrates using the SLS method
to improve the structural and physical properties, as well as
the efficient charge collection, of solar cells operating at low
temperatures, thereby achieving high-performance, flexible
DSCs. A schematic of the laser-beam irradiation of the TiO,
nanoparticle film is shown in Fig. 6d. The absorbed laser
energy supports electrical contact between the TiO, nano-
particles without damaging the plastic substrate. In addition,
the SLS technology reduces the electron transport resistance
and enhances the recombination resistance of the TiO, film,
leading to an improvement in the charge collection efficiency
of the DSC.

LMI-induced sintering technologies have been extensively
used to fabricate electrical components for energy devices
[172, 173]. Back et al. [98] developed the SLS technique to
construct the electrodes of microsupercapacitors (MSCs) on
a natural stone surface, as shown in Fig. 6e. Interdigitated
Cu conductors with hierarchical nano-/microvoids were suc-
cessfully fabricated on a rough stone surface by applying a
laser-induced explosive reduction and sintering (ERS) pro-
cess to CuO nanoparticles. Highly capacitive and faradaic
metal oxides (Mn;0, and Fe;O,) were sequentially grown on
porous Cu electrodes using an electroplating method to fab-
ricate the cathode and anode materials for the hybrid MSC.
The Mn;0, and Fe;0, layers were changed into sponge-like
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and hierarchical coral structures at a load mass of 75 pg,
which improved the surface area and output performance of
MSC. The hybrid MSC displayed a high energy and power
density of 6.55 uWh cm=2 and 1.2 mW cm™2, respectively.
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3.5 Sintering (Flash)

Flash light with a wide spectrum of photon energies can be
optically absorbed by various types of materials, including
ceramic, metallic, and carbon nanomaterials for sintering
and annealing, rapidly increasing the temperature in mil-
liseconds. The broad range of wavelengths ensures that
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different components of composite materials absorb the
relevant flash light wavelengths, leading to uniform pro-
cessing and improved material properties. For example, in
the sintering of metallic NWs, the wide spectrum of flash
lamps facilitates comprehensive heating and effective fusion
of the NWs, resulting in high-conductivity transparent films
[39]. The flash-induced precise control over microstructural
features enables optimal electron and ion transport path-
ways, significantly improving performance and reliability
of energy conversion and storage applications [174-179].
The commercialization of Si-based anode materials for
LIBs has been limited because of their poor cycling stabil-
ity, which is caused by a significant volume change (~300%)
during the charge—discharge process. Seok et al. [93] dem-
onstrated a flash-induced Si anode to improve the cycling
stability of high-performance LIBs. The overall flash anneal-
ing process for the Si anode of a LIB is shown schematically
in Fig. 7a. The Si anode materials were synthesized using
a conventional fabrication method. The slurry, consisting
of Si nanoparticles, conductive additives (carbon black and
carbon nanotubes in a weight ratio of 3:1), and cross-link-
able binders (carboxymethyl cellulose and polyacrylic acid
mixed in a 1:1 weight ratio), was used to coat the Cu foil and
dried at 50 °C. The prepared Si anodes were irradiated by
a flash light under two irradiation conditions: low-intensity
and long-pulsed (LILP) and high-intensity and short-pulsed
(HISP). The Si anode irradiated by the LILP flash induces
a slight, uniform increase in temperature around the anode
region, known as the flash light-induced annealing (FLA)
process, resulting in binder condensation, residual solvent
evaporation, and slight fusion. This improved the cycling
stability by increasing the binding strength between the
anode materials and minimizing crack formation caused by
Si anode volume variations. When the Si anode was irra-
diated by the HISP flash, the high temperature generated
around the anode led to flash light-induced functionaliza-
tion (FLF). The FLF process caused large pore formation
by sintering Si nanoparticles and carbon nanotubes, which
improved the Si anode rate capability by facilitating Li ion
and electron transport. Figure 7b—d shows the Si anode SEM
images under as-dried, FLA, and FLF conditions (the cross-
sectional SEM image is presented in the inset). Slight fusion
between Si nanoparticles was observed in the FLA-treated Si
anode (Fig. 7¢). In contrast, the Si nanoparticles were com-
pletely sintered, resulting in larger particles with a diameter
of 300-500 nm after the HISP flash light (Fig. 7d). It was
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concluded that the Si anode sintered particle size and sur-
face structure could be controlled by varying the irradiation
energy density and pulse width. The study suggests a low-
cost method for improving battery electrode performance via
ultrafast flash irradiation, replacing the traditional long-term
thermal treatment.

Cu electrode and glass substrate materials are attractive
for thin-film micro-LEDs (uLEDs) for display applications
[180-183]. The concerns with thin-film pLEDs are mostly
related to the substrate and electrodes [184, 185]. Weak Cu
adhesion on glass substrates causes electrode delamination
under mild temperature and humidity fluctuations, break-
ing current-driven pLEDs [186]. Jung et al. [76] proposed
a robust Cu electrode on a glass substrate for fabricating
AlGalnP thin-film LEDs using a flash lamp. The flash-
induced Cu electrode on a glass substrate for LEDs is illus-
trated in Fig. 7e. The CuO nanoparticles were spin-coated
onto a glass substrate and subsequently transformed into a
Cu film by flash light irradiation, producing reductive sin-
tering reactions. Concurrently, an ultrathin Cu,O interlayer
was created between the glass and Cu electrodes for robust
adhesion. In addition, physical nano-interlocking of the Cu
electrode occurs via glass softening and nanoscale roughen-
ing. The flash-induced Cu electrode has an adhesion energy
of 10 J m~2, which is five times higher than that of a conven-
tionally grown Cu electrode.

Dechan et al. [92] fabricated Ag grids on a flexible PET
film using photonic sintering for an ITO-free polymer solar
cell module. A diagonal Ag grid pattern of 600X 600 dots
per inch was printed on a flexible PET substrate using aque-
ous silver nanoparticle ink and an R2R inkjet printer. Fig-
ure 7f shows the R2R photonic sintering of the inkjet-printed
silver nanostructures. The xenon flash lamp was discharged
at a pulse energy of 830 J at 0.5 ms duration. This photonic
sintering considerably enhanced both adhesion and output
performance (low sheet resistance of 9—12 Q sq_l) of the
Ag grid.

A flashlight sintering method was adopted for 1-D Ag
NWs to develop transparent and flexible conducting mate-
rials for energy applications. Park et al. [114] utilized a
wide range of flash spectra to enable instantaneous multi-
plasmonic interactions of Ag NWs for transparent flexible
electrodes, as shown in Fig. 7g. The intense xenon flash
light spectrum near 400 nm wavelength-induced localized
and self-limited plasmonic heat generation (photothermal
reactions) at NW junctions, which led to fully welded Ag
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NWs with outstanding performance (low resistance of 5
Q sq~!, high transparency of 90%, and strong adhesion of
30.7 J m~2). The NIR spectra of the flash light locally melted
the interface between Ag NWs and PET by inducing surface
plasmon polarization, thus reinforcing the adherence of the
Ag NW layer by 310% compared to that of the pristine Ag
NW/PET film.

3.6 Surface Texturing and Modification (Laser + Flash)

Laser- and flash-induced surface modifications of materials
have been reported for energy conversion/storage applica-
tions such as solar cells, fuel cells, LIBs, and triboelectric
nanogenerators. By utilizing the strong, instantaneous light
energy emitted from lasers or flash lamps, the precise and
physical removal or texturing of selective surface areas can
be achieved without altering chemical structure of target
materials. This photothermal effect can be used to enhance
the properties of energy materials, and surface area of energy
applications, leading to improved device performance and
efficiency.

Texturing of solar cells aims to reduce reflection on the
front surface and enhance light trapping. However, the diffi-
culty in appropriately texturing the front surface is a key per-
formance restriction using multi-crystalline silicon. Abbott
et al. [187] prepared laser-texture-processed solar cells with
higher efficiency. Isotropic laser ablation process was con-
ducted to shape the silicon wafer surface, independent of the
crystallographic orientation. Laser ablation (Q-switched and
Nd: YAG lasers) sculpts the surface of the silicon, removing
the bulk of the silicon necessary for texturing. Figure 8a
shows a tilted-view SEM image of the laser-ablated pits
organized in the interlocking pattern. Chemical etching was
performed to remove the slag, smoothen the surface, and
eliminated laser damage. Thus, laser texturing appears a
promising for texturing multicrystalline and monocrystal-
line silicon solar cells and enhancing their efficiency.

Similarly, Canteli et al. [188] reported that laser textur-
ing of ZnO enhanced the light scattering and output cur-
rent response of Al thin film-based solar cells by producing
simple patterns via direct laser scribing on a transparent
conductive oxide surface (Fig. 8b). The laser texturing pro-
cedure not only provides an eco-friendly solution compared
to plasma or chemical etching processes but also enables
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selective patterning of wide-ranging materials regardless of
their crystallographic structure.

Figure 8c shows the surface roughness morphology of the
NiO-yttrium stabilized zirconia anode substrate, which was
modified using the laser-machining technique. Laser textur-
ing increased the contact area of the electrode—electrolyte
interface, enhancing the solid oxide fuel cell’s power density
by 47% [189]. The improved power density is directly corre-
lated with fuel cell efficiency and longevity, highlighting the
potential of laser texturing as a simple, sustainable technique
for optimizing energy storage device performance.

Interface engineering is a common approach for reduc-
ing surface defects in perovskite solar cells to enhance their
open-circuit voltage and efficiency. Kedia et al. [190] pro-
posed polishing a metal halide perovskite thin-film surface
using a nanosecond-pulsed ultraviolet laser to diminish sur-
face defects (e.g., dangling bonds, secondary phases, and
suboptimal stoichiometry). Figure 8d shows a schematic of
the laser process used to modify the surface of the perovskite
thin film for solar cell applications. At a laser wavelength
of 355 nm, the perovskite thin films have a high absorp-
tion coefficient, resulting in a penetration depth of a few
tens of nanometers. The laser polishing technique success-
fully reduced surface defects of the perovskite film, such as
dangling bonds, suboptimal stoichiometry, and undesirable
phases, which can create nonradiative recombination centers
and subsequently decrease the efficiency of photogenerated
carriers. By minimizing these defects through the control
of the laser fluence and scanning speed, the photophysical
properties of the perovskite thin film surface were effectively
enhanced without changing its thickness. The resulting solar
cell achieved an enhanced performance by improving the
hole transport interface and modifying the surface recom-
bination losses.

Ravesio et al. [58] applied nanosecond-pulsed laser tex-
turing of Al current collectors (CCs) to enhance the electro-
chemical performance of LIB-based cathodes. The surface
topography of the laser-textured Al CCs is shown in Fig. 8e.
The optimized laser processing conditions (laser pulse flu-

ence of 25 J cm™2

, scanning speed of 0.84 m s~!. and hatch
distance of 46 um) improved surface area and LIB electrode
performance. This laser treatment also improved the adhe-
sion between the active materials and current collectors.
Triboelectric nanogenerators (TENGs) have been
explored to convert ambient mechanical energy into elec-

tricity for energy harvesting applications [192, 193]. A
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femtosecond laser was employed to create direct patterning
on the polydimethylsiloxane (PDMS) surface to improve the
output power [191]. The PDMS surface-patterning method
using ultrafast laser irradiation (left side) and SEM images
of the laser-irradiated PDMS at laser powers of 29 and 132
mW (right side) are shown in Fig. 8f. The SEM image of
the PDMS laser-irradiated at 29 mW revealed a regular and
well-ordered concave hemispherical surface morphology.
In contrast, a laser power of 132 mW induced a deep and
irregular sub-morphology. The regular and well-ordered
microstructures on the PDMS surface by laser irradiation
enhanced the contact area between triboelectric and metal
layers, resulting in a high-power density of 107.3 pW cm™2,
which is almost two times higher than that resulting from
conventional surface modification.

A flash-induced multiscale magneto-mechano-triboelec-
tric nanogenerator (MMTENG) was developed to fabricate
self-powered flexible LEDs for optogenetic neuromodula-
tion applications [94]. In Fig. 8g, the flash-induced multi-
scale MMTENG surface-texturing process is schematically
illustrated. Light-absorbing CuO nanoparticles were coated
onto the triboelectric nylon film to act as a heating ampli-
fier under flash light exposure. The millisecond flash light
irradiation of the CuO/polymer surface induced a nanoscale
bumpy texture and a microscale wrinkle structure via mul-
tiscale interface interactions, enhancing the active friction
area and output performance of the MMTENG.

3.7 Carbonization (Laser + Flash)

Laser- and flash-induced carbonization effects have been
widely explored for electronic and energy-storage device
applications by successfully demonstrating a variety of
carbon-based materials, including carbon fibers, carbon
nanotubes, graphene, and graphite. Carbonization is the con-
version of organic materials into carbon or carbon-contain-
ing residues by heating them in a controlled environment,
typically characterized by high temperatures and restricted
oxygen availability. These conditions for carbonization
can be efficiently achieved through the instantaneous LMI
characteristic.

Jian et al. [99] developed a scalable approach to patterning
of porous graphene films from commercial polymers using a
CO, laser. A commercial polyimide film was irradiated with
a CO, infrared laser under ambient conditions to produce a
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porous graphene film called laser-induced graphene (LIG,
Fig. 9a). As shown in the SEM image in Fig. 9b, LIG can
be easily written into diverse designs (owl shape) using
computer-controlled laser scribing. This approach is scal-
able and economical for fabricating large-area devices and
can be applied to roll-to-roll manufacturing processes.

Ruquan et al. [194] used CO, laser scribing to transform
wood into hierarchical porous graphene (Fig. 9¢c). The pine
wood was carbonized into 3D porous graphene by irradiating
a CO, laser (wavelength 10.6 pm) under an Ar/H, atmos-
phere. LIG patterns on a wood surface can be readily and
quickly fabricated into numerous shapes/devices using a
computer-controlled design. As shown in Fig. 9d, the logo of
the letter R was patterned using laser scribing. LIG with an
expansive surface enables enhanced electrochemical interac-
tions at the material interface, offering considerable advan-
tages for developing high-efficiency energy-storage devices.

Moreover, multiple-pulse laser scribing has been uti-
lized to convert various types of substrates (renewable
precursors: food, cloth, paper, and cardboard) into LIG
[195]. As shown in Fig. 9e, the coconut surface and
bread were modified to LIG with the letter R by irradia-
tion using a CO, laser. Unlike the polymer precursors
reported to produce LIG, these renewable precursors are
plentiful, cost-effective, and biodegradable. The ability
to design LIG on these renewable precursors is promis-
ing for application in flexible MSCs. Zhu et al. [196]
developed a simple method to fabricate flexible gra-
phene—copper composites (GCCs) by combining laser
irradiation and efficient electrodeposition. The PI film is
exposed to an ultrafast picosecond laser in order to pre-
cisely and selectively create the required LIG region with
sufficient electrical conductivity. The electrodeposition
stage creates the localized deposition of copper atoms,
resulting in the formation of the flexible GCC with a
spatial pattern defined by the laser.

Lee et al. [197] reported flash-induced porous gra-
phene (FPG) with excellent electromagnetic interference
shielding performances for drones and wearable energy-
shielding applications. An overall concept of the FPG
fabrication process is shown in Fig. 9f. The UV region of
the broad-spectrum flash light breaks the chemical bonds
in the polyimide molecules (photochemical reaction),
resulting in defects that allow for efficient light absorp-
tion in the visible—near-infrared (Vis—NIR) wavelengths.
The photothermal energy generated by Vis—NIR-range

https://doi.org/10.1007/s40820-024-01483-5
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flash light led to graphene formation, resulting in the
production of a large-area (5 x 10 cm?) graphene with a
low density of 0.0354 g cm™ in a few milliseconds. This
FPG exhibited outstanding electromagnetic interference
shielding effectiveness of 1.12 x 10> dB-cm? g~! because
of its low sheet resistance of 18 Q sq~! and porous struc-
ture with high internal scattering capability.

3.8 Chemical Reaction (Laser)

Laser irradiation process enables heating of energy materi-
als up to extremely high temperatures within milliseconds,
showing a substantial potential to provide efficient, effec-
tive, and precise strategies for photo-thermochemical reac-
tions such as oxidation, reduction, and doping. Oxidation
and reduction are specific types of chemical reactions that
focus on the transfer of electrons between substances. Oxi-
dation involves the loss of electrons or an increase in the
oxidation state, typically resulting in an increase in positive
charge or a more oxidized state. Doping process involves the
addition of very small amounts of foreign elements (impu-
rity atoms) into an existing bulk substance, allowing these
atoms to diffuse into the material’s matrix. Unlike synthesis
process, this method can modify the material’s electrical,
optical, and electrochemical properties without significantly
changing the basic chemical structural frameworks of the
original materials. For instance, heteroatoms like boron,
nitrogen, and sulfur can be diffused into electrode materi-
als through photon-induced doping process, altering various
kinds of electrochemical properties of energy devices, such
as electrode’s affinity, and charge storage capacity/stability/
efficiency.

Electrochemical capacitors (ECs), also called superca-
pacitors or ultracapacitors, have been extensively inves-
tigated as energy storage devices owing to their ultrafast
charge/discharge rates compared to batteries. However,
they have limited energy storage densities because only the
electrode surface portions can store charge. Maher et al.
[198] employed light scribing to chemically induce porous
graphene films to achieve high power and energy densities
(Fig. 10a). Graphene oxide (GO) nanoparticles were drop-
coated onto a flexible substrate, followed by infrared laser
irradiation. The GO film was converted into laser-scribed
graphene (LSG) via a chemical reduction reaction between
the laser and GO. As shown in the cross-sectional SEM
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images in Fig. 10a, the stacked GO sheets were chemically
reduced to well-exfoliated layered LSG films via laser irra-
diation. The fabricated LSG films exhibited high electrical
conductivity of 1738 S m™!, a high specific surface area of
1520 m? g7, and excellent mechanical flexibility, allowing
them to be utilized directly as EC electrodes without binders
or current collectors, unlike traditional ECs.

Pure graphene is restricted by its inferior capacitance
compared to pseudocapacitive materials. Therefore, pseu-
docapacitive materials (such as SnO,, MnO,, and Fe;0,)
have been used as dopants to enhance the specific capaci-
tance of graphene-based devices [202-204]. Peng et al.
[199] utilized a laser induction method to fabricate boron-
doped laser-induced graphene MSCs (B-LIG-MSCs) with
outstanding electrochemical performance (Fig. 10b). H;BO,
(0-8 wt%) was dissolved in a solution of poly(pyromellitic
dianhydride-co-4,4'-oxydianiline amic acid) (or poly(amic
acid), PAA), which was cast to prepare a boric acid-contain-
ing PI film (PI/H;BO;). A CO, laser was used to irradiate the
as-prepared PI sheet under ambient conditions selectively.
The surface of the PI sheet containing H;BO; was trans-
formed into B-LIG by laser irradiation. The B-LIG on the PI
film was patterned into interdigitated structures to fabricate
flexible MSCs, which resulted in enhanced electrochemical
performance compared to non-doped LIG structures. The
as-prepared devices retained their cyclability and flexibil-
ity, demonstrating the potential of B-LIG materials as next-
generation, cost-effective energy storage devices.

Yuan et al. [200] employed a spatially shaped femtosec-
ond laser (SSFL) method to fabricate LIG/MnO, flexible
MSC. Figure 10c shows a schematic diagram of the MSC
fabrication process using the SSFL method. LIG/MnO,
composites were prepared by photo-modulation (photo-
chemical and photothermal reduction or oxidation) with the
advantages of a femtosecond laser, such as extremely high
peak power (1013 W cm~2) and short irradiation time. Mn?*,
with its high oxidation potential, was oxidized to MnO, nan-
oparticles, assisting in the real-time reduction of GO through
its anchor sites. Simultaneously, a three-dimensional fluffy
porous structure with an ultrahigh-specific surface area and
durability was achieved. The resulting MSC via SSFL has

Z and

a high area, volumetric capabilities of 128 mF cm™
426.7 mF cm™3, and an ultra-small-time response of 0.01 ms.

Moreover, a single-step direct laser scribing process
was used to fabricate nitrogen-doped 3D graphene anodes

on Cu foil [201]. Figure 10d presents a schematic of the
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nitrogen-doped 3D graphene electrodes on the Cu foil, as
demonstrated by the laser scribing process. Urea-doped pol-
yimide solutions were cast onto Cu foils and then irradiated
by laser at room temperature under nitrogen flow, result-
ing in 3D graphene architecture with 13% nitrogen-atom
doping (nitrogen-doped laser-scribed graphene, NLSG).
This NLSG process was utilized to fabricate binder, con-
ductive, and additive-free anodes with a high capacity of
425 mAh g7! and outstanding cycling stability and rate

SHANGHAI JIAO TONG UNIVERSITY PRESS

performance. In addition to laser-induced photothermal
and photochemical processes, laser-induced electrochemi-
cal reactions are also one important field, and laser has been
successfully employed to enhance electrochemical dissolu-
tion and induce electrodeposition. Zhu et al. [205] proposed
an auto-coupling mechanism between ps-laser irradiation
and electrochemical atomic dissolution. Laser irradiation on
the top Ge surface generates localized hot zones and mass
electron—hole pairs, resulting in the formation of a highly
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electrical conduction channel across the Ge wafer. This
channel allows current to pass preferentially and selectively
under applied bias, enabling localized and enhanced elec-
trochemical anodic dissolution. Theoretical simulation and
experimental studies investigated the laser-induced electro-
deposition on Si surfaces [206]. Simulation and experimen-
tal results revealed the localized enhancement of electrical
conductivity via laser-induced thermal and photoconduc-
tivity effects. The laser irradiation induced a transient con-
ductive channel inside the Si wafer through laser-induced
thermal and photoconductivity effects and generated several
electrons near the laser irradiation area, locally enhancing
of electrical conductivity and improving electrodeposition.

3.9 Chemical Reaction (Flash)

Flash lamp technology has emerged as a simple and
large-area-processable method for developing energy mate-
rials and devices, driven by its potential to induce beneficial
chemical reactions, such as reduction and doping. This tech-
nique utilizes intense, pulsed flashes of light to induce high
temperatures over a short period, allowing for precise photo-
thermo-chemical control of material properties without the
thermal degradation commonly associated with conventional
annealing methods [207-212]. This method enhances energy
material performance and efficiency by activating of specific
chemical reactions and forming novel material phases.

Figure 11a shows flash-induced interdigitated electrode
arrays on a flexible nylon film made of reduced graphene
oxide (rGO) and polystyrene [213]. The graphene oxide
blend in the polystyrene beads was chemically reduced in
the air by illuminating a patterned shadow mask with a
flash light, enabling the deoxygenation of graphene oxide
by photothermal heating. These patterned rGO/polystyrene
composite electrodes displayed a lower sheet resistance of
9.5 kQ sq! than that of pristine GO/polystyrene (2 x 10° kQ
sq~!), which can be used as a functional surface for energy
devices.

A schematic of the flash-induced photoreduction of gra-
phene liquid crystalline fibers (GF) is presented in Fig. 11b
[71]. The graphene oxide fiber was effectively reduced in a
mixture of N, and H, gases using a millisecond flash light
with a broad wavelength spectrum. Because the reduction
level can be precisely controlled through directional flash
irradiation, the balance between the mechanical properties
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and electrical conductivity in graphene fibers can be finely
adjusted to achieve specific desired characteristics. This
facile, ultrafast, and customized reduction method is useful
for designing materials for energy storage and conversion
applications.

Although heteroatom doping of graphene can effectively
improve its electromechanical properties, unstable bonding
between carbon and nitrogen at high temperatures restricts
nitrogen doping. Yoo et al. [214] utilized flash heating (FH)
to fabricate high-concentration nitrogen-doped reduced gra-
phene oxide (NrGO). Figure 11c schematically illustrates
the FH method for demonstrating flash-heated NrGO (FH-
NrGO). This FH method induces rapid heating and cooling
of the graphene layers as they act as light-absorbing layers
for photothermal conversion. The product graphene exhib-
ited a corrugated structure with a large specific surface area
owing to flash-induced thermal quenching. This process
allows for the reduction of graphene oxide doped with a high
nitrogen concentration, generating anodes with outstanding
electrochemical properties for energy storage devices.

Kim et al. [215] applied flash light irradiation to syn-
thesize two-dimensional (2D) quantum dot (QD)-wrapped
Cu NWs with enhanced physical properties for transparent
energy applications (Fig. 11d). A uniform thin 2D QD layer
was chemically bonded to the surfaces of the Cu NW via
solution processing. This QD-wrapped Cu NW was irradi-
ated with a flash light (pulse width of 200 ps) under low-
temperature and nonvacuum conditions to fabricate a highly
organized and uniform shell morphology on the Cu NWs.
The 2D material-wrapped Cu NWs when used as conducting
electrodes for transparent supercapacitors showed outstand-
ing oxidation stability, chemical stability, and mechanical
endurance.

Moreover, an IPL-induced flash-thermal shock (FTS)
lamping process was employed to prepare single-atom cata-
lysts (SACs: Co, Ni, Pt, and Co—Ni) and nitrogen-doped gra-
phene (Fig. 11e-i) [216]. This process enabled instantaneous
soaring-temperature annealing at 2850 °C in 10 ms with
ramping/cooling speeds of 105 K s™! (Fig. 11e-ii), leading to
nitrogen-doping of the graphene oxide substrate. The high-
density active N-doping sites formed on the substrate surface
facilitated the anchoring and stabilization of the SACs at
high capacities. Melamine was used as an N-dopant to form
metal-nitrogen bonding sites by thermal heating, generating
a uniform, high-density atomic distribution of single metal
atoms.

https://doi.org/10.1007/s40820-024-01483-5
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3.9.1 Synthesis (Laser + Flash)

Laser- and flash-induced technologies with non-equilibrium
photon interaction characteristics have been utilized to syn-
thesize materials with enhanced functionalities for advanced
energy conversion and storage applications. LMI-derived
synthesis processes use substantial amounts of reactants
to create entirely different types of compounds by forming
new bonds between atoms or groups of atoms, which can
be scaled up depending on the desired quantity of the end
product. These technologies can engineer physical/chemical
interactions and material structures via precise spatiotempo-
ral energy input. By initiating and controlling photo-thermo-
chemical reactions via an intense and instantaneous LMIs,
materials such as quantum dots, metal oxides, and complex
hybrids can be synthesized. These materials with unique
optoelectronic, piezoelectric, and electrochemical proper-
ties are crucial for innovative energy conversion and storage
technologies, such as high-performance energy harvesters,
supercapacitors, and batteries.

To improve the triboelectrification of haptic sensors, Park
et al. [83] employed a direct single-step laser processing
method to synthesize thin, 2D MoS, layers using photonic
thermolysis. Figure 12a shows a schematic of the laser-
directed synthesis of 2D MoS, on a SiO,/Si substrate. The
patternable laser synthesis successfully controlled the MoS,
crystal surface morphology by inducing internal strain, ena-
bling the fabrication of flat and crumple MoS, structured
TENG devices in a nonvacuum atmosphere without any
treatment/modification.

Transition metal oxides combined with carbon materials
are receiving considerable attention for enhancing the elec-
trical conductivity and electrochemical properties of energy
storage devices. However, their synthesis requires numerous
toxic chemicals and a long calcination process that releases
harmful gases. Duy et al. [217] utilized laser sintering to
synthesize carbon and cobalt oxide (Co;0,) composites
(C-Co0,) to fabricate flexible supercapacitors. Figure 12b
shows the synthesis process of the laser-sintering-induced
carbon—cobalt oxide composites. This composite was well
crystallized and firmly attached to an Ag NW-coated PI sub-
strate via low-power (1 W) laser irradiation, demonstrat-
ing a flexible supercapacitor with excellent electrochemical
performance.

Similarly, Hung et al. [218] reported the synthesis of
nickel sulfide (NiS) nanostructures by laser irradiation of
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an aqueous solution under ambient conditions without cal-
cination. Figure 12c, d shows the laser-induced NiS nano-
structure and its energy-dispersive spectroscopy (EDS)
elemental mapping results, respectively. The LMI-assisted
NiS enabled better crystallinity and high phase purity with
outstanding physical properties, such as electrochemical per-
formance, specific capacitance, and rate capability for super-
capacitor devices. Wang et al. [222] utilized a laser-induced
transient self-organization technique to prepare hierarchical
pulsed laser-induced TiN, (LITN) nano-filament networks
by regulating the thermodynamic and kinetic processes.
Laser-induced TiN-based surface mountable filter capacitors
exhibit regular 3D hierarchical network structures made of
ultrafine nano-filaments with a diameter of 3—5 nm and high
energy density of 9.17 mWh cm™ at 120 Hz, significantly
higher than that of nitrides and carbon-based supercapacitor
electrodes used in high-frequency applications.

To realize high-capacity anode materials for LIBs, Si/C
core—shell nanoparticles (Si@C) were synthesized by laser-
driven chemical vapor pyrolysis (LCVP) in two stages [219].
Figure 12e shows a schematic diagram of the two-stage laser
pyrolysis reactor. The laser beam initially interacted with the
silane gas in the bottom stage, leading to the formation of
crystalline silicon cores. Subsequently, the carrier gas rap-
idly transported the silicon cores to the upper stage, where
carbon shells were deposited onto these cores.

In recent years, nitrogen-doped carbon nanomaterials
have received great attention in electrochemical energy con-
version and storage applications. Zhang et al. [220] utilized
a flash Joule heating method to enhance energy storage per-
formance and cycle stability of nitrogen-doped carbon nano-
tubes (N-CNTs). This method first enabled a 1D core—shell
structure of CNT @polyaniline in-situ polymerization pro-
cess, and further, it converted into nitrogen-doped carbon
layer on the surface of nanotube by two heating techniques,
such as conventional pyrolysis and flash Joule heating,
leading to the formation of flash N-CNT, as presented in
Fig. 12f. These outstanding electrochemical responses via
the Joule heating method for preparing heteroatom-doped
carbon nanomaterials are promising for energy conversion
and storage applications.

Uzodinma et al. [113] synthesized silicon carbide (SiC)
and silicon oxycarbide (SiOC) ceramic/carbon nanocom-
posites through the flash photothermal pyrolysis of orga-
nosilicon preceramic polymers (PCPs) for electrochemical
energy storage applications. Figure 12g shows a schematic

https://doi.org/10.1007/s40820-024-01483-5
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of the flash lamp processing procedure for the photother-
mal pyrolysis of organosilicon PCP films. Upon exposure to
flash light, the organosilicon was transformed into a carbon/
ceramic nanocomposite without thermal deformation of the
heat-sensitive substrate. The flash-induced nanocomposite
film exhibited a high capacitance of 27.2 mF cm™2, better
stability over 1000 cycles, and a high coulombic efficiency
of 80%, showing potential for energy storage and catalysis.

Silva et al. [221] utilized an oxidative print light syn-
thesis (PLS) method to fabricate Prussian blue (PB) films
with improved electrocatalytic performance. Figure 12h
shows a schematic of the overall PLS process for the PB
films. Potassium hexacyanoferrate (II) trihydrate precursor
(K4[Fe(CN)4]-3H,0) ink with Nafion solution (5 wt%) was
deposited on a titanium substrate via inkjet printing. The
printed K,[Fe(CN)¢]-3H,0 film was dried and sintered in
20 ms via flash light irradiation, forming Fe,[Fe(CN)¢];
with a blue color. The PLS PB film exhibited an outstand-
ing electrocatalytic performance during the charge/discharge
processes, which is promising for energy-storage device
applications such as LIBs.

Moreover, metastable QDs have been synthesized by flash
light-induced sequential self-formation for applications in
photoelectric devices [77]. The multiple irradiations of flash
pulses enabled a-In,S; QD nucleation, Ag doping, and ZnS
passivation by photoresponsive ionic kinetics (Fig. 12i). The
as-synthesized QDs were utilized to fabricate a metal-sem-
iconductor-metal photoelectric device with excellent opto-
electronic performance and long-term stability.

The complexity of the light-induced synthesis process
stems from its dependence on highly specific and non-equi-
librium LMI conditions, characterized by ultrafast interac-
tions, and LMI parameters with high degrees of freedom.
This feature limits the establishment of theoretical LMI-
induced synthesis mechanisms for identifying optimized
light processing conditions. One of the promising solu-
tions lies in leveraging computational power to integrate
and analyze data from multiscale simulations and feedback
experimental results. This integrative approach aims to
use machine learning and artificial intelligence to develop
robust models that can predict the outcomes of LMI-driven
synthesis processes with high accuracy, reliability, and effi-
ciency. Table 2 shows summarization of light sources of
LMI technique, applications, and other details, applied for
light-induced energy conversion and storage field.

© The authors

4 Applications of LMIs in Energy Conversion
and Energy Storage Devices

LMI processes, characterized by their instantaneous, spa-
tially selective, multiphysical, and nonequilibrium photon
engagement, have been instrumental in enabling unique
photothermal and photochemical reactions across a vari-
ety of materials, including ceramics, metals, polymers,
semiconductors, and carbon-based substances [68, 70]. The
extensive application of LMI technologies in energy con-
version and storage has led to significant advancements in
various devices [89, 119, 128]. These devices include energy
harvesters, sensors, capacitors, and batteries, making LMI
technology pivotal for future electronic systems centered on
energy conversion and storage. In this section, we explore
cutting-edge applications in energy-harvesting systems,
mechanical/magnetic sensors, and energy-storage devices
such as capacitors and batteries. These applications demon-
strate the innovative utilization of LMI techniques, including
photothermal reactions, light-induced annealing, and pho-
tochemical responses. Table 3 lists the primary processing
parameters for the LMI process used in energy conversion
and storage device applications introduced in this section.

4.1 LMI Process for Energy Harvesting Devices

Figure 13a-i displays a flexible piezoelectric energy har-
vester utilizing the LLO process. The XeCl excimer laser
pulses (pulse duration of 30 ns) irradiated to the PZT
through the transparent substrate caused melting of PZT/
substrate interface, successfully reducing the adhesion of
PZT film. This technique facilitated the transfer of a high-
temperature (900 °C) annealed piezoelectric PZT thick
film (7 pm in thickness) from a rigid sapphire substrate to
a plastic film while preserving both structural and chemical
integrity [37]. The resulting LLO flexible harvester demon-
strated substantial electrical outputs, generating open-circuit
voltages up to 75 V (as seen in Fig. 13a-ii) and short-circuit
currents of 14 pA through bending and releasing motions. In
addition, they employed a flexible PZT harvester to charge a
1 mF capacitor up to 4.3 V and used the capacitor to operate
a wireless temperature sensor for illustration of its appli-
cation potential. This setup successfully utilized the stored
energy for the measurement of the ambient temperature,

https://doi.org/10.1007/s40820-024-01483-5
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Table 2 Summarization table of light sources, applications, and other details, applied for light-induced energy conversion and storage applica-

tions
Laser Wavelength Interaction time Process Applications References
Femtosecond/picosecond Ti:sapphire 800 nm 30 fs Texturing Laser-induced light [81]
absorbers
Yb:YAG 1030 nm 1 ps, 20 pm diameter Synthesis Laser-induced synthesis ~ [82]
of perovskite
Fiber laser 1.06 pm 100 ps Synthesis Laser-induced synthesis ~ [83]
of MoS,
Excimer XeCl 308 nm 30 ns LLO Energy harvester (PZT [89]
film)
XeCl 308 nm 30 ns LLO Energy harvester (TE [116]
generator)
XeCl 308 nm 30 ns LLO PZT film energy harvester [37]
XeCl 308 nm 30 ns LLO Piezoelectric sensor [223]
XeCl 308 nm 30 ns LLO Piezoelectric pressure [128]
sensor
XeCl 308 nm 30 ns LLO Piezoelectric acoustic [224]
sensor
XeCl 308 nm 30 ns LLO Ceramic capacitor [119]
Flash lamp Flash lamp 200—1100 nm 0.2 ms LLO Solar cell [103]
Flash lamp 350—1500 nm 0.25to 1 ms Crystallization PZT film [115]
Flash lamp 200—1100 nm 0.3 ms Crystallization Magnetoelectric com- [144]
posites
Flash lamp 200—1100 nm 0.66 ms Welding Ag NW [114]
Flash lamp 190—1000 nm 0.5 ms Sintering Polymer solar cell [92]
Flash lamp 200—1100 nm 0.1to 1 ms Sintering Si anode for LIB [93]
Flash lamp 200—1100 nm 3 ms Texturing Magneto-mechano-triboe- [94]
lectric nanogenerator
Flash lamp 200—1100 nm 0.8 ms Pyrolysis Graphene films on arbi- [95]
trary substrates
Flash lamp Reaction Supercapacitor [225]
Flash lamp 190 nm to 800 nm 1-2 ms Reaction Patterning graphene oxide [96]
Flash lamp 1 ms Synthesis Photothermal pyrolysis [113]
Continuous wave Nd:YAG 532 nm 20 pm, 0.1 mm s71(0.2'5) Annealing PZT film [104]
CO2laser 10.6 pm pulse duration: 14 ps, 3.5  Texturing Fluorinated polyimide [102]
ins! films
CO2laser 10.6 pm pulse duration: 14 ps, spot Pyrolysis Graphene films on poly-  [99]
size of 120 pm mers

achieving 18 consecutive operations along with simultane-
ous data transmission to a transceiver.

Figure 13b-i introduces a novel touchscreen-based energy
harvesting system that integrates a transparent, flexible pie-
zoelectric harvester with a touchscreen panel (TSP) [114].
This system employs AgNWs as the electrode layer in trans-
parent harvesting devices. Owing to the broad spectrum
of flash light, randomly arranged Ag NWs on the flexible
piezoelectric film were effectively welded via the plasmonic
heating effect, resulting in a low sheet resistance at high

SHANGHAI JIAO TONG UNIVERSITY PRESS

transparency. The incorporation of AgNWs as the electrode
layer, welded through flash light-induced plasmonic inter-
action, enabling low sheet resistance and high transparency
of the piezoelectric material. A transparent piezoelectric
harvester with a transparency of 80% was capable of gen-
erating significant electrical outputs, demonstrated by the
open-circuit voltage of 38 V and a short-circuit current of
12.5 pA. Additionally, when integrated with TSP, it was able
to produce an oscillating output of 20 V and 1 pA under pen-
writing motions, as depicted in Figure 13b-ii.

@ Springer
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Table 3 Processing parameters for LMIs in energy conversion and storage applications

Energy conversion and storage applications

LMI method

Process Parameters

References

Flexible PZT-based energy harvester, sensor, and

capacitor

Ag NW-based transparent flexible harvester

MMTENG for optogenetic neuromodulation

PZT/Metglas ME heterostructure

Flexible thermoelectric generator

Roll-to-roll inkjet Ag grid-based solar cell

Crumpled MoS, TENG device

Magnetic field sensor using ME composite

Microsupercapacitive stone module

Silicon anode-based lithium-ion battery

TiN, nano filament percolated capacitor

LLO (Laser)

Plasmonic welding (Flash light)

Surface annealing (Flash light)

Crystallization (Flash light)

LLO (Laser)

Sintering (Flash light)

Thermolysis (Laser)

Crystallization (Flash light)

Reduction sintering (Laser)

Annealing, surface modification (Flash

light)

Heating (Laser)

Wavelength: 308 nm
Fluence: 0.42 or 0.61 J cm™
Pulse duration: 30 ns
Environment: air
Wavelength: 300-1000 nm
Fluence: 10.3 J cm™
Pulse duration: 0.66 ms
Environment: air
Wavelength: 300-1000 nm
Fluence: 20 J cm™

Pulse duration: 3 ms
Environment: air
Wavelength: 350-1500 nm
Fluence: 5.6 J cm™>

Pulse duration: 0.75 ms
Environment: air
Wavelength: 308 nm
Fluence: 0.7 J cm™

Pulse duration: 30 ns
Environment: air
Wavelength: 190-1000 nm
Flash energy: 830J

Pulse duration: 0.5 ms
Environment: air
Wavelength: 1060 nm
Fluence: 2.52-2.62 J cm™
Pulse duration: 100 ps
Environment: air
Wavelength: 300-1000 nm
Fluence: 7.1 J cm™

Pulse duration: 0.3 ms
Environment: air
Wavelength: 1070 nm
Laser power: 10 W

Pulse duration: Not marked
Environment: air
Wavelength: 350-1500 nm
Fluence: 0.75, 1.9 J cm™2
Pulse duration: 1, 0.1 ms
Environment: air
Wavelength: 1064 nm
Laser power: 13 W

Pulse duration: 2-350 ns

Environment: N, gas

[37, 119,
128, 223,
226]

[114]

[115]

[116]

[92]

[83]

[144]

[93]

[222]

Figure 13c-i describes the development of a flash-
enhanced MMTENG designed for optogenetic neuromod-
ulation applications by powering in vivo flexible pLEDs

© The authors

(f-pLEDs) [94]. Nanoscale bumpy textures and microscale
wrinkle structures were concurrently developed at a CuO/
Nylon interface by exposing a millisecond flash light onto

https://doi.org/10.1007/s40820-024-01483-5
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the CuO NPs coated Nylon film. After chemically etch-
ing the flash-derived Cu structures, the Nylon film sur-
face with enhanced active friction area could be achieved.
The MMTENG device with a flash-induced nylon surface
showed a 2.6-fold increase in output power compared with
the pristine polymer material. This enhancement enabled the
activation of f-pLEDs by converting ambient magnetic field

schematic representation in Fig. 13c-ii illustrates a self-pow-
ered optogenetic brain stimulation setup that involves a liv-
ing mouse, an array of f-pLEDs powered by the MMTENG,
and a motor command pathway that triggers whisker move-
ment. The in-vivo energy-scavenged f-pLEDs optogeneti-
cally activated the Chrimson-modified primary motor cor-
tex in the mouse. This activation induced the movement of

noise into electricity, as depicted in the inset of Fig. 13c-i. A
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Fig. 13 a-i Photographic depiction of LLO-based flexible PZT energy harvester; inset: optical microscopy image of the harvester top electrode
layer; a-ii Graph representation of open-circuit output voltage measurements obtained from flexible PZT energy harvester. Reproduced with per-
mission from Ref. [37]. Copyright 2016, Wiley—VCH. b-i Image capturing TSP energy harvesting system integrated with a flexible, transparent
AgNWs electrode layer; inset: microscopic visualization of AgNWs electrode layer on piezoelectric material; b-ii graph delineating short-circuit
current response of TSP harvester during handwriting motions. Reproduced with permission from Ref. [114]. Copyright 2017, Wiley—VCH. c-i
Photographic portrayal of MMTENG device positioned within a Helmholtz coil; inset: illustration of f-uLED powered by the MMTENG setup.
c-ii schematic representation of self-powered optogenetic brain stimulation experiment conducted on mouse model. Reproduced with permission
from Ref. [94]. Copyright 2020, Elsevier. d-i Comparative analysis graph of oy values observed in pristine PZT vs. various PZT flash irradia-
tion conditions applied on Metglas substrate. d-ii comparative graph showcasing o,y values of flash-induced PZT/Metglas bilayer in relation to
previously reported ME heterostructures. Reproduced with permission from Ref. [104]. Copyright 2023, Wiley—VCH. e-i Photographic image
alongside a cross-sectional view detailing the thermoelectric structure of the f-TEG device. e-ii graph illustrating measured output characteristics
of f-TEG under varying AT conditions. Reproduced with permission from Ref. [116]. Copyright 2016, American Chemical Society. f-i Photo-
graphic representation of a solar cell module. f-ii IV curve graph displaying solar module performance using pristine and various flash sintering-
conditioned samples. Reproduced with permission from Ref. [92]. Copyright 2013, Wiley—VCH
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mouse whiskers, demonstrating the practical application of
MMTENG in a biological context.

Figure 13d-i shows the ME voltage coefficient (o)
graphs of the aerosol-deposited (AD) PZT/FeBsi (Metglas)
heterostructure films [115]. The flash treatment achieved
selective crystallization of the target PZT thick-film layer
without thermal damage to the Metglas foil. The optimal
flash light conditions, three consecutive shots with a pulse
duration of 0.75 ms, yielded a maximum oy value of
20.46 V cm™' Oe™!. This value represents a notable advance-
ment in magnetoelectric conversion performance, surpassing
that of previously reported heterostructured ME film com-
posites, as illustrated in Fig. 13d-ii. The enhanced perfor-
mance can be attributed to the significant polarization effect
in the flash-induced PZT film coupled with the optimal inter-
facial interactions within the PZT/Metglas heterostructured
ME film composite.

Figure 13e-i illustrates an f-TEG fabricated through
the screen printing of active thermoelectric films (p-type
Bij;Sb, ;Te; and n-type Bi,Se, ;Te, ;) onto a quartz sub-
strate [116]. This process was followed by multi-scanning
LLO technique to attain a freestanding device state. Suc-
cessful exfoliation of these films was achieved by generating
Si nanoparticles within the amorphous Si layer using high-
energy excimer laser irradiation. This approach effectively
minimized the surface contact area between the active ther-
moelectric materials and the parent substrate. The f-TEG
module, as depicted in Fig. 13e-ii, not only demonstrates a
high output power density of 4.78 mW cm™ at a temperature
differential (AT) of 25 °C but also exhibits remarkable flex-
ibility and stability, maintaining functionality with a bending
radius as low as 5 mm.

Figure 13f-i depicts a polymer solar cell module featur-
ing a roll-to-roll flash photon-sintered silver grid, which
serves as a semitransparent front electrode layer for organic
solar cells [92]. The Ag NPs patterned onto a flexible PET
film by inkjet printing were sintered by irradiating the
flash light, resulting in the decrease of the sheet resistance
through the grain growth and densification of the Ag NPs.
This flash-induced Ag grid improved fill factor and overall
performance of the solar cells compared with traditional
ITO-based devices while also offering benefits in terms of
ease of processing under atmospheric pressure. A detailed
analysis of the relationship between the current and voltage
(I-V) performance of solar cells and the extent of photonic
sintering of the grid revealed a significant trend: an increase

© The authors

in the number of flash shots correlated with an enhanced
photocurrent. Additionally, there were slight, yet noticeable,
improvements in both the fill factor and open-circuit voltage
of the device after flashlight treatment.

4.2 LMI Process for Mechanical/Magnetic Sensing
Devices

Figure 14a-i delineates the structure of a self-powered flex-
ible pressure sensor on an ultrathin PET substrate (4.8 pm
thick), achieved through an LLO process [223]. This process
facilitates the transfer of a high-temperature-annealed PZT
thin film (thickness of 2 pm) from a rigid sapphire wafer.
The ultra-flexibility of the PZT film on plastic, which is
capable of conformally floating on soap bubbles owing to
its low bending rigidity, is illustrated in the inset of Fig. 14a-
i. This flexible PZT sensor, with a sensitivity of approxi-
mately 0.018 kPa~! and a response time of approximately
60 ms, can be employed for the real-time monitoring of
human respiratory activities. This application was demon-
strated by attaching an ultrathin sensor to a conventional
medical mask to track exhalation and inhalation patterns,
as shown in Fig. 14a-ii. The photographs in Fig. 14b-i
show an LL.O-based wearable piezoelectric blood pressure
sensor (WPBPS) built into a wristwatch strap [128]. The
sensor comprises a 2 pm PZT thin film on a 75 pm PET
substrate with biocompatible PDMS encapsulation, ensur-
ing conformal contact with human skin for enhanced pulse
detection from the radial artery. The WPBPS exhibited high
sensitivity (0.062 kPa™l), rapid response time (23 ms), and
remarkable mechanical stability over 50,000 push cycles.
Figure 14b-ii shows a comparison of diastolic blood pressure
(DBP) measurements from the WPBPS and the U.S. Food
and Drug Administration (FDA)-approved sphygmoma-
nometer across 35 participants. The findings indicated a
mean error and standard deviation of —0.32 +5.28 mmHg
for DBP when comparing our sensor with the conventional
sphygmomanometer. These results confirmed the accuracy
of the WPBPS in clinical blood pressure measurements
across diverse demographic groups of different sexes and
age ranges.

Figure 14c-i portrays an implanted flexible inorganic PZT
acoustic nanosensor (iPANS), fabricated using an LLO pro-
cess and strategically positioned beneath the basilar membrane
in the organ of Corti to respond to auditory stimuli [226].

https://doi.org/10.1007/s40820-024-01483-5
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This development addresses the issue of permanent hearing
impairment caused by the loss or damage of hair cells, which
cease to generate bioelectrical potential under such conditions
[227]. The use of flexible piezoelectric films as artificial hair
cells has emerged as a promising alternative for restoring the
functionality of impaired hair cells. Figure 14c-ii shows the

acoustic frequency separator comprising a flexible PZT film,
trapezoidal freestanding silicone membrane, and an acrylic
frame. Upon exposure to acoustic waves, the silicone mem-
brane undergoes vibrational motion owing to the resonance
effects, which mechanically deform the iPANS on the silicone
membrane, leading to the generation of piezoelectric-induced
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Fig. 14 a-i Schematic representation of a self-powered piezoelectric pressure sensor designed for wireless monitoring of arterial pulse at human
wrist; inset shows a photographic depiction of an ultrathin flexible PZT sensor demonstrating buoyancy on soap bubbles. a-ii Graph showcasing
output voltage signals from piezoelectric pressure sensor during normal and intensified oral breathing. Reproduced with permission from Ref.
[223]. Copyright 2017, Wiley—VCH. b-i Photographic image of ultrathin piezoelectric sensor integrated within inner surface of wristwatch strap;
inset: conceptual design of a wristwatch-based WPBPS. b-ii Bland—Altman plots employed to validate WPBPS accuracy in measuring DBP,
compared against readings from an oscillometric sphygmomanometer across a sample of 35 participants. Reproduced with permission from
Ref. [128]. Copyright 2023, Wiley—VCH. c-i Conceptual schematic illustrating implementation of iPANS designed for acoustic wave detection
within mammalian cochlea Organ of Corti. c-ii Graphic illustration depicting operational mechanism of iPANS, focusing on resonance-induced
mechanical vibration of flexible PZT in response to acoustic waves. c-iii Illustration of vibrational displacement and subsequent piezoelectric
voltage generation by iPANS located on silicone membrane structure. Reproduced with permission from Ref. [226]. Copyright 2014, Wiley—
VCH. d-i Photograph showcasing a flexible MoS,-based triboelectric haptic sensor array applied to a human hand; inset: laser-synthesized MoS,
and Ag electrode lines in the haptic sensor. d-ii Graph presenting voltage output signals from the triboelectric haptic sensor, comparing scenar-
ios without the MoS, layer and with flat or crumpled MoS, layers under varying external mechanical forces. Reproduced with permission from
Ref. [83]. Copyright 2020, Elsevier. e-i Schematic delineation of an ME composite magnetic field sensor comprising a magnetostrictive Metglas
lamination coupled with a piezoelectric PMN-PZT layer. e-ii Voltage response of the ME sensor to AC magnetic fields as low as 0.5 pT, using
pristine and flash-induced Metglas sheets. Reproduced with permission from Ref. [144]. Copyright 2021, Elsevier
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electrical signals. To assess the frequency-dependent response
of the iPANS to sound stimulation, the device was subjected
to sound waves in the range of 100-1600 Hz. As shown in
Fig. 14c-iii, the iPANS located at the end region of the silicone
membrane exhibited an obvious response to sound frequencies
near 1000 Hz. This observation was attributed to the resonance
frequency of iPANS, thereby validating its effectiveness as a
frequency separator and selective responsiveness to specific
acoustic frequencies.

Figure 14d-i illustrates a self-powered flexible touch sen-
sor array that leverages the triboelectric effect using a 2D
MoS, film synthesized via laser scribing [83]. The insets of
Fig. 14d-i show the establishment of Ag electrode lines on
the MoS, pattern achieved through inkjet printing. The piv-
otal aspect of this design lies in the laser-directed thermoly-
sis of the MoS, layer, which allows the manipulation of the
surface morphology between flat and crumpled structures by
varying the irradiated laser power. This morphological tuning
enhanced the output voltage signal of the triboelectric sensor,
which was attributed to the increased contact area of the crum-
pled MoS, structure. To rigorously evaluate the triboelectric
sensitivity of this flexible sensing device, especially with the
most crumpled-surface MoS,, comparative control tests were
conducted. These tests involved the use of sensors with flat
MoS, surfaces and those comprising only Ag electrode layers
as triboelectric materials. The results depicted in Fig. 14d-iii
clearly indicate that the crumpled MoS, sensor generates a
higher output voltage than its flat MoS, and electrode-only
counterparts. This superior performance was consistent across
all the applied force levels of 5, 10, and 20 N, thereby under-
scoring the efficacy of the crumpled MoS, in enhancing the
triboelectric response of the sensor array.

Figure 14e-i delineates the ME laminate composite struc-
ture of an ultrasensitive AC magnetic field sensor [144]. This
sensor consists of a flash photon-annealed magnetostric-
tive Metglas lamination and a piezoelectric Pb(Mg;;;Nb,3)
O;-Pb(Zr,Ti)O5 (PMN-PZT) crystal. This process induced
nanocrystals on the Metglas surface, resulting in a 27.3%
improvement in the piezomagnetic constant, 40% increase in
the mechanical quality factor, and 46% enhancement in ot
at the resonance frequency, as compared to the unprocessed
Metglas. Furthermore, the ME responses of these sensors to
the applied AC magnetic fields under resonant conditions are
shown in Fig. 14r-ii. The induced ME voltages exhibited a
nearly linear relationship, even at an ultralow AC magnetic
field strength of approximately 1 pT. The flash-induced sensor

© The authors

demonstrated an exceptional magnetic field detection limit of
0.5 pT at a resonance frequency of 99.3 Hz. This performance
was significantly superior by an order of magnitude compared
to that of the pristine sensor with a detection limit of 5 pT at a
resonance frequency of 97.7 Hz.

4.3 LMI Process for Energy Storage Devices

Figure 15a-i features a photographic representation of a
natural-stone-based MSC system consisting of a 3 X 3 array
of electrochemical energy storage supercapacitors [98].
These supercapacitors were connected in series, demon-
strating their ability to power LEDs. This system employed
a capacitive Mn;O, cathode, a faradaic Fe;O, anode, and
LiClO, as the electrolyte salt material. A Cu current collec-
tor was intricately integrated onto a stone substrate through
a laser-induced explosive reduction and sintering process
initially applied to CuO NPs. The scan speed of a CW fiber
laser (wavelength of 1070 nm) was modulated at a fixed
power of 10 W to find the optimal condition for maximizing
the conductivity and porosity of the Cu conductor, which
are crucial for efficient electrochemical energy storage. In
Fig. 15a-ii, a Ragone plot is presented to contextualize the
performance of the laser-induced MSC stone cell. This plot
compares the areal energy and power densities of the stone-
based supercapacitor with those of previously reported MSC
energy storage systems. The electrochemical stone module
demonstrated outstanding energy density of 6.55 yWh cm™>
and a power density of 1.2 mW cm™2. A major advantage of
this system is the recyclable nature of the stone substrate,
which highlights its environmental sustainability and poten-
tial for circular economic applications.

Figure 15b-i depicts a flexible self-charging ceramic
capacitor system with ultrafast and high-power density
characteristics developed through an LLO transfer pro-
cess [119]. This system combined a relaxor ferroelectric
Pb(Mg,sNb,,3)O;—PbTiO; (PMN-PT) capacitor and a pie-
zoelectric PZT harvester, both of which were transferred
from rigid substrates to a single PET film by optimizing
the LLO conditions, including laser fluence, repetition
rate, and scanning rate. The relaxor behavior in these fer-
roelectrics can be attributed to the disruption of long-
range ferroelectric domain ordering and the formation of
polar nanoregions, resulting in a relatively slim polariza-
tion—electric field (P-E) curve with a higher recoverable
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energy density and lower energy loss for capacitor appli-
cations. The flexible PMN-PT capacitor achieved a high
recoverable energy density of 10.7 J cm™ and an energy
storage efficiency of 79.7% from P-E measurements at a
maximum electric field of 600 kV cm™'. Concurrently,
the PZT harvester of the self-charging capacitor system
produced an open-circuit output voltage of 172 V and a
short-circuit output current of 21 pA, triggered by bio-
mechanical bending motions such as human finger move-
ments. This generated energy was stored in the integrated,
flexible capacitor, which could then be discharged with

a high energy density of 2.58 J cm™ within an ultrafast
duration of 480 ns. This capability highlights the poten-
tial of the proposed approach for self-charging and energy
storage to drive the development of flexible pulsed power
electronic devices.

Photonic annealing has been used to modify LIB com-
ponents under atmospheric conditions. Seok et al. reported
enhanced performance of Si anodes in LIB systems through
flashlight interactions under two distinct conditions: LILP,
termed FLA, and HISP, referred to as FLF [93]. FLA pro-
cess resulted in the inhomogeneous condensation of binders
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Fig. 15 a-i Photograph of an LED powered by a 3x3 array of stone-based MSC modules; a-ii Ragone plot comparing the energy and power
densities of the stone-based MSC module in this study with previously reported MSC devices. Reproduced with permission from Ref. [98]. Cop-
yright 2022, American Chemical Society. b-i Image of the self-charging flexible ceramic capacitor system, demonstrating flexibility by bending
with human fingers. b-ii Graph showing the discharged energy density of the self-charging flexible capacitor system under the bending motion
of human fingers. Reproduced with permission from Ref. [119]. Copyright 2021, American Chemical Society. c-i Cycling stability plot of dis-
charge capacity over 200 cycles at 1 A g~! for vacuum-annealed and flash-induced annealed Si anodes, with varying flash energy densities. c-ii
Rate capability plot for Si anodes treated with FLA and FLF conditions. Reproduced with permission from Ref. [93]. Copyright 2021, American
Chemical Society. d-i CV curves of a LITN-based capacitor obtained at scan rates ranging from 50 to 500 V s~!. d-ii Photograph of a packaged
LITN capacitor unit alongside a commercially available AEC. e-i Schematic diagram of the assembled supercapacitor incorporating N-CNTs.
Reproduced with permission from Ref. [222] Copyright 2023, Wiley—VCH. e-ii The charging—discharging curves of the N-CNT-based superca-
pacitor under different current densities. Reproduced with permission from Ref. [220] Copyright 2023, Wiley—VCH
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in the Si anode, whereas FLF method selectively promoted
carbonization, oxidation, and pore formation on the surface
of the Si anodes. Figure 15c-i presents cycling stability
graphs that compare the as-dried, vacuum-annealed, and
flash-induced samples to evaluate the effect of FLA treat-
ment. The optimally flash-annealed sample exhibited supe-
rior cycling stability (FLA@0.77 J cm™2) of the Si anode,
maintaining performance for up to 200 cycles at a specific
current of 1 A g='. This improvement was attributed to the
partial flash-induced cross-linking between the polymer
binders and Si particles. Figure 15c-ii illustrates the rate
capability test results of the Si anode by varying the specific
current from 0.5 to 5 A g_l for FLA, FLF-1.3, and FLF-1.8
samples. The discharge capacities recorded during repeated
cycles at a specific current of 2 A g~! were 1010 mAh g~!
for FLA and 1710 mAh g~! for appropriately conditioned
(1.8 T cm™) FLF, indicating that FLF significantly enhanced
the rate capability of the Si anodes. The functionalized sur-
faces from the FLF provided efficient Li-ion and electron
transfer largely because of their increased electrical conduc-
tivities, electrolyte affinity, and expanded pore structures.
Wang et al. reported a LITN nano-filament network that
demonstrates high performance in MSCs [222]. Key pro-
cessing parameters during the laser heating and transient
cooling include the use of nanosecond pulse laser irradia-
tion with a light intensity above 10> W cm™ and an energy
density exceeding 10 J cm~2, which induce plasma forma-
tion and promote the diffusion and incorporation of nitrogen
into molten titanium. The geometrically ordered nanoporous
LITN structure has outstanding surface area, excellent chem-
ical stability, and superior conductivity, enabling its use in
high-frequency charging and discharging while enduring
rapid volume changes during fast charge—discharge scenar-
ios. Figure 15d-i shows the cyclic voltammetry (CV) curve
of the LITN electrode at various voltage scanning speeds.
The LITN electrode exhibited a quasi-rectangular CV curve
with a slight redox peak at a scanning speed of 0.1 V s~}
indicating excellent rate performance and partial pseudo-
capacitance behavior. As the scan rate increased to 10 V s~!
and above, the redox peaks gradually disappeared, demon-
strating reduced interaction between electrolyte ions and the
electrode while maintaining a complete CV curve shape at
rates above 100 V s™!. They developed a surface-mountable
LITN MSC, as shown in Fig. 15d-ii, which exhibits a long
cycle life of 2 million cycles and an extraordinary volumetric
energy density of 7.17 mWh cm™ at 120 Hz in an aqueous
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electrolyte compared to conventional aluminum electrolytic
capacitors (AECs). The LITN offers great potential for creat-
ing new materials and developing scalable integrated micro-
devices with broad storage applications.

Zhang et al. [220] utilized millisecond-scale flash Joule
heating to prepare N-CNTs for energy storage applications.
Figure 15e-i shows the assembled supercapacitor device
using the flash-prepared N-CNT samples as both anodic
and cathodic electrodes with KOH electrolyte solution.
Figure 15e-ii presents the galvanostatic charge—discharge
curves of the capacitor device under different current densi-
ties ranging from 1 to 10 mA cm™ with a voltage window
of —0.2 to 0.8 V. The area capacitance reaches 29.8 mF cm™>
at a current density of 1 mA cm™ with an energy density of
1.03 uWh cm~2. All curves exhibit a triangular shape, even
at the high current density of 10 mA cm™2, indicating ideal
capacitive behavior. The charge—discharge cycle stability of
the supercapacitor was investigated at a current density of
2 mA cm~2, showing an initial capacitance retention of 83%
after 10,000 cycles. These results highlight the advantages
of the flash heating method in preparing CNTs for advanced
energy storage and conversion devices.

5 Conclusions

Major advances in LMI technology have contributed to
robust solutions for energy conversion and storage applica-
tions, overcoming the limitations of traditional microfab-
rication and thermal processes. Laser and flash lamp light
sources have been widely applied in numerous LMIs, includ-
ing sintering, crystallization, lift-off, surface modification,
carbonization, oxidation/reduction, doping, and synthesis,
providing practical photothermal or photochemical strategies
for numerous energy devices, ranging from batteries to self-
powered electronics. Figure 16 presents a comprehensive
roadmap that chronologically outlines and highlights the key
developments in LMIs that are crucial for the progress of
energy conversion and storage technologies.

However, there are several challenges in the commerciali-
zation of advanced energy materials and devices: (i) Exten-
sive theoretical research on LMIs remains limited owing
to their complex nature, characterized by factors such as
nonequilibrium photon reactions, ultrafast interaction time,
and LMI parameters with high degrees of freedom, which
leads to multiple trials and errors in identifying optimized

https://doi.org/10.1007/s40820-024-01483-5
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Fig. 16 Comprehensive roadmap overview, which chronologically highlights the key developments in LMIs for energy conversion and storage

applications

and consistent processing conditions. A vast database com-
posed of multiscale simulations and feedback experimental
results can be merged with machine learning and artificial
intelligence to establish an efficient in-depth LMI model. (ii)
The performance of light-induced energy devices should be
improved to meet the increasing demand for higher efficiency
in energy solutions. In this regard, synthesizing advanced
materials with superior properties is crucial because they
can be employed for novel LMIs, such as hierarchical sinter-
ing, large-scale crystal growth, and photochemical doping,
to realize high-performance energy systems. (iii) Enhancing
the spatial precision and controllability of LMI techniques is
required for their high integration capability and uniformity,
which enables precise design, fabrication, interconnection,
and packaging technologies to demonstrate multifunctional
and reliable energy applications. These challenges can be
addressed by advancing optical technologies that can more
accurately control the distribution of energy and time dur-
ing LMIs. Enhancing uniformity in material synthesis and
deposition is also required to improve the production yield of
energy systems. (iv) Lastly, persistent progress is necessary

SHANGHAI JIAO TONG UNIVERSITY PRESS

in terms of improving mass production capability of intense
LMI processes for cost-effective and sustainable manufac-
turing of energy applications. To address this issue, large-
area processable light sources (e.g., line beam lasers, and
flash lamps) along with optical beam shaping technologies
can be introduced to enable required optical energy density
over broad surfaces without sacrificing process quality and
precision. We believe that a comprehensive review of key
academic themes, significant efforts, and collaboration in
the field of multidisciplinary research related to LMIs will
promote future scientific innovations in energy materials and
devices.

Acknowledgements This work at YU was supported by the
National Research Foundation of Korea (Grant number: NRF-
2023R1A2C2005864). This work at KAIST was supported by the
National Research Foundation of Korea(NRF) grant funded by
the Korea government(MSIT) (RS-2024-00406240). This work
at KNU was supported by a National Research Foundation of
Korea (NRF) Grant funded by the Korean Government (MSIT)
(No. 2022R1A2C1003853). This work at KIT was supported by
a National Research Foundation of Korea (NRF) Grant funded by
the Korean Government (MSIT) (No. RS-2023-00217661) and

@ Springer



276 Page 38 of 47

Nano-Micro Lett. (2024) 16:276

Technology Innovation Program (RS-2022-00155961, Devel-
opment of a high-efficiency drying system for carbon reduction
and high-loading electrodes by a flash light source) funded by the
Ministry of Trade &amp; Energy (MOTIE, Korea). This work
at PKNU was supported by a National Research Foundation of
Korea (NRF) Grant funded by the Korean Government (MSIT)
(No. 2022R1A2C4001497).

Declarations

Conflict of Interest The authors declare no interest conflict. They
have no known competing financial interests or personal relationships
that could have appeared to influence the work reported in this paper.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and
indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Com-
mons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Com-
mons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of
this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Y. Hu, M. Wu, F. Chi, G. Lai, P. Li et al., Ultralow-resist-
ance electrochemical capacitor for integrable line filter-
ing. Nature 624, 74-79 (2023). https://doi.org/10.1038/
s41586-023-06712-2

2. F. Han, G. Meng, F. Zhou, L. Song, X. Li et al., Dielec-
tric capacitors with three-dimensional nanoscale interdigital
electrodes for energy storage. Sci. Adv. 1, e1500605 (2015).
https://doi.org/10.1126/sciadv.1500605

3. J. Zhao, H. Lu, Y. Zhang, S. Yu, O.I. Malyi et al., Direct
coherent multi-ink printing of fabric supercapacitors. Sci.
Adv. 7, eabd6978 (2021). https://doi.org/10.1126/sciadyv.
abd6978

4. C. Yuan, Sustainable battery manufacturing in the future.
Nat. Energy 8, 1180-1181 (2023). https://doi.org/10.1038/
s41560-023-01374-w

5. Y. Qiao, H. Yang, Z. Chang, H. Deng, X. Li et al., A high-
energy-density and long-life initial-anode-free lithium battery
enabled by a Li,O sacrificial agent. Nat. Energy 6, 653—-662
(2021). https://doi.org/10.1038/541560-021-00839-0

6. H. Tang, K. Geng, L. Wu, J. Liu, Z. Chen et al., Fuel cells
with an operational range of —20 to 200 °C enabled by phos-
phoric acid-doped intrinsically ultramicroporous membranes.
Nat. Energy 7, 153-162 (2022). https://doi.org/10.1038/
s41560-021-00956-w

© The authors

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

L. Shi, Y. Zhao, S. Matz, S. Gottesfeld, B.P. Setzler et al., A
shorted membrane electrochemical cell powered by hydro-
gen to remove CO, from the air feed of hydroxide exchange
membrane fuel cells. Nat. Energy 7, 238-247 (2022). https://
doi.org/10.1038/541560-021-00969-5

. Q. Zhang, S. Dong, P. Shao, Y. Zhu, Z. Mu et al., Covalent

organic framework-based porous ionomers for high-perfor-
mance fuel cells. Science 378, 181-186 (2022). https://doi.
org/10.1126/science.abm6304

S. Wu, Y. Yang, M. Sun, T. Zhang, S. Huang et al., Dilute
aqueous-aprotic electrolyte towards robust Zn-ion hybrid
supercapacitor with high operation voltage and long lifes-
pan. Nano-Micro Lett. 16, 161 (2024). https://doi.org/10.
1007/540820-024-01372-x

C. Gao, Q. You, J. Huang, J. Sun, X. Yao et al., Ultraconform-
able integrated wireless charging micro-supercapacitor skin.
Nano-Micro Lett. 16, 123 (2024). https://doi.org/10.1007/
s40820-024-01352-1

C.P. Grey, D.S. Hall, Prospects for lithium-ion batteries and
beyond—a 2030 vision. Nat. Commun. 11, 6279 (2020).
https://doi.org/10.1038/541467-020-19991-4

C. Li, Md.M. Islam, J. Moore, J. Sleppy, C. Morrison et al.,
Wearable energy-smart ribbons for synchronous energy har-
vest and storage. Nat. Commun. 7, 13319 (2016). https://doi.
org/10.1038/ncomms13319

M.R. Lukatskaya, B. Dunn, Y. Gogotsi, Multidimensional
materials and device architectures for future hybrid energy
storage. Nat. Commun. 7, 12647 (2016). https://doi.org/10.
1038/ncomms 12647

G. Nagaraju, S.C. Sekhar, B. Ramulu, L.K. Bharat, G.S.R.
Raju et al., Enabling redox chemistry with hierarchically
designed bilayered nanoarchitectures for pouch-type hybrid
supercapacitors: a sunlight-driven rechargeable energy stor-
age system to portable electronics. Nano Energy 50, 448461
(2018). https://doi.org/10.1016/j.nanoen.2018.05.063

A. Al-Ashouri, E. Kohnen, B. Li, A. Magomedov, H. Hempel
et al., Monolithic perovskite/silicon tandem solar cell with
>29% efficiency by enhanced hole extraction. Science 370,
1300-1309 (2020). https://doi.org/10.1126/science.abd4016
G. Li, Z. Su, L. Canil, D. Hughes, M.H. Aldamasy et al.,
Highly efficient p-i-n perovskite solar cells that endure tem-
perature variations. Science 379, 399403 (2023). https://doi.
org/10.1126/science.add7331

X. Chu, Q. Ye, Z. Wang, C. Zhang, F. Ma et al., Surface
in situ reconstruction of inorganic perovskite films enabling
long carrier lifetimes and solar cells with 21% efficiency.
Nat. Energy 8, 372-380 (2023). https://doi.org/10.1038/
s41560-023-01220-z

W. Xu, H. Zheng, Y. Liu, X. Zhou, C. Zhang et al., A droplet-
based electricity generator with high instantaneous power
density. Nature 578, 392-396 (2020). https://doi.org/10.1038/
s41586-020-1985-6

T. Zhang, H. Liang, Z. Wang, C. Qiu, Y.B. Peng et al., Piezo-
electric ultrasound energy-harvesting device for deep brain

stimulation and analgesia applications. Sci. Adv. 8, eabk0159
(2022). https://doi.org/10.1126/sciadv.abk0159

https://doi.org/10.1007/s40820-024-01483-5


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1038/s41586-023-06712-2
https://doi.org/10.1038/s41586-023-06712-2
https://doi.org/10.1126/sciadv.1500605
https://doi.org/10.1126/sciadv.abd6978
https://doi.org/10.1126/sciadv.abd6978
https://doi.org/10.1038/s41560-023-01374-w
https://doi.org/10.1038/s41560-023-01374-w
https://doi.org/10.1038/s41560-021-00839-0
https://doi.org/10.1038/s41560-021-00956-w
https://doi.org/10.1038/s41560-021-00956-w
https://doi.org/10.1038/s41560-021-00969-5
https://doi.org/10.1038/s41560-021-00969-5
https://doi.org/10.1126/science.abm6304
https://doi.org/10.1126/science.abm6304
https://doi.org/10.1007/s40820-024-01372-x
https://doi.org/10.1007/s40820-024-01372-x
https://doi.org/10.1007/s40820-024-01352-1
https://doi.org/10.1007/s40820-024-01352-1
https://doi.org/10.1038/s41467-020-19991-4
https://doi.org/10.1038/ncomms13319
https://doi.org/10.1038/ncomms13319
https://doi.org/10.1038/ncomms12647
https://doi.org/10.1038/ncomms12647
https://doi.org/10.1016/j.nanoen.2018.05.063
https://doi.org/10.1126/science.abd4016
https://doi.org/10.1126/science.add7331
https://doi.org/10.1126/science.add7331
https://doi.org/10.1038/s41560-023-01220-z
https://doi.org/10.1038/s41560-023-01220-z
https://doi.org/10.1038/s41586-020-1985-6
https://doi.org/10.1038/s41586-020-1985-6
https://doi.org/10.1126/sciadv.abk0159

Nano-Micro Lett.

(2024) 16:276

Page 39 of 47 276

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

R. Liu, Z.L. Wang, K. Fukuda, T. Someya, Flexible self-
charging power sources. Nat. Rev. Mater. 7, 870-886 (2022).
https://doi.org/10.1038/s41578-022-00441-0

J. Park, K. Kim, Y. Kim, T.S. Kim, I.S. Min et al., A wireless,
solar-powered, optoelectronic system for spatial restriction-
free long-term optogenetic neuromodulations. Sci. Adv. 9,
eadi8918 (2023). https://doi.org/10.1126/sciadv.adi8918

A. Kurakula, S.A. Graham, M.V. Paranjape, P. Manchi, V.S.
Kavarthapu et al., Multimodal energy generation and intruder
sensing platform via aluminum titanate/poly-glucosamine
composite film-based hybrid nanogenerators. Adv. Funct.
Mater. (2024). https://doi.org/10.1002/adfm.202307462
J.H. Shin, Y. Bin Kim, J.H. Park, J.S. Lee, S.H. Park et al.,
Light-material interfaces for self-powered optoelectronics.
J. Mater. Chem. A 9, 25694 (2021). https://doi.org/10.1039/
DI1TA08892K

X. Xu, J. Zhang, Z. Zhang, G. Lu, W. Cao et al., All-cova-
lent organic framework nanofilms assembled lithium-ion
capacitor to solve the imbalanced charge storage kinetics.
Nano-Micro Lett. 16, 116 (2024). https://doi.org/10.1007/
s40820-024-01343-2

W. Shi, L. Zhang, R. Jing, Y. Huang, F. Chen et al., Moder-
ate fields, maximum potential: achieving high records with
temperature-stable energy storage in lead-free BNT-based
ceramics. Nano-Micro Lett. 16, 91 (2024). https://doi.org/
10.1007/s40820-023-01290-4

J. Ma, J. Qin, S. Zheng, Y. Fu, L. Chi et al., Hierarchically
structured Nb,Os microflowers with enhanced capacity and
fast-charging capability for flexible planar sodium ion micro-
supercapacitors. Nano-Micro Lett. 16, 67 (2024). https://doi.
org/10.1007/s40820-023-01281-5

W. Fan, Q. Wang, K. Rong, Y. Shi, W. Peng et al., MXene
enhanced 3D needled waste denim felt for high-performance
flexible supercapacitors. Nano-Micro Lett. 16, 36 (2023).
https://doi.org/10.1007/s40820-023-01226-y

J. Nan, Y. Sun, F. Yang, Y. Zhang, Y. Li et al., Coupling
of adhesion and anti-freezing properties in hydrogel electro-
lytes for low-temperature aqueous-based hybrid capacitors.
Nano-Micro Lett. 16, 22 (2023). https://doi.org/10.1007/
s40820-023-01229-9

L. Chen, H. Yu, J. Wu, S. Deng, H. Liu et al., Large
energy capacitive high-entropy lead-free ferroelectrics.
Nano-Micro Lett. 15, 65 (2023). https://doi.org/10.1007/
s40820-023-01036-2

X. Xu, Z. Zhang, R. Xiong, G. Lu, J. Zhang et al., Bending
resistance covalent organic framework superlattice: “nano-
hourglass” -induced charge accumulation for flexible In-plane
micro-supercapacitors. Nano-Micro Lett. 15, 25 (2022).
https://doi.org/10.1007/s40820-022-00997-0

P. Meng, J. Huang, Z. Yang, M. Jiang, Y. Wang et al., Air-
stable binary hydrated eutectic electrolytes with unique sol-
vation structure for rechargeable aluminum-ion batteries.
Nano-Micro Lett. 15, 188 (2023). https://doi.org/10.1007/
$40820-023-01160-z

C. Bao, P. Tang, D. Sun, S. Zhou, Light-induced emergent
phenomena in 2D materials and topological materials.

/‘\ SHANGHAI JIAO TONG UNIVERSITY PRESS

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Nat. Rev. Phys. 4, 33—-48 (2021). https://doi.org/10.1038/
$42254-021-00388-1

K.W. Tan, B. Jung, J.G. Werner, E.R. Rhoades, M.O. Thomp-
son et al., Transient laser heating induced hierarchical porous
structures from block copolymer-directed self-assembly.
Science 349, 54-58 (2015). https://doi.org/10.1126/science.
2ab0492

Y. Yuan, X. Li, L. Jiang, M. Liang, X. Zhang et al., Laser
maskless fast patterning for multitype microsupercapacitors.
Nat. Commun. 14, 3967 (2023). https://doi.org/10.1038/
s41467-023-39760-3

X. Zang, C. Jian, T. Zhu, Z. Fan, W. Wang et al., Laser-sculp-
tured ultrathin transition metal carbide layers for energy stor-
age and energy harvesting applications. Nat. Commun. 10,
3112 (2019). https://doi.org/10.1038/s41467-019-10999-z
M. Malinauskas, A. Zukauskas, S. Hasegawa, Y. Hayasaki, V.
Mizeikis et al., Ultrafast laser processing of materials: from
science to industry. Light Sci. Appl. 5, 16133 (2016). https://
doi.org/10.1038/1sa.2016.133

G.-T. Hwang, V. Annapureddy, J.H. Han, D.J. Joe, C. Baek
et al., Self-powered wireless sensor node enabled by an aer-
osol-deposited PZT flexible energy harvester. Adv. Energy
Mater. 6, 1600237 (2016). https://doi.org/10.1002/aenm.
201600237

J. Ding, Y. Zhou, W. Xu, F. Yang, D. Zhao et al., Ultraviolet-
irradiated all-organic nanocomposites with polymer dots for
high-temperature capacitive energy storage. Nano-Micro Lett.
16, 59 (2023). https://doi.org/10.1007/s40820-023-01230-2
J.H. Park, S. Han, D. Kim, B.K. You, D.J. Joe et al., Plas-
monic-tuned flash Cu nanowelding with ultrafast photo-
chemical-reducing and interlocking on flexible plastics. Adv.
Funct. Mater. 27, 1701138 (2017). https://doi.org/10.1002/
adfm.201701138

G.W. Shim, W. Hong, J.H. Cha, J.H. Park, K.J. Lee et al., TFT
channel materials for display applications: from amorphous
silicon to transition metal dichalcogenides. Adv. Mater. 32,
€1907166 (2020). https://doi.org/10.1002/adma.201907166

D.J. Joe, S. Kim, J.H. Park, D.Y. Park, H.E. Lee et al., Laser—
material interactions for flexible applications. Adv. Mater. 29,
1606586 (2017). https://doi.org/10.1002/adma.201606586

H. Park, J.J. Park, P. Bui, H. Yoon, C.P. Grigoropoulos et al.,
Laser-based selective material processing for next-generation
additive manufacturing. Adv. Mater. (2023). https://doi.org/
10.1002/adma.202307586

S. Song, H. Hong, K.Y. Kim, K.K. Kim, J. Kim et al., Pho-
tothermal lithography for realizing a stretchable multilayer
electronic circuit using a laser. ACS Nano 17, 21443-21454
(2023). https://doi.org/10.1021/acsnano.3c06207

T.H. Im, D.Y. Park, H.K. Lee, J.H. Park, C.K. Jeong et al.,
Xenon flash lamp-induced ultrafast multilayer graphene
growth. Part. Part. Syst. Charact. 34, 1600429 (2017). https://
doi.org/10.1002/ppsc.201600429

J.H. Park, J. Seo, C. Kim, D.J. Joe, H.E. Lee et al., Flash-
induced stretchable Cu conductor via multiscale-interfacial
couplings. Adv. Sci. 5, 1801146 (2018). https://doi.org/10.
1002/advs.201801146

@ Springer


https://doi.org/10.1038/s41578-022-00441-0
https://doi.org/10.1126/sciadv.adi8918
https://doi.org/10.1002/adfm.202307462
https://doi.org/10.1039/D1TA08892K
https://doi.org/10.1039/D1TA08892K
https://doi.org/10.1007/s40820-024-01343-2
https://doi.org/10.1007/s40820-024-01343-2
https://doi.org/10.1007/s40820-023-01290-4
https://doi.org/10.1007/s40820-023-01290-4
https://doi.org/10.1007/s40820-023-01281-5
https://doi.org/10.1007/s40820-023-01281-5
https://doi.org/10.1007/s40820-023-01226-y
https://doi.org/10.1007/s40820-023-01229-9
https://doi.org/10.1007/s40820-023-01229-9
https://doi.org/10.1007/s40820-023-01036-2
https://doi.org/10.1007/s40820-023-01036-2
https://doi.org/10.1007/s40820-022-00997-0
https://doi.org/10.1007/s40820-023-01160-z
https://doi.org/10.1007/s40820-023-01160-z
https://doi.org/10.1038/s42254-021-00388-1
https://doi.org/10.1038/s42254-021-00388-1
https://doi.org/10.1126/science.aab0492
https://doi.org/10.1126/science.aab0492
https://doi.org/10.1038/s41467-023-39760-3
https://doi.org/10.1038/s41467-023-39760-3
https://doi.org/10.1038/s41467-019-10999-z
https://doi.org/10.1038/lsa.2016.133
https://doi.org/10.1038/lsa.2016.133
https://doi.org/10.1002/aenm.201600237
https://doi.org/10.1002/aenm.201600237
https://doi.org/10.1007/s40820-023-01230-2
https://doi.org/10.1002/adfm.201701138
https://doi.org/10.1002/adfm.201701138
https://doi.org/10.1002/adma.201907166
https://doi.org/10.1002/adma.201606586
https://doi.org/10.1002/adma.202307586
https://doi.org/10.1002/adma.202307586
https://doi.org/10.1021/acsnano.3c06207
https://doi.org/10.1002/ppsc.201600429
https://doi.org/10.1002/ppsc.201600429
https://doi.org/10.1002/advs.201801146
https://doi.org/10.1002/advs.201801146

276

Page 40 of 47

Nano-Micro Lett. (2024) 16:276

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

H. Zhang, D. Yang, T. Ma, H. Lin, B. Jia, Flash-induced ultra-
fast production of graphene/MnO with extraordinary super-
capacitance. Small Methods 5, 2100225 (2021). https://doi.
org/10.1002/smtd.202100225

M.V. Shugaev, M. He, Y. Levy, A. Mazzi, A. Miotello et al.:
Laser-induced thermal processes: heat transfer, generation
of stresses, melting and solidification, vaporization, and
phase explosion. In: Handbook of Laser Micro- and Nano-
Engineering, pp. 83-163. Springer International Publishing,
Cham, (2021), https://doi.org/10.1007/978-3-030-63647-0_
11

M. Park, Y. Gu, X. Mao, C.P. Grigoropoulos, V. Zorba,
Mechanisms of ultrafast GHz burst fs laser ablation. Sci. Adv.
9, eadf6397 (2023). https://doi.org/10.1126/sciadv.adf6397

J. Shin, J. Ko, S. Jeong, P. Won, Y. Lee et al., Monolithic
digital patterning of polydimethylsiloxane with successive
laser pyrolysis. Nat. Mater. 20, 100-107 (2021). https://doi.
org/10.1038/541563-020-0769-6

J. Yin, L. Lan, Y. Zhang, H. Ni, Y. Tan et al., Nanosecond-
resolution photothermal dynamic imaging via MHZ digiti-
zation and match filtering. Nat. Commun. 12, 7097 (2021).
https://doi.org/10.1038/s41467-021-27362-w

S. Kim, J.H. Son, S.H. Lee, B.K. You, K.-I. Park et al., Flex-
ible crossbar-structured resistive memory arrays on plastic
substrates via inorganic-based laser lift-off. Adv. Mater. 26,
7480-7487 (2014). https://doi.org/10.1002/adma.201402472
C.K. Jeong, K.-I. Park, J.H. Son, G.-T. Hwang, S.H. Lee et al.,
Self-powered fully-flexible light-emitting system enabled by
flexible energy harvester. Energy Environ. Sci. 7, 4035-4043
(2014). https://doi.org/10.1039/c4ee02435d

C.K. Jeong, S.B. Cho, J.H. Han, D.Y. Park, S. Yang et al.,
Flexible highly-effective energy harvester via crystallo-
graphic and computational control of nanointerfacial mor-
photropic piezoelectric thin film. Nano Res. 10, 437-455
(2017). https://doi.org/10.1007/s12274-016-1304-6

J.H. Park, H.E. Lee, C.K. Jeong, D.H. Kim, S.K. Hong et al.,
Self-powered flexible electronics beyond thermal limits.
Nano Energy 56, 531-546 (2019). https://doi.org/10.1016/j.
nanoen.2018.11.077

B. Radfar, F. Es, R. Turan, Effects of different laser modi-
fied surface morphologies and post-texturing cleanings on
c-Si solar cell performance. Renew. Energy 145, 2707-2714
(2020). https://doi.org/10.1016/j.renene.2019.08.031

J. Wang, L. Cao, S. Li, J. Xu, R. Xiao et al., Effect of laser-
textured Cu foil with deep ablation on Si anode performance
in Li-ion batteries. Nanomaterials 13, 2534 (2023). https://
doi.org/10.3390/nano13182534

M.I. Sanchez, P. Delaporte, Y. Spiegel, B. Franta, E. Mazur
et al., A laser-processed silicon solar cell with photovoltaic
efficiency in the infrared. Phys. Status Solidi A 218, 2000550
(2021). https://doi.org/10.1002/pssa.202000550

E. Ravesio, A.H.A. Lutey, D. Versaci, L. Romoli, S.
Bodoardo, Nanosecond pulsed laser texturing of Li-ion
battery electrode current collectors: Electrochemical char-
acterisation of cathode half-cells. Sustain. Mater. Technol.

© The authors

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

38, e00751 (2023). https://doi.org/10.1016/j.susmat.2023.
e00751

J.H. Park, S. Jeong, E.J. Lee, S.S. Lee, J.Y. Seok et al.,
Transversally extended laser plasmonic welding for oxida-
tion-free copper fabrication toward high-fidelity optoelec-
tronics. Chem. Mater. 28, 4151-4159 (2016). https://doi.
org/10.1021/acs.chemmater.6b00013

H.S. Wang, T.H. Im, Y. Bin Kim, S.H. Sung, S. Min et al.,
Flash-welded ultraflat silver nanowire network for flexible
organic light-emitting diode and triboelectric tactile sensor.
Mater. 9, 061112 (2021). https://doi.org/10.1063/5.00514
31

T. Sugiyama, H. Masuhara, Laser-induced crystallization and
crystal growth. Chem. Asian J. 6, 2878-2889 (2011). https://
doi.org/10.1002/asia.201100105

M. Smith, R. McMahon, M. Voelskow, D. Panknin, W.
Skorupa, Modelling of flash-lamp-induced crystallization of
amorphous silicon thin films on glass. J. Cryst. Growth 285,
249-260 (2005). https://doi.org/10.1016/j.jcrysgro.2005.08.
033

K.K. Kim, I. Ha, P. Won, D.-G. Seo, K.-J. Cho et al., Trans-
parent wearable three-dimensional touch by self-generated
multiscale structure. Nat. Commun. 10, 2582 (2019). https://
doi.org/10.1038/s41467-019-10736-6

J. Jais, J.H. Park, B. Kang, Additive manufacturing of digi-
tally programmable hierarchical biomimetic surfaces for
hydrodynamic informatics. Addit. Manuf. 76, 103763 (2023).
https://doi.org/10.1016/j.addma.2023.103763

E. Gilshtein, S. Pfeiffer, M.D. Rossell, J. Sastre, L. Gorjan
et al., Millisecond photonic sintering of iron oxide doped
alumina ceramic coatings. Sci. Rep. 11, 3536 (2021). https://
doi.org/10.1038/s41598-021-82896-9

H. Kong, J. Kwon, D. Paeng, W.J. Jung, S. Ghimire et al.,
Laser-induced crystalline-phase transformation for hema-
tite nanorod photoelectrochemical cells. ACS Appl. Mater.
Interfaces 12, 48917-48927 (2020). https://doi.org/10.1021/
acsami.Oc11999

K. Ohdaira, K. Sawada, N. Usami, S. Varlamov, H. Mat-
sumura, Large-grain polycrystalline silicon films formed
through flash-lamp-induced explosive crystallization. Jpn. J.
Appl. Phys. 51, 10NB15 (2012). https://doi.org/10.1143/jjap.
51.10nb15

H. Palneedi, J.H. Park, D. Maurya, M. Peddigari, G.T. Hwang
et al., Laser irradiation of metal oxide films and nanostruc-
tures: applications and advances. Adv. Mater. 30, e1705148
(2018). https://doi.org/10.1002/adma.201705148

H. Palneedi, D. Maurya, L.D. Geng, H.-C. Song, G.-T. Hwang
et al., Enhanced self-biased magnetoelectric coupling in
laser-annealed Pb(Zr, Ti)Oj; thick film deposited on Ni foil.
ACS Appl. Mater. Interf. 10, 11018-11025 (2018). https://
doi.org/10.1021/acsami.7b16706

T.H. Im, J.H. Lee, H.S. Wang, S.H. Sung, Y. Bin Kim et al.,
Flashlight-material interaction for wearable and flexible elec-
tronics. Mater. Today 51, 525-551 (2021). https://doi.org/10.
1016/j.mattod.2021.07.027

https://doi.org/10.1007/s40820-024-01483-5


https://doi.org/10.1002/smtd.202100225
https://doi.org/10.1002/smtd.202100225
https://doi.org/10.1007/978-3-030-63647-0_11
https://doi.org/10.1007/978-3-030-63647-0_11
https://doi.org/10.1126/sciadv.adf6397
https://doi.org/10.1038/s41563-020-0769-6
https://doi.org/10.1038/s41563-020-0769-6
https://doi.org/10.1038/s41467-021-27362-w
https://doi.org/10.1002/adma.201402472
https://doi.org/10.1039/c4ee02435d
https://doi.org/10.1007/s12274-016-1304-6
https://doi.org/10.1016/j.nanoen.2018.11.077
https://doi.org/10.1016/j.nanoen.2018.11.077
https://doi.org/10.1016/j.renene.2019.08.031
https://doi.org/10.3390/nano13182534
https://doi.org/10.3390/nano13182534
https://doi.org/10.1002/pssa.202000550
https://doi.org/10.1016/j.susmat.2023.e00751
https://doi.org/10.1016/j.susmat.2023.e00751
https://doi.org/10.1021/acs.chemmater.6b00013
https://doi.org/10.1021/acs.chemmater.6b00013
https://doi.org/10.1063/5.0051431
https://doi.org/10.1063/5.0051431
https://doi.org/10.1002/asia.201100105
https://doi.org/10.1002/asia.201100105
https://doi.org/10.1016/j.jcrysgro.2005.08.033
https://doi.org/10.1016/j.jcrysgro.2005.08.033
https://doi.org/10.1038/s41467-019-10736-6
https://doi.org/10.1038/s41467-019-10736-6
https://doi.org/10.1016/j.addma.2023.103763
https://doi.org/10.1038/s41598-021-82896-9
https://doi.org/10.1038/s41598-021-82896-9
https://doi.org/10.1021/acsami.0c11999
https://doi.org/10.1021/acsami.0c11999
https://doi.org/10.1143/jjap.51.10nb15
https://doi.org/10.1143/jjap.51.10nb15
https://doi.org/10.1002/adma.201705148
https://doi.org/10.1021/acsami.7b16706
https://doi.org/10.1021/acsami.7b16706
https://doi.org/10.1016/j.mattod.2021.07.027
https://doi.org/10.1016/j.mattod.2021.07.027

Nano-Micro Lett.

(2024) 16:276

Page 41 of 47 276

71.

72.

73.

74.

75.

76.

7.

78.

79.

80.

81.

82.

83.

84.

LH. Kim, T.H. Im, H.E. Lee, J.S. Jang, H.S. Wang et al.,
Janus graphene liquid crystalline fiber with tunable proper-
ties enabled by ultrafast flash reduction. Small 15, e1901529
(2019). https://doi.org/10.1002/sml1l1.201901529

I. Choi, H.Y. Jeong, D.Y. Jung, M. Byun, C.-G. Choi et al.,
Laser-induced solid-phase doped graphene. ACS Nano 8,
7671-7677 (2014). https://doi.org/10.1021/nn5032214

K. Lee, M. Park, K.G. Malollari, J. Shin, S.M. Winkler
et al., Laser-induced graphitization of polydopamine leads
to enhanced mechanical performance while preserving mul-
tifunctionality. Nat. Commun. 11, 4848 (2020). https://doi.
org/10.1038/541467-020-18654-8

J. Theerthagiri, K. Karuppasamy, S.J. Lee, R. Shwetharani,
H.S. Kim et al., Fundamentals and comprehensive insights
on pulsed laser synthesis of advanced materials for diverse
photo- and electrocatalytic applications. Light Sci. Appl. 11,
250 (2022). https://doi.org/10.1038/s41377-022-00904-7

S. Song, S.-H. Um, J. Park, I. Ha, J. Lee et al., Rapid synthe-
sis of multifunctional apatite via the laser-induced hydrother-
mal process. ACS Nano 16, 12840-12851 (2022). https://doi.
org/10.1021/acsnano.2c05110

J.H. Shin, J.H. Park, J. Seo, T.H. Im, J.C. Kim et al., A flash-
induced robust Cu electrode on glass substrates and its appli-
cation for thin-film pLEDs. Adv. Mater. 33, €2007186 (2021).
https://doi.org/10.1002/adma.202007186

T.H. Im, C.H. Lee, J.C. Kim, S. Kim, M. Kim et al., Metasta-
ble quantum dot for photoelectric devices via flash-induced
one-step sequential self-formation. Nano Energy 84, 105889
(2021). https://doi.org/10.1016/j.nanoen.2021.105889

Biuerle, D.: Material transformations, laser cleaning.
In: Laser Processing and Chemistry. Berlin, Heidelberg:
Springer, pp. 535-559, (2011). https://doi.org/10.1007/978-
3-642-17613-5_23

C.P. Grigoropoulos, Transport in laser microfabrication:
Fundamentals and applications (Cambridge University Press,
Cambridge, UK, 2009)

T.R. Steele, D.C. Gerstenberger, A. Drobshoff, R.W. Wallace,
Broadly tunable high-power operation of an all-solid-state
titanium-doped sapphire laser system. Opt. Lett. 16, 399401
(1991). https://doi.org/10.1364/01.16.000399

S.A.Jalil, B. Lai, M. ElKabbash, J. Zhang, E.M. Garcell et al.,
Spectral absorption control of femtosecond laser-treated met-
als and application in solar-thermal devices. Light Sci. Appl.
9, 14 (2020). https://doi.org/10.1038/s41377-020-0242-y

L. Choi, S.-J. Lee, J.C. Kim, Y.-G. Kim, D.Y. Hyeon et al.,
Piezoelectricity of picosecond laser-synthesized perovskite
BaTiO; nanoparticles. Appl. Surf. Sci. 511, 145614 (2020).
https://doi.org/10.1016/j.apsusc.2020.145614

S. Park, J. Park, Y.-G. Kim, S. Bae, T.-W. Kim et al., Laser-
directed synthesis of strain-induced crumpled MoS, structure
for enhanced triboelectrification toward haptic sensors. Nano
Energy 78, 105266 (2020). https://doi.org/10.1016/j.nanoen.
2020.105266

J.A. Spechler, K.A. Nagamatsu, J.C. Sturm, C.B. Arnold,
Improved efficiency of hybrid organic photovolta-
ics by pulsed laser sintering of silver nanowire network

/‘\ SHANGHAI JIAO TONG UNIVERSITY PRESS

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

transparent electrode. ACS Appl. Mater. Interfaces 7,
10556-10562 (2015). https://doi.org/10.1021/acsami.5b022
03

D. Paeng, J.-H. Yoo, J. Yeo, D. Lee, E. Kim et al., Low-cost
facile fabrication of flexible transparent copper electrodes
by nanosecond laser ablation. Adv. Mater. 27, 2762-2767
(2015). https://doi.org/10.1002/adma.201500098

S.H. Ko, J. Chung, H. Pan, C.P. Grigoropoulos, D. Poulika-
kos, Fabrication of multilayer passive and active electric com-
ponents on polymer using inkjet printing and low temperature
laser processing. Sens. Actuat. A Phys. 134, 161-168 (2007).
https://doi.org/10.1016/j.sna.2006.04.036

J. Long, M.H. Eliceiri, L. Wang, Z. Vangelatos, Y. Ouyang
et al., Capturing the final stage of the collapse of cavitation
bubbles generated during nanosecond laser ablation of sub-
merged targets. Opt. Laser Technol. 134, 106647 (2021).
https://doi.org/10.1016/j.optlastec.2020.106647

C. Grigoropoulos, M. Rogers, S.H. Ko, A.A. Golovin, B.J.
Matkowsky, Explosive crystallization in the presence of melt-
ing. Phys. Rev. B 73, 184125 (2006). https://doi.org/10.1103/
physrevb.73.184125

K.I. Park, J.H. Son, G.T. Hwang, C.K. Jeong, J. Ryu et al.,
Highly-efficient, flexible piezoelectric PZT thin film nano-
generator on plastic substrates. Adv. Mater. 26, 2514-2520
(2014). https://doi.org/10.1002/adma.201305659

M.-Y. Pu, J.Z. Chen, Improved performance of dye-sensitized
solar cells with laser-textured nanoporous TiO, photoanodes.
Mater. Lett. 66, 162—164 (2012). https://doi.org/10.1016/j.
matlet.2011.08.022

D. He, J. Jin, Z. Yuan, L. Wang, Effect of ArF excimer laser
annealing on morphology and surface plasmon resonance
properties of Ag nanoparticles. Appl. Phys. A 125, 423
(2019). https://doi.org/10.1007/s00339-019-2715-5

D. Angmo, T.T. Larsen-Olsen, M. Jgrgensen, R.R. Sgnder-
gaard, F.C. Krebs, Roll-to-roll inkjet printing and photonic
sintering of electrodes for ITO free polymer solar cell mod-
ules and facile product integration. Adv. Energy Mater. 3,
172-175 (2013). https://doi.org/10.1002/aenm.201200520

J.Y. Seok, S. Kim, I. Yang, J.H. Park, J. Lee et al., Strategi-
cally controlled flash irradiation on silicon anode for enhanc-
ing cycling stability and rate capability toward high-perfor-
mance lithium-ion batteries. ACS Appl. Mater. Interfaces 13,
15205-15215 (2021). https://doi.org/10.1021/acsami.0c229
83

H.E. Lee, J.H. Park, D. Jang, J.H. Shin, T.H. Im et al.,
Optogenetic brain neuromodulation by stray magnetic field
via flash-enhanced magneto-mechano-triboelectric nanogen-
erator. Nano Energy 75, 104951 (2020). https://doi.org/10.
1016/j.nanoen.2020.104951

U. Okoroanyanwu, A. Bhardwaj, J.J. Watkins, Large area mil-
lisecond preparation of high-quality, few-layer graphene films
on arbitrary substrates via xenon flash lamp photothermal
pyrolysis and their application for high-performance micro-
supercapacitors. ACS Appl. Mater. Interfaces 15, 13495-
13507 (2023). https://doi.org/10.1021/acsami.2c19894

@ Springer


https://doi.org/10.1002/smll.201901529
https://doi.org/10.1021/nn5032214
https://doi.org/10.1038/s41467-020-18654-8
https://doi.org/10.1038/s41467-020-18654-8
https://doi.org/10.1038/s41377-022-00904-7
https://doi.org/10.1021/acsnano.2c05110
https://doi.org/10.1021/acsnano.2c05110
https://doi.org/10.1002/adma.202007186
https://doi.org/10.1016/j.nanoen.2021.105889
https://doi.org/10.1007/978-3-642-17613-5_23
https://doi.org/10.1007/978-3-642-17613-5_23
https://doi.org/10.1364/ol.16.000399
https://doi.org/10.1038/s41377-020-0242-y
https://doi.org/10.1016/j.apsusc.2020.145614
https://doi.org/10.1016/j.nanoen.2020.105266
https://doi.org/10.1016/j.nanoen.2020.105266
https://doi.org/10.1021/acsami.5b02203
https://doi.org/10.1021/acsami.5b02203
https://doi.org/10.1002/adma.201500098
https://doi.org/10.1016/j.sna.2006.04.036
https://doi.org/10.1016/j.optlastec.2020.106647
https://doi.org/10.1103/physrevb.73.184125
https://doi.org/10.1103/physrevb.73.184125
https://doi.org/10.1002/adma.201305659
https://doi.org/10.1016/j.matlet.2011.08.022
https://doi.org/10.1016/j.matlet.2011.08.022
https://doi.org/10.1007/s00339-019-2715-5
https://doi.org/10.1002/aenm.201200520
https://doi.org/10.1021/acsami.0c22983
https://doi.org/10.1021/acsami.0c22983
https://doi.org/10.1016/j.nanoen.2020.104951
https://doi.org/10.1016/j.nanoen.2020.104951
https://doi.org/10.1021/acsami.2c19894

276

Page 42 of 47

Nano-Micro Lett. (2024) 16:276

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

S. Gilje, S. Dubin, A. Badakhshan, J. Farrar, S.A. Danczyk
et al., Photothermal deoxygenation of graphene oxide for pat-
terning and distributed ignition applications. Adv. Mater. 22,
419-423 (2010). https://doi.org/10.1002/adma.200901902
T. Jeon, H.M. Jin, S.H. Lee, J.M. Lee, H.I. Park et al., Laser
crystallization of organic—inorganic hybrid perovskite solar
cells. ACS Nano 10, 7907-7914 (2016). https://doi.org/10.
1021/acsnano.6b03815

S. Back, J.H. Park, B. Kang, Microsupercapacitive stone
module for natural energy storage. ACS Nano 16, 11708—
11719 (2022). https://doi.org/10.1021/acsnano.2c01753

J. Lin, Z. Peng, Y. Liu, F. Ruiz-Zepeda, R. Ye et al., Laser-
induced porous graphene films from commercial polymers.
Nat. Commun. 5, 5714 (2014). https://doi.org/10.1038/
ncomms6714

L. Xu, C.P. Grigoropoulos, T.-J. King, High-performance
thin-silicon-film transistors fabricated by double laser crys-
tallization. J. Appl. Phys. 99, 034508 (2006). https://doi.org/
10.1063/1.2171807

G. Yuan, T. Wan, A. BaQais, Y. Mu, D. Cui et al., Boron and
fluorine Co-doped laser-induced graphene towards high-per-
formance micro-supercapacitors. Carbon 212, 118101 (2023).
https://doi.org/10.1016/j.carbon.2023.118101

M. Kim, M.G. Gu, H. Jeong, E. Song, J.W. Jeon et al., Laser
scribing of fluorinated polyimide films to generate micropo-
rous structures for high-performance micro-supercapacitor
electrodes. ACS Appl. Energy Mater. 4, 208-214 (2021).
https://doi.org/10.1021/acsaem.0c02096

W. Liu, V.S. Turkani, V. Akhavan, B.A. Korgel, Photonic
lift-off process to fabricate ultrathin flexible solar cells. ACS
Appl. Mater. Interfaces 13, 44549-44555 (2021). https://doi.
org/10.1021/acsami.1c12382

H. Palneedi, I. Choi, G.-Y. Kim, V. Annapureddy, D. Maurya
et al., Tailoring the magnetoelectric properties of Pb(Zr, Ti)
O; film deposited on amorphous metglas foil by laser anneal-
ing. J. Am. Ceram. Soc. 99, 2680-2687 (2016). https://doi.
org/10.1111/jace.14270

H. Palneedi, D. Maurya, G.-Y. Kim, V. Annapureddy, M.-S.
Noh et al., Unleashing the full potential of magnetoelectric
coupling in film heterostructures. Adv. Mater. 29, 1605688
(2017). https://doi.org/10.1002/adma.201605688

D. Paeng, J. Yeo, D. Lee, S.-J. Moon, C.P. Grigoropoulos,
Laser wavelength effect on laser-induced photo-thermal sin-
tering of silver nanoparticles. Appl. Phys. A 120, 1229-1240
(2015). https://doi.org/10.1007/s00339-015-9320-z

L. Choi, H.Y. Jeong, H. Shin, G. Kang, M. Byun et al., Laser-
induced phase separation of silicon carbide. Nat. Commun.
7, 13562 (2016). https://doi.org/10.1038/ncomms 13562

A. Imparato, C. Minarini, A. Rubino, P. Tassini, F. Villani
et al., Excimer laser induced crystallization of amorphous
silicon on flexible polymer substrates. Thin Solid Films 487,
58-62 (2005). https://doi.org/10.1016/].tsf.2005.01.035

M. Park, Z. Vangelatos, Y. Rho, H.K. Park, J. Jang et al.,
Comprehensive analysis of blue diode laser-annealing of
amorphous silicon films. Thin Solid Films 696, 137779
(2020). https://doi.org/10.1016/j.ts£.2019.137779

© The authors

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

B.N. Chichkov, C. Momma, S. Nolte, F. von Alvensleben,
A. Tinnermann, Femtosecond, picosecond and nanosecond
laser ablation of solids. Appl. Phys. A 63, 109-115 (1996).
https://doi.org/10.1007/BF01567637

H. Zhu, Z. Zhang, J. Zhou, K. Xu, D. Zhao et al., A com-
putational study of heat transfer and material removal in
picosecond laser micro-grooving of copper. Opt. Laser
Technol. 137, 106792 (2021). https://doi.org/10.1016/].
optlastec.2020.106792

M. Park, J. Jeun, G. Han, C.P. Grigoropoulos, Time-
resolved emission and scattering imaging of plume dynam-
ics and nanoparticle ejection in femtosecond laser ablation
of silver thin films. Appl. Phys. Lett. 116, 234105 (2020).
https://doi.org/10.1063/5.0009227

U. Okoroanyanwu, A. Bhardwaj, V. Einck, A. Ribbe, W. Hu
et al., Rapid preparation and electrochemical energy stor-
age applications of silicon carbide and silicon oxycarbide
ceramic/carbon nanocomposites derived via flash photo-
thermal pyrolysis of organosilicon preceramic polymers.
Chem. Mater. 33, 678—694 (2021). https://doi.org/10.1021/
acs.chemmater.0c04048

J. Park, S. Pramanick, D. Park, J. Yeo, J. Lee et al., Thera-
peutic-gas-responsive hydrogel. Adv. Mater. 29, 1702859
(2017). https://doi.org/10.1002/adma.201702859

H. Palneedi, D.R. Patil, S. Priya, K. Woo, J. Ye et al.,
Intense pulsed light thermal treatment of Pb(Zr, Ti)O5/
metglas heterostructured films resulting in extreme mag-
netoelectric coupling of over 20 V cm™ Oe’!. Adv. Mater.
35, 2303553 (2023). https://doi.org/10.1002/adma.20230
3553

S.J. Kim, H.E. Lee, H. Choi, Y. Kim, J.H. We et al., High-per-
formance flexible thermoelectric power generator using laser
multiscanning lift-off process. ACS Nano 10, 10851-10857
(2016). https://doi.org/10.1021/acsnano.6b05004

S.C. Singh, M. ElKabbash, Z. Li, X. Li, B. Regmi et al.,
Solar-trackable super-wicking black metal panel for photo-
thermal water sanitation. Nat. Sustain. 3, 938-946 (2020).
https://doi.org/10.1038/s41893-020-0566-x

R.E. Russo, X. Mao, J.J. Gonzalez, V. Zorba, J. Yoo, Laser
ablation in analytical chemistry. Anal. Chem. 85, 6162-6177
(2013). https://doi.org/10.1021/ac4005327

M. Peddigari, J.H. Park, J.H. Han, C.K. Jeong, J. Jang et al.,
Flexible self-charging, ultrafast, high-power-density ceramic
capacitor system. ACS Energy Lett. 6, 1383-1391 (2021).
https://doi.org/10.1021/acsenergylett.1c00170

L.-J. Huang, B.-J. Li, N.-F. Ren, Enhancing optical and elec-
trical properties of Al-doped ZnO coated polyethylene tere-
phthalate substrates by laser annealing using overlap rate con-
trolling strategy. Ceram. Int. 42, 7246-7252 (2016). https://
doi.org/10.1016/j.ceramint.2016.01.118

Y. Rho, K. Lee, L. Wang, C. Ko, Y. Chen et al., A laser-
assisted chlorination process for reversible writing of dop-
ing patterns in graphene. Nat. Electron. 5, 505-510 (2022).
https://doi.org/10.1038/s41928-022-00801-2

https://doi.org/10.1007/s40820-024-01483-5


https://doi.org/10.1002/adma.200901902
https://doi.org/10.1021/acsnano.6b03815
https://doi.org/10.1021/acsnano.6b03815
https://doi.org/10.1021/acsnano.2c01753
https://doi.org/10.1038/ncomms6714
https://doi.org/10.1038/ncomms6714
https://doi.org/10.1063/1.2171807
https://doi.org/10.1063/1.2171807
https://doi.org/10.1016/j.carbon.2023.118101
https://doi.org/10.1021/acsaem.0c02096
https://doi.org/10.1021/acsami.1c12382
https://doi.org/10.1021/acsami.1c12382
https://doi.org/10.1111/jace.14270
https://doi.org/10.1111/jace.14270
https://doi.org/10.1002/adma.201605688
https://doi.org/10.1007/s00339-015-9320-z
https://doi.org/10.1038/ncomms13562
https://doi.org/10.1016/j.tsf.2005.01.035
https://doi.org/10.1016/j.tsf.2019.137779
https://doi.org/10.1007/BF01567637
https://doi.org/10.1016/j.optlastec.2020.106792
https://doi.org/10.1016/j.optlastec.2020.106792
https://doi.org/10.1063/5.0009227
https://doi.org/10.1021/acs.chemmater.0c04048
https://doi.org/10.1021/acs.chemmater.0c04048
https://doi.org/10.1002/adma.201702859
https://doi.org/10.1002/adma.202303553
https://doi.org/10.1002/adma.202303553
https://doi.org/10.1021/acsnano.6b05004
https://doi.org/10.1038/s41893-020-0566-x
https://doi.org/10.1021/ac4005327
https://doi.org/10.1021/acsenergylett.1c00170
https://doi.org/10.1016/j.ceramint.2016.01.118
https://doi.org/10.1016/j.ceramint.2016.01.118
https://doi.org/10.1038/s41928-022-00801-2

Nano-Micro Lett.

(2024) 16:276

Page 43 of 47 276

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

M.A. Al-Azawi, N. Bidin, Gold nanoparticles synthesized by
laser ablation in deionized water. Chinese J. Phys. 53, 080803
(2015). http://doi.org/10.6122/CJP.20150511B

S. Hopman, K. Mayer, A. Fell, M. Mesec, F. Granek, Laser
cutting of silicon with the liquid jet guided laser using
achlorine-containing jet media. Appl. Phys. A 102, 621-627
(2011). https://doi.org/10.1007/s00339-010-6155-5

B. Xia, L. Jiang, X. Li, X. Yan, W. Zhao et al., High aspect
ratio, high-quality microholes in PMMA: a comparison
between femtosecond laser drilling in air and in vacuum.
Appl. Phys. A 119, 61-68 (2015). https://doi.org/10.1007/
s00339-014-8955-5

J. Yeo, S. Hong, G. Kim, H. Lee, Y.D. Suh et al., Laser-
induced hydrothermal growth of heterogeneous metal-oxide
nanowire on flexible substrate by laser absorption layer
design. ACS Nano 9, 6059-6068 (2015). https://doi.org/10.
1021/acsnano.5b01125

S.H. Sung, Y.S. Kim, D.J. Joe, B.H. Mun, B.K. You et al.,
Flexible wireless powered drug delivery system for targeted
administration on cerebral cortex. Nano Energy 51, 102-112
(2018). https://doi.org/10.1016/j.nanoen.2018.06.015

H.E. Lee, J. Choi, S.H. Lee, M. Jeong, J.H. Shin et al.,
Monolithic flexible vertical GaN light-emitting diodes for a
transparent wireless brain optical Stimulator. Adv. Mater. 30,
€1800649 (2018). https://doi.org/10.1002/adma.201800649

S. Min, D.H. Kim, D.J. Joe, B.W. Kim, Y.H. Jung et al.,
Clinical validation of a wearable piezoelectric blood-pres-
sure sensor for continuous health monitoring. Adv. Mater. 35,
€2301627 (2023). https://doi.org/10.1002/adma.202301627

H. Lee, W. Manorotkul, J. Lee, J. Kwon, Y.D. Suh et al.,
Nanowire-on-nanowire: all-nanowire electronics by on-
demand selective integration of hierarchical heterogeneous
nanowires. ACS Nano 11, 12311-12317 (2017). https://doi.
org/10.1021/acsnano.7b06098

H.R. Lim, H.S. Kim, R. Qazi, Y.T. Kwon, J.W. Jeong et al.,
Advanced soft materials, sensor integrations, and applica-
tions of wearable flexible hybrid electronics in healthcare,
energy, and environment. Adv. Mater. 32, €1901924 (2020).
https://doi.org/10.1002/adma.201901924

M.F. El-Kady, R.B. Kaner, Scalable fabrication of high-power
graphene micro-supercapacitors for flexible and on-chip
energy storage. Nat. Commun. 4, 1475 (2013). https://doi.
org/10.1038/ncomms2446

J. Lee, T.T. Nguyen, J. Bae, G. Jo, Y. Lee et al., 5.8-inch
QHD flexible AMOLED display with enhanced bendability
of LTPS TFTs. J. Soc. Inf. Disp. 26, 200-207 (2018). https://
doi.org/10.1002/js1d.655

E. Singh, P. Singh, K.S. Kim, G.Y. Yeom, H.S. Nalwa, Flex-
ible molybdenum disulfide (MoS,) atomic layers for wearable
electronics and optoelectronics. ACS Appl. Mater. Interfaces
11, 11061-11105 (2019). https://doi.org/10.1021/acsami.
8b19859

S. Han, S. Hong, J. Ham, J. Yeo, J. Lee et al., Fast plasmonic
laser nanowelding for a Cu-nanowire percolation network for
flexible transparent conductors and stretchable electronics.

/‘\ SHANGHAI JIAO TONG UNIVERSITY PRESS

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

Adv. Mater. 26, 5808-5814 (2014). https://doi.org/10.1002/
adma.201400474

S.-G. Kwon, S. Back, J.E. Park, B. Kang, Laser filament
bottom-up growth sintering for multi-planar diffraction-
limit printing and its application to ultra-transparent wearable
thermo-electronics. J. Mater. Chem. C 6, 7759-7766 (2018).
https://doi.org/10.1039/c8tc01915k

C. Huang, S. Zhang, H. Liu, Y. Li, G. Cui et al., Graphdiyne
for high capacity and long-life lithium storage. Nano Energy
11, 481-489 (2015). https://doi.org/10.1016/j.nanoen.2014.
11.036

J.M. Frost, K.T. Butler, F. Brivio, C.H. Hendon, M. van
Schilfgaarde et al., Atomistic origins of high-performance
in hybrid halide perovskite solar cells. Nano Lett. 14, 2584—
2590 (2014). https://doi.org/10.1021/n1500390f

J. Perelaer, R. Abbel, S. Wiinscher, R. Jani, T. van Lamme-
ren et al., Roll-to-roll compatible sintering of inkjet printed
features by photonic and microwave exposure: from non-
conductive ink to 40% bulk silver conductivity in less than
15 seconds. Adv. Mater. 24, 2620-2625 (2012). https://doi.
org/10.1002/adma.201104417

W.J. Hyun, E.B. Secor, G.A. Rojas, M.C. Hersam, L.F. Fran-
cis et al., All-printed, foldable organic thin-film transistors on
glassine paper. Adv. Mater. 27, 7058-7064 (2015). https://
doi.org/10.1002/adma.201503478

K. Tetzner, Y.-H. Lin, A. Regoutz, A. Seitkhan, D.J. Payne
et al., Sub-second photonic processing of solution-deposited
single layer and heterojunction metal oxide thin-film transis-
tors using a high-power xenon flash lamp. J. Mater. Chem. C
5, 11724-11732 (2017). https://doi.org/10.1039/C7TC03721])

A.D. Wright, R.L. Milot, G.E. Eperon, H.J. Snaith, M.B.
Johnston et al., Band-tail recombination in hybrid lead iodide
perovskite. Adv. Funct. Mater. 27, 1700860 (2017). https:/
doi.org/10.1002/adfm.201700860

E. Yarali, C. Koutsiaki, H. Faber, K. Tetzner, E. Yengel et al.,
Recent progress in photonic processing of metal-oxide tran-
sistors. Adv. Funct. Mater. 30, 1906022 (2020). https://doi.
org/10.1002/adfm.201906022

H.M. Jin, D.Y. Park, S.J. Jeong, G.Y. Lee, J.Y. Kim et al.,
Flash light millisecond self-assembly of high x block copoly-
mers for wafer-scale sub-10 nm nanopatterning. Adv. Mater.
29, 1700595 (2017). https://doi.org/10.1002/adma.20170
0595

M. Peddigari, K. Woo, S.-D. Kim, M.S. Kwak, J.W. Jeong
et al., Ultra-magnetic field sensitive magnetoelectric com-
posite with sub-pT detection limit at low frequency enabled
by flash photon annealing. Nano Energy 90, 106598 (2021).
https://doi.org/10.1016/j.nanoen.2021.106598

D.H. Jung, J.H. Park, H.E. Lee, J. Byun, T.H. Im et al., Flash-
induced ultrafast recrystallization of perovskite for flexible
light-emitting diodes. Nano Energy 61, 236-244 (2019).
https://doi.org/10.1016/j.nanoen.2019.04.061

Y. Li, J.T. Han, C.A. Wang, H. Xie, J.B. Goodenough, Opti-
mizing Li* conductivity in a garnet framework. J. Mater.
Chem. 22, 15357-15361 (2012). https://doi.org/10.1039/
C2JM31413D

@ Springer


https://doi.org/10.6122/CJP.20150511B
https://doi.org/10.1007/s00339-010-6155-5
https://doi.org/10.1007/s00339-014-8955-5
https://doi.org/10.1007/s00339-014-8955-5
https://doi.org/10.1021/acsnano.5b01125
https://doi.org/10.1021/acsnano.5b01125
https://doi.org/10.1016/j.nanoen.2018.06.015
https://doi.org/10.1002/adma.201800649
https://doi.org/10.1002/adma.202301627
https://doi.org/10.1021/acsnano.7b06098
https://doi.org/10.1021/acsnano.7b06098
https://doi.org/10.1002/adma.201901924
https://doi.org/10.1038/ncomms2446
https://doi.org/10.1038/ncomms2446
https://doi.org/10.1002/jsid.655
https://doi.org/10.1002/jsid.655
https://doi.org/10.1021/acsami.8b19859
https://doi.org/10.1021/acsami.8b19859
https://doi.org/10.1002/adma.201400474
https://doi.org/10.1002/adma.201400474
https://doi.org/10.1039/c8tc01915k
https://doi.org/10.1016/j.nanoen.2014.11.036
https://doi.org/10.1016/j.nanoen.2014.11.036
https://doi.org/10.1021/nl500390f
https://doi.org/10.1002/adma.201104417
https://doi.org/10.1002/adma.201104417
https://doi.org/10.1002/adma.201503478
https://doi.org/10.1002/adma.201503478
https://doi.org/10.1039/C7TC03721J
https://doi.org/10.1002/adfm.201700860
https://doi.org/10.1002/adfm.201700860
https://doi.org/10.1002/adfm.201906022
https://doi.org/10.1002/adfm.201906022
https://doi.org/10.1002/adma.201700595
https://doi.org/10.1002/adma.201700595
https://doi.org/10.1016/j.nanoen.2021.106598
https://doi.org/10.1016/j.nanoen.2019.04.061
https://doi.org/10.1039/C2JM31413D
https://doi.org/10.1039/C2JM31413D

276

Page 44 of 47

Nano-Micro Lett. (2024) 16:276

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

R. Murugan, V. Thangadurai, W. Weppner, Fast lithium ion
conduction in garnet-type Li;La;Zr,0,,. Angew. Chem. Int.
Ed. 46, 7778-7781 (2007). https://doi.org/10.1002/anie.
200701144

V. Thangadurai, S. Narayanan, D. Pinzaru, Garnet-type
solid-state fast Li ion conductors for Li batteries: critical
review. Chem. Soc. Rev. 43, 4714-4727 (2014). https://doi.
org/10.1039/C4CS00020J

J.L. Allen, J. Wolfenstine, E. Rangasamy, J. Sakamoto,
Effect of substitution (Ta, Al, Ga) on the conductivity of
Li;La;Zr,0,,. J. Power. Sources 206, 315-319 (2012).
https://doi.org/10.1016/j.jpowsour.2012.01.131

Z.Gao, Y. Bai, H. Fu, J. Yang, T. Ferber, J. Feng, W. Jaeger-
mann, Y. Huang, Interphase formed at Lig ,2LasZr, ,Tay 4O,/
Li interface enables cycle stability for solid-state batteries.
Adv. Funct. Mater. 32, 2112113 (2022). https://doi.org/10.
1002/adfm.202112113

F. Shen, W. Guo, D. Zeng, Z. Sun, J. Gao et al., A simple
and highly efficient method toward high-density garnet-type
LLZTO solid-state electrolyte. ACS Appl. Mater. Interfaces
12, 30313-30319 (2020). https://doi.org/10.1021/acsami.
0c04850

C. Zhang, R. Huang, P. Wang, Y. Wang, Z. Zhou et al.,
Highly compressible, thermally conductive, yet electri-
cally insulating fluorinated graphene aerogel. ACS Appl.
Mater. Interfaces 12, 58170-58178 (2020). https://doi.org/
10.1021/acsami.Oc19628

Y. Wang, P. Yan, J. Xiao, D. Deng, X. Lu et al., Materials
selection and chemistry development for redox flow batter-
ies. Meet. Abstr. 0MA2016-03, 425 (2016). https://doi.org/
10.1149/ma2016-03/2/425

X. Huang, T. Xiu, M.E. Badding, Z. Wen, Two-step sinter-
ing strategy to prepare dense Li-Garnet electrolyte ceram-
ics with high Li* conductivity. Ceram. Int. 44, 5660-5667
(2018). https://doi.org/10.1016/j.ceramint.2017.12.217

Z. Huang, K. Liu, L. Chen, Y. Lu, Y. Li et al., Sintering
behavior of garnet-type Lig,LasZr ;Ta, (O, in Li,CO,
atmosphere and its electrochemical property. Int. J. Appl.
Ceram. Technol. 14, 921 (2017). https://doi.org/10.1111/
ijjac.12735

X. Huang, C. Shen, K. Rui, J. Jin, M. Wu et al., Influence of
La,Zr,0; additive on densification and Li* conductivity for
Ta-doped Li;La;Zr,0,, garnet. JOM 68, 2593-2600 (2016).
https://doi.org/10.1007/s11837-016-2065-0

Y. Ren, H. Deng, R. Chen, Y. Shen, Y. Lin et al., Effects of
Li source on microstructure and ionic conductivity of Al-
contained Lig ;sLa;Zr, ;5Ta; ,50,, ceramics. J. Eur. Ceram.
Soc. 35, 561-572 (2015). https://doi.org/10.1016/j.jeurc
eramsoc.2014.09.007

M. Wood, X. Gao, R. Shi, T.W. Heo, J. Ali Espitia et al.,
Exploring the relationship between solvent-assisted ball
milling, particle size, and sintering temperature in garnet-
type solid electrolytes. J. Power. Sources 484, 229252
(2021). https://doi.org/10.1016/j.jpowsour.2020.229252

X. Huang, Y. Lu, Z. Song, T. Xiu, M.E. Badding et al.,
Preparation of dense Ta-LLZO/MgO composite Li-ion

© The authors

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

solid electrolyte: Sintering, microstructure, performance
and the role of MgO. J. Energy Chem. 39, §-16 (2019).
https://doi.org/10.1016/j.jechem.2019.01.013

E. Ramos, A. Browar, J. Roehling, J. Ye, CO, laser sinter-
ing of garnet-type solid-state electrolytes. ACS Energy Lett.
7, 3392-3400 (2022). https://doi.org/10.1021/acsenergylett.
2c¢01630

K.A. Acord, A.D. Dupuy, U. Scipioni Bertoli, B. Zheng, W.C.
West et al., Morphology, microstructure, and phase states in
selective laser sintered lithium ion battery cathodes. J. Mater.
Process. Technol. 288, 116827 (2021). https://doi.org/10.
1016/j.jmatprotec.2020.116827

A. Ishii, H. Huang, Y. Meng, S. Mu, J. Gao et al., Chemi-
cally inert hydrocarbon-based slurries for rapid laser sintering
of thin proton-conducting ceramics. Mater. Res. Bull. 143,
111446 (2021). https://doi.org/10.1016/j.materresbull.2021.
111446

L. Ming, H. Yang, W. Zhang, X. Zeng, D. Xiong et al., Selec-
tive laser sintering of TiO, nanoparticle film on plastic con-
ductive substrate for highly efficient flexible dye-sensitized
solar cell application. J. Mater. Chem. A 2, 4566-4573
(2014). https://doi.org/10.1039/C3TA14210H

Y. Pang, Y. Cao, Y. Chu, M. Liu, K. Snyder et al., Additive
manufacturing of batteries. Adv. Funct. Mater. 30, 1906244
(2020). https://doi.org/10.1002/adfm.201906244

C. Zuo, S. Zha, M. Liu, M. Hatano, M. Uchiyama,
Ba(Zr, Ce(7Y,)O;_5 as an electrolyte for low-temperature
solid-oxide fuel cells. Adv. Mater. 18, 3318-3320 (2006).
https://doi.org/10.1002/adma.200601366

L. Yang, S. Wang, K. Blinn, M. Liu, Z. Liu et al., Enhanced
sulfur and coking tolerance of a mixed ion conductor for
SOFCs: BaZr, |Ce;; Y, Yb,05 5. Science 326, 126 (2009).
https://doi.org/10.1126/science.1174811

A. Ishii, S. Mu, Y. Meng, H. Huang, J. Lei et al., Rapid laser
processing of thin Sr-doped LaCrO;_g interconnects for solid
oxide fuel cells. Energy Technol. 8, 2000364 (2020). https://
doi.org/10.1002/ente.202000364

M. Pagliaro, R. Ciriminna, G. Palmisano, Flexible solar cells.
ChemSusChem 1, 880-891 (2008). https://doi.org/10.1002/
¢ssc.200800127

S. Zhang, X. Yang, Y. Numata, L. Han, Highly efficient dye-
sensitized solar cells: progress and future challenges. Energy
Environ. Sci. 6, 1443-1464 (2013). https://doi.org/10.1039/
C3EE24453A

T. Yamaguchi, N. Tobe, D. Matsumoto, T. Nagai, H.
Arakawa, Highly efficient plastic-substrate dye-sensitized
solar cells with validated conversion efficiency of 7.6%. Sol.
Energy Mater. Sol. Cells 94, 812-816 (2010). https://doi.org/
10.1016/j.s0lmat.2009.12.029

A. Yella, HW. Lee, H.N. Tsao, C. Yi, A.K. Chandiran et al.,
Porphyrin-sensitized solar cells with cobalt (II/III)-based
redox electrolyte exceed 12 percent efficiency. Science 334,
629-634 (2011). https://doi.org/10.1126/science.1209688

W. Gao, N. Singh, L. Song, Z. Liu, A.L.M. Reddy et al.,
Direct laser writing of micro-supercapacitors on hydrated

https://doi.org/10.1007/s40820-024-01483-5


https://doi.org/10.1002/anie.200701144
https://doi.org/10.1002/anie.200701144
https://doi.org/10.1039/C4CS00020J
https://doi.org/10.1039/C4CS00020J
https://doi.org/10.1016/j.jpowsour.2012.01.131
https://doi.org/10.1002/adfm.202112113
https://doi.org/10.1002/adfm.202112113
https://doi.org/10.1021/acsami.0c04850
https://doi.org/10.1021/acsami.0c04850
https://doi.org/10.1021/acsami.0c19628
https://doi.org/10.1021/acsami.0c19628
https://doi.org/10.1149/ma2016-03/2/425
https://doi.org/10.1149/ma2016-03/2/425
https://doi.org/10.1016/j.ceramint.2017.12.217
https://doi.org/10.1111/ijac.12735
https://doi.org/10.1111/ijac.12735
https://doi.org/10.1007/s11837-016-2065-0
https://doi.org/10.1016/j.jeurceramsoc.2014.09.007
https://doi.org/10.1016/j.jeurceramsoc.2014.09.007
https://doi.org/10.1016/j.jpowsour.2020.229252
https://doi.org/10.1016/j.jechem.2019.01.013
https://doi.org/10.1021/acsenergylett.2c01630
https://doi.org/10.1021/acsenergylett.2c01630
https://doi.org/10.1016/j.jmatprotec.2020.116827
https://doi.org/10.1016/j.jmatprotec.2020.116827
https://doi.org/10.1016/j.materresbull.2021.111446
https://doi.org/10.1016/j.materresbull.2021.111446
https://doi.org/10.1039/C3TA14210H
https://doi.org/10.1002/adfm.201906244
https://doi.org/10.1002/adma.200601366
https://doi.org/10.1126/science.1174811
https://doi.org/10.1002/ente.202000364
https://doi.org/10.1002/ente.202000364
https://doi.org/10.1002/cssc.200800127
https://doi.org/10.1002/cssc.200800127
https://doi.org/10.1039/C3EE24453A
https://doi.org/10.1039/C3EE24453A
https://doi.org/10.1016/j.solmat.2009.12.029
https://doi.org/10.1016/j.solmat.2009.12.029
https://doi.org/10.1126/science.1209688

Nano-Micro Lett.

(2024) 16:276

Page 45 of 47 276

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

graphite oxide films. Nat. Nanotechnol. 6, 496-500 (2011).
https://doi.org/10.1038/nnano.2011.110

H. Wang, Y. Diao, Y. Lu, H. Yang, Q. Zhou et al., Energy
storing bricks for stationary PEDOT supercapacitors.
Nat. Commun. 11, 3882 (2020). https://doi.org/10.1038/
s41467-020-17708-1

S.-J. Choi, S.-J. Kim, J.-S. Jang, J.-H. Lee, I.-D. Kim, Silver
nanowire embedded colorless polyimide heater for weara-
ble chemical sensors: improved reversible reaction kinetics
of optically reduced graphene oxide. Small 12, 5826-5835
(2016). https://doi.org/10.1002/sml1.201602230

J. Jang, B.G. Hyun, S. Ji, E. Cho, B.W. An et al., Rapid
production of large-area, transparent and stretchable elec-
trodes using metal nanofibers as wirelessly operated wear-
able heaters. NPG Asia Mater 9, €432 (2017). https://doi.
org/10.1038/am.2017.172

S.-J. Choi, S.-J. Kim, L.-D. Kim, Ultrafast optical reduction
of graphene oxide sheets on colorless polyimide film for
wearable chemical sensors. NPG Asia Mater. 8, 315 (2016).
https://doi.org/10.1038/am.2016.150

Illgen, R., Flachowsky, S., Herrmann, T., Feudel, T., Thron,
D. et al.: In: 2009 10th International Conference on Ulti-
mate Integration of Silicon (IEEE, 2009), pp. 157-160.
Borland, J.O.: 32nm node USJ implant & annealing options.
In 2007 15th International Conference on Advanced Ther-
mal Processing of Semiconductors (IEEE, 2007), pp.
181-189.

Colombeau, B., Yeong, S.H., Tan, D.X.M., Smith, A.J.,
Gwilliam, R.M. et al.: Ultra-shallow junction formation-
physics and advanced technology. In: AIP Conference of
Proceedings (AIP, 2008), pp. 11-18.

Y. Chen, K. Denis, P. Kazlas, P. Drzaic, 122: a conformable
electronic ink display using a foil-based a-Si TFT array.
SID Symp. Dig. Tech. Pap. 32, 157-159 (2001). https://
doi.org/10.1889/1.1831820

R.A. Matula, Electrical resistivity of copper, gold, palla-
dium, and silver. J. Phys. Chem. Ref. Data 8, 1147 (1979).
https://doi.org/10.1063/1.555614

Edelstein, D., Heidenreich, J., Goldblatt, R., Cote, W.,
Uzoh, C. et al.: Full copper wiring in a sub-0.25 pm CMOS
ULSI technology. In: International Electron Devices Meet-
ing. [IEDM Technical Digest (IEEE, n.d.), pp. 773-776.

M.D. Susman, Y. Feldman, A. Vaskevich, I. Rubinstein,
Chemical deposition and stabilization of plasmonic copper
nanoparticle films on transparent substrates. Chem. Mater.
24, 2501-2508 (2012). https://doi.org/10.1021/cm300699f

S.-I. Park, Y. Xiong, R.-H. Kim, P. Elvikis, M. Meitl et al.,
Printed assemblies of inorganic light-emitting diodes for
deformable and semitransparent displays. Science 325,
977-981 (2009). https://doi.org/10.1126/science.1175690
L. Tan, Q. Zhou, H. Wang, R. Yao, Characteristics of micro
LEDs with snowflake p-electrode and composite textured
sidewalls. IEEE Photonics Technol. Lett. 31, 1705-1708
(2019). https://doi.org/10.1109/LPT.2019.2942690

/‘\ SHANGHAI JIAO TONG UNIVERSITY PRESS

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

P.-T. Liu, Y.-T. Chou, C.-Y. Su, H.-M. Chen, Using electro-
less plating Cu technology for TFT-LCD application. Surf.
Coat. Technol. 205, 1497-1501 (2010). https://doi.org/10.
1016/j.surfcoat.2010.10.011

M. Abbott, J. Cotter, Optical and electrical properties of laser
texturing for high-efficiency solar cells. Prog. Photovolt. Res.
Appl. 14, 225-235 (2006). https://doi.org/10.1002/pip.667

D. Canteli, I. Torres, S. Fernandez, J.D. Santos, M. Morales
et al., Photon-collection improvement from laser-textured
AZO front-contact in thin-film solar cells. Appl. Surf. Sci.
463, 775-780 (2019). https://doi.org/10.1016/j.apsusc.2018.
08.267

Y. Zhang, G. Cai, Y. Gu, L. Ge, Y. Zheng et al., Modify-
ing the electrode-electrolyte interface of anode supported
solid oxide fuel cells (SOFCs) by laser-machining. Energy
Convers. Manag. 171, 1030-1037 (2018). https://doi.org/10.
1016/j.enconman.2018.06.044

M. Kedia, M. Rai, H. Phirke, C.A. Aranda, C. Das et al.,
Light makes right: laser polishing for surface modification
of perovskite solar cells. ACS Energy Lett. 8, 2603-2610
(2023). https://doi.org/10.1021/acsenergylett.3c00469

D. Kim, I.-W. Tcho, 1.K. Jin, S.-J. Park, S.-B. Jeon et al.,
Direct-laser-patterned friction layer for the output enhance-
ment of a triboelectric nanogenerator. Nano Energy 35, 379—
386 (2017). https://doi.org/10.1016/j.nanoen.2017.04.013
K.-W. Lim, M. Peddigari, C.H. Park, H.Y. Lee, Y. Min et al.,
A high output magneto-mechano-triboelectric generator ena-
bled by accelerated water-soluble nano-bullets for powering
a wireless indoor positioning system. Energy Environ. Sci.
12, 666—674 (2019). https://doi.org/10.1039/c8ee03008a

M.S. Kwak, K.W. Lim, H.Y. Lee, M. Peddigari, J. Jang et al.,
Multiscale surface modified magneto-mechano-triboelectric
nanogenerator enabled by eco-friendly NaCl imprinting
stamp for self-powered IoT applications. Nanoscale 13,
8418-8424 (2021). https://doi.org/10.1039/d1nr01336j

R. Ye, Y. Chyan, J. Zhang, Y. Li, X. Han et al., Laser-induced
graphene formation on wood. Adv. Mater. 29, 1702211
(2017). https://doi.org/10.1002/adma.201702211

Y. Chyan, R. Ye, Y. Li, S.P. Singh, C.J. Arnusch et al., Laser-
induced graphene by multiple lasing: toward electronics on
cloth, paper, and food. ACS Nano 12, 2176-2183 (2018).
https://doi.org/10.1021/acsnano.7b08539

H. Zhu, Z. Zhang, Z. Zhang, J. Lu, K. Xu et al., Localized
fabrication of flexible graphene-copper composites via a
combined ultrafast laser irradiation and electrodeposition
technique. J. Manuf. Process. 108, 395-407 (2023). https://
doi.org/10.1016/j.jmapro.2023.10.085

J.S. Lee, J.W. Kim, J.H. Lee, Y.K. Son, Y.B. Kim et al., Flash-
induced high-throughput porous graphene via synergistic
photo-effects for electromagnetic interference shielding.
Nano-Micro Lett. 15, 191 (2023). https://doi.org/10.1007/
s40820-023-01157-8

M.F. El-Kady, V. Strong, S. Dubin, R.B. Kaner, Laser scrib-
ing of high-performance and flexible graphene-based electro-
chemical capacitors. Science 335, 1326-1330 (2012). https:/
doi.org/10.1126/science.1216744

@ Springer


https://doi.org/10.1038/nnano.2011.110
https://doi.org/10.1038/s41467-020-17708-1
https://doi.org/10.1038/s41467-020-17708-1
https://doi.org/10.1002/smll.201602230
https://doi.org/10.1038/am.2017.172
https://doi.org/10.1038/am.2017.172
https://doi.org/10.1038/am.2016.150
https://doi.org/10.1889/1.1831820
https://doi.org/10.1889/1.1831820
https://doi.org/10.1063/1.555614
https://doi.org/10.1021/cm300699f
https://doi.org/10.1126/science.1175690
https://doi.org/10.1109/LPT.2019.2942690
https://doi.org/10.1016/j.surfcoat.2010.10.011
https://doi.org/10.1016/j.surfcoat.2010.10.011
https://doi.org/10.1002/pip.667
https://doi.org/10.1016/j.apsusc.2018.08.267
https://doi.org/10.1016/j.apsusc.2018.08.267
https://doi.org/10.1016/j.enconman.2018.06.044
https://doi.org/10.1016/j.enconman.2018.06.044
https://doi.org/10.1021/acsenergylett.3c00469
https://doi.org/10.1016/j.nanoen.2017.04.013
https://doi.org/10.1039/c8ee03008a
https://doi.org/10.1039/d1nr01336j
https://doi.org/10.1002/adma.201702211
https://doi.org/10.1021/acsnano.7b08539
https://doi.org/10.1016/j.jmapro.2023.10.085
https://doi.org/10.1016/j.jmapro.2023.10.085
https://doi.org/10.1007/s40820-023-01157-8
https://doi.org/10.1007/s40820-023-01157-8
https://doi.org/10.1126/science.1216744
https://doi.org/10.1126/science.1216744

276

Page 46 of 47

Nano-Micro Lett. (2024) 16:276

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

Z.Peng, R. Ye, J.A. Mann, D. Zakhidov, Y. Li et al., Flexible
boron-doped laser-induced graphene microsupercapacitors.
ACS Nano 9, 5868-5875 (2015). https://doi.org/10.1021/
acsnano.5b00436

Y. Yuan, L. Jiang, X. Li, P. Zuo, C. Xu et al., Laser pho-
tonic-reduction stamping for graphene-based micro-super-
capacitors ultrafast fabrication. Nat. Commun. 11, 6185
(2020). https://doi.org/10.1038/s41467-020-19985-2

F. Zhang, E. Alhajji, Y. Lei, N. Kurra, H.N. Alshareef,
Highly doped 3D graphene Na-ion battery anode by laser
scribing polyimide films in nitrogen ambient. Adv. Energy
Mater. 8, 1800353 (2018). https://doi.org/10.1002/aenm.
201800353

W. Ma, S. Chen, S. Yang, W. Chen, W. Weng et al., Flexible
all-solid-state asymmetric supercapacitor based on transition
metal oxide nanorods/reduced graphene oxide hybrid fib-
ers with high energy density. Carbon 113, 151-158 (2017).
https://doi.org/10.1016/j.carbon.2016.11.051

X. Wang, F. Wan, L. Zhang, Z. Zhao, Z. Niu et al., Large-
area reduced graphene oxide composite films for flexible
asymmetric sandwich and microsized supercapacitors. Adv.
Funct. Mater. 28, 1707247 (2018). https://doi.org/10.1002/
adfm.201707247

S. Chen, J. Zhu, X. Wu, Q. Han, X. Wang, Graphene oxide:
MnO, nanocomposites for supercapacitors. ACS Nano 4,
2822-2830 (2010). https://doi.org/10.1021/nn901311t

H. Zhu, C. Wang, S. Mao, Z. Zhang, D. Zhao et al., Localized
and efficient machining of germanium based on the auto-
coupling between picosecond laser irradiation and electro-
chemical dissolution: Mechanism validation and surface char-
acterization. J. Manuf. Process. 77, 665-677 (2022). https://
doi.org/10.1016/j.jmapro.2022.03.050

H. Zhu, M. Zhang, W. Ren, V. Saetang, J. Lu et al., Laser-
induced localized and maskless electrodeposition of micro-
copper structure on silicon surface: Simulation and experi-
mental study. Opt. Laser Technol. 170, 110315 (2024).
https://doi.org/10.1016/j.optlastec.2023.110315

Q. Wu, Y. Li, Y. Yang, Y. Zhao, A photolithography process
design for 5 nm logic process flow. J. Microelectron. Manuf.
2, 1-8 (2019). https://doi.org/10.33079/jomm.19020408

G. Tallents, E. Wagenaars, G. Pert, Lithography at EUV
wavelengths. Nat. Photonics 4, 809-811 (2010). https://doi.
org/10.1038/nphoton.2010.277

K. Kim, H.-E. Kim, I.-H. Lee, J.-S. Kim, J.-S. Chun et al., in
Proceedings of SPIE 2440, Optical/Laser Microlithography
VIII, ed. by T. A. Brunner (1995), pp. 76-87.

J. Yun, M. Yang, B. Kang, Laser sweeping lithography: par-
allel bottom-up growth sintering of a nanoseed—organome-
tallic hybrid suspension for ecofriendly mass production of
electronics. ACS Sustain. Chem. Eng. 6, 4940-4947 (2018).
https://doi.org/10.1021/acssuschemeng.7b04468

Y.S. Rim, H. Chen, Y. Liu, S.H. Bae, H.J. Kim et al., Direct
light pattern integration of low-temperature solution-pro-
cessed all-oxide flexible electronics. ACS Nano 8, 9680-9686
(2014). https://doi.org/10.1021/nn504420r

© The authors

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

L. Bretos, R. Jiménez, A. Wu, A.L. Kingon, P.M. Vilarinho
et al., Activated solutions enabling low-temperature process-
ing of functional ferroelectric oxides for flexible electronics.
Adv. Mater. 26, 1405-1409 (2014). https://doi.org/10.1002/
adma.201304308

L.J. Cote, R. Cruz-Silva, J. Huang, Flash reduction and pat-
terning of graphite oxide and its polymer composite. J. Am.
Chem. Soc. 131, 11027-11032 (2009). https://doi.org/10.
1021/ja902348k

S. Yoo, S.Y. Jeong, J.-W. Lee, J.H. Park, D.-W. Kim et al.,
Heavily nitrogen doped chemically exfoliated graphene by
flash heating. Carbon 144, 675-683 (2019). https://doi.org/
10.1016/j.carbon.2018.12.090

J. Kim, M. Kim, H. Jung, J. Park, Y. Lee, Ultrastable 2D
material-wrapped copper nanowires for high-performance
flexible and transparent energy devices. Nano Energy 106,
108067 (2023). https://doi.org/10.1016/j.nanoen.2022.
108067

D.-H. Kim, J.-H. Cha, S. Chong, S.-H. Cho, H. Shin et al.,
Flash-thermal shock synthesis of single atoms in ambient air.
ACS Nano 17, 23347-23358 (2023). https://doi.org/10.1021/
acsnano.3c02968

L.T. Duy, R.B. Ali, Q.A. Sial, H. Seo, Green synthesis of
carbon and cobalt oxide composites by 1-Watt laser sintering
for flexible supercapacitors. Ceram. Int. 49, 13131-13139
(2023). https://doi.org/10.1016/j.ceramint.2022.12.191

T.-F. Hung, Z.-W. Yin, S.B. Betzler, W. Zheng, J. Yang et al.,
Nickel sulfide nanostructures prepared by laser irradiation
for efficient electrocatalytic hydrogen evolution reaction and
supercapacitors. Chem. Eng. J. 367, 115-122 (2019). https://
doi.org/10.1016/j.cej.2019.02.136

J. Sourice, A. Quinsac, Y. Leconte, O. Sublemontier, W.
Porche et al., One-step synthesis of Si@C nanoparticles by
laser pyrolysis: high-capacity anode material for lithium-ion
batteries. ACS Appl. Mater. Interf. 7, 6637 (2015). https://
doi.org/10.1021/am5089742

J. Zhao, Y. Wang, Z. Zhang, Z. Zhu, S. Zeng et al., Biomin-
eralization-inspired synthesis of hybrid COF nanosheets
toward efficient desalination membranes. Small 20, €2310566
(2024). https://doi.org/10.1002/smll.202310566

W.O. Silva, V. Costa Bassetto, D. Baster, M. Mensi, E. Oveisi
et al., Oxidative print light synthesis thin film deposition of
prussian blue. ACS Appl. Electron. Mater. 2, 927 (2020).
https://doi.org/10.1021/acsaelm.9b00854

F. Wang, Z. Guo, Z. Wang, H. Zhu, G. Zhao et al., Laser-
induced transient self-organization of TiN, nano-filament
percolated networks for high performance surface-mountable
filter capacitors. Adv. Mater. 35, €2210038 (2023). https://
doi.org/10.1002/adma.202210038

D.Y. Park, D.J. Joe, D.H. Kim, H. Park, J.H. Han et al., Self-
powered real-time arterial pulse monitoring using ultrathin
epidermal piezoelectric sensors. Adv. Mater. 29, 1702308
(2017). https://doi.org/10.1002/adma.201702308

H.S. Wang, S.K. Hong, J.H. Han, Y.H. Jung, H.K. Jeong
et al., Biomimetic and flexible piezoelectric mobile acoustic
sensors with multiresonant ultrathin structures for machine

https://doi.org/10.1007/s40820-024-01483-5


https://doi.org/10.1021/acsnano.5b00436
https://doi.org/10.1021/acsnano.5b00436
https://doi.org/10.1038/s41467-020-19985-2
https://doi.org/10.1002/aenm.201800353
https://doi.org/10.1002/aenm.201800353
https://doi.org/10.1016/j.carbon.2016.11.051
https://doi.org/10.1002/adfm.201707247
https://doi.org/10.1002/adfm.201707247
https://doi.org/10.1021/nn901311t
https://doi.org/10.1016/j.jmapro.2022.03.050
https://doi.org/10.1016/j.jmapro.2022.03.050
https://doi.org/10.1016/j.optlastec.2023.110315
https://doi.org/10.33079/jomm.19020408
https://doi.org/10.1038/nphoton.2010.277
https://doi.org/10.1038/nphoton.2010.277
https://doi.org/10.1021/acssuschemeng.7b04468
https://doi.org/10.1021/nn504420r
https://doi.org/10.1002/adma.201304308
https://doi.org/10.1002/adma.201304308
https://doi.org/10.1021/ja902348k
https://doi.org/10.1021/ja902348k
https://doi.org/10.1016/j.carbon.2018.12.090
https://doi.org/10.1016/j.carbon.2018.12.090
https://doi.org/10.1016/j.nanoen.2022.108067
https://doi.org/10.1016/j.nanoen.2022.108067
https://doi.org/10.1021/acsnano.3c02968
https://doi.org/10.1021/acsnano.3c02968
https://doi.org/10.1016/j.ceramint.2022.12.191
https://doi.org/10.1016/j.cej.2019.02.136
https://doi.org/10.1016/j.cej.2019.02.136
https://doi.org/10.1021/am5089742
https://doi.org/10.1021/am5089742
https://doi.org/10.1002/smll.202310566
https://doi.org/10.1021/acsaelm.9b00854
https://doi.org/10.1002/adma.202210038
https://doi.org/10.1002/adma.202210038
https://doi.org/10.1002/adma.201702308

Nano-Micro Lett. (2024) 16:276

Page 47 of 47 276

225.

226.

learning biometrics. Sci. Adv. 7, eabe5683 (2021). https://
doi.org/10.1126/sciadv.abe5683

L.J. Wang, M.F. El-Kady, S. Dubin, J.Y. Hwang, Y. Shao
et al., Flash converted graphene for ultra-high power super-
capacitors. Adv. Energy Mater. 5, 1500786 (2015). https:/
doi.org/10.1002/aenm.201500786

H.S. Lee, J. Chung, G.-T. Hwang, C.K. Jeong, Y. Jung
et al., Flexible inorganic piezoelectric acoustic nanosen-
sors for biomimetic artificial hair cells. Adv. Funct. Mater.
24, 6914-6921 (2014). https://doi.org/10.1002/adfm.20140
2270

227. K. Mizutari, M. Fujioka, M. Hosoya, N. Bramhall, H.J. Okano
et al., Notch inhibition induces cochlear hair cell regeneration
and recovery of hearing after acoustic trauma. Neuron 77, 58
(2013). https://doi.org/10.1016/j.neuron.2012.10.032

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1126/sciadv.abe5683
https://doi.org/10.1126/sciadv.abe5683
https://doi.org/10.1002/aenm.201500786
https://doi.org/10.1002/aenm.201500786
https://doi.org/10.1002/adfm.201402270
https://doi.org/10.1002/adfm.201402270
https://doi.org/10.1016/j.neuron.2012.10.032

	Light–Material Interactions Using Laser and Flash Sources for Energy Conversion and Storage Applications
	Highlights
	Abstract 
	1 Introduction
	2 Key Processing Parameters for LMIs
	2.1 Wavelength
	2.2 Irradiation Time
	2.3 Fluence and Intensity
	2.4 Repetition Rate and Spatial Overlap
	2.5 Environmental Conditions

	3 Examples of LMI for Energy Conversion and Storage Applications
	3.1 Lift-Off (Laser + Flash)
	3.2 Crystallization (Laser)
	3.3 Crystallization (Flash)
	3.4 Sintering (Laser)
	3.5 Sintering (Flash)
	3.6 Surface Texturing and Modification (Laser + Flash)
	3.7 Carbonization (Laser + Flash)
	3.8 Chemical Reaction (Laser)
	3.9 Chemical Reaction (Flash)
	3.9.1 Synthesis (Laser + Flash)


	4 Applications of LMIs in Energy Conversion and Energy Storage Devices
	4.1 LMI Process for Energy Harvesting Devices
	4.2 LMI Process for MechanicalMagnetic Sensing Devices
	4.3 LMI Process for Energy Storage Devices

	5 Conclusions
	Acknowledgements 
	References


