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ABSTRACT

Advances in semiconductor manufacturing over the past few decades, driven by the need for smaller, faster, and more efficient devices, have
pushed enormous progress in light sources for lithography and metrology. However, the smaller feature sizes and more costly wafer real
estate necessitate smaller spot sizes, smaller test/alignment markers, and higher light intensities. This combination has made light-induced
damage an obstacle to fast, reliable wafer-lithography, -metrology, -leveling, and -alignment. In this perspective, we address the challenges of
light-induced damage for semiconductor manufacturing, highlighting the light sources, materials, device stacks, and damage mechanisms at
play. Furthermore, we provide a perspective into the future of the industry and of new materials, which provide new functionality, but may
be more sensitive to light-induced damage. Finally, we discuss how light-induced damage can be used constructively, for instance, in direct
laser writing or material processing.

© 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0308054

I. INTRODUCTION

Light-induced damage (LID) has been studied extensively in
the past, particularly since the invention of the Q-switched laser in
the late 1950s and early 1960s,1,2 which enabled laser pulse dura-
tions of tens of nanoseconds. Although high-quality optical compo-
nents were available, even small surface defects that passed quality
control could trigger LID when exposed to these powerful lasers.
With these high powers, the field of nonlinear optics took off,
giving rise to new mechanisms for LID, such as self-focusing.3

Now, tightly focused, relatively modest-energy laser pulses can gen-
erate electric fields strong enough to induce dielectric breakdown
in materials used for laser components4 (pp. 3–4). For much of the
LID research, largely focused on optical components,4 a more phe-
nomenological approach is often taken to examine how various
factors influence LID thresholds, such as used material,5

wavelength,6–8 pulse duration,9–11 repetition rate,12 (p. 6) and film
thickness.13,14 In this perspective, we shift the focus toward the
materials and light sources relevant to the semiconductor manufac-
turing industry, aiming to understand the underlying physical pro-
cesses of LID in this context.

To minimize the risk of LID, the light intensity can be
reduced by lowering the pulse energy, increasing the spot size, or
extending the pulse duration if the damage is nonthermal in origin.
While these measures may be feasible for optical components in
laser systems, the semiconductor manufacturing industry often
requires high fluences, for instance, in nanolithographic processes
and wafer alignment measurements. In semiconductor manufactur-
ing, integrated circuits (ICs) are fabricated, which consist of
hundreds of layers containing complex patterns.15 Nowadays, the
most complex and miniaturized ICs are fabricated with the use of
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extreme ultraviolet (EUV) photolithography, using complex EUV
‘scanners’, which use reflective optics to print patterns into photo-
resists with nanoscale features. In addition to the possibility of LID
from exposure of various components and materials to EUV light,
even the process of EUV generation presents a substantial risk; this
is done through the generation of Sn plasma, which requires IR
pump fluences in the kW regime for sufficient EUV light. Once the
pattern has been printed into the photoresist, a combination of
etching, deposition, and other processing steps is used to create the
desired layer within the device stack, as is schematically shown in
Fig. 1. These layers and patterns are increasingly at risk of optical
damage16,17 due to the increasingly high light fluence required for
precise wafer positioning and inspection.18,19 Alignment markers,
often in the form of small gratings, are etched into the scribe lanes
between the dies on the wafer; light diffracted by these markers is
used to measure the wafer position.20 To save wafer real estate,
these alignment gratings are becoming smaller,21,22 which forces a
concomitant decrease in the illuminated area. To keep the same

amount of diffracted light, and thus the same signal-to-noise-ratio,
an increase in incident optical fluence is required. Both the increas-
ing light intensity and the decreasing size of the nanostructures
etched into these layers amplify the risk of LID through localized
field enhancements.23 Once a layer or pattern has been printed, it
is also necessary to inspect it for imperfections. These metrology
steps are also often carried out with light-based techniques, and
various competing requirements similarly increase the potential for
LID to IC components during these steps. In addition to current
risks, future innovations may also face significant challenges related
to LID. For example, the integration of novel materials, such as
two-dimensional (2D) materials in future devices, could be criti-
cally hindered by their susceptibility to light-induced damage. It is,
therefore, critical to properly assess LID for each of these materials
within the realm of semiconductor manufacturing. For example,
metrology markers should be designed by co-optimizing material
properties, such as refractive index and absorption, taking the light-
induced damage threshold (LIDT) of these materials into account.

FIG. 1. Sequential steps in fabricating a typical semiconductor device layer, from material deposition and photoresist coating to UV-based lithography exposure, develop-
ment, and plasma etching, illustrating the layered structure and process flow including different materials for pattern transfer and final trench formation. Prior to the lithogra-
phy step, the film thickness, uniformity, and defectivity will be controlled. Leveling and alignment are performed during the lithography step. Postlithography metrology and
inspection steps are defect inspection, CD and overlay measurements, etch depth and profiling, etc. (see Sec. II A).
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But what exactly is light-induced damage? While it is often
associated with fully destructive effects, such as those seen in laser
cutting,24,25 LID can also cause more subtle, localized material
modifications.26,27 In some cases, these changes are beneficial and
can even be useful for advanced applications, for instance, the
direct writing of patterns below the diffraction limit28,29 without
using a photoresist.

Light-induced damage poses numerous risks throughout the
entire nanolithography fabrication process, both in current technol-
ogies and in future developments. In this perspective paper, we aim
to address, describe, and discuss these challenges. We, therefore,
focus on a targeted subset of LID challenges specific to lithographic
processes and wafer metrology, for example, during wafer align-
ment. Accordingly, we provide an overview of current and future
light sources relevant to these issues, as well as the corresponding
wafer materials and optical components that are, or will be,
exposed by those light sources. In Sec. II, we provide an overview
of the key bottlenecks that we believe are critical to understanding
LID risks. This collection of insights has emerged from collabora-
tions with a broad community of scientists and engineers engaged
in nanolithography research and development. In Sec. III, we high-
light emerging materials and light sources, and we introduce
methods for utilizing controlled LID effects for nanofabrication or
(general) inspection. Through this, we aim to present the reader
with a comprehensive view of the challenges and opportunities
associated with LID in the semiconductor manufacturing industry.
We expect research into LID to remain fruitful over the coming
years, especially at the interface of fundamental physics research
and the semiconductor industry.

II. CURRENT RESEARCH

The onset of optical damage is not solely determined by
some critical value of the total energy or the peak fluence of the
light. Peak fluence, pulse duration, repetition rate, and wave-
length/bandwidth can also play significant roles. In addition to
these light parameters, the characteristics of the layer and the
material it is made of also influence the onset of damage. Layer
parameters, such as thickness, material, refractive index, surface
topography, stack composition, and adhesion to surrounding
layers, all contribute to where the light is absorbed and how and
where the material is affected. The total parameter space that
determines the light-induced damage threshold is, therefore,
huge. To provide a focused and practical framework for investi-
gation, we introduce a selected subset of parameters that are
most relevant to our study and will be explored in greater detail
in this section.

A. Patterning, metrology, and inspection in
semiconductor manufacturing

Metrology and inspection play a critical role in semiconductor
manufacturing by monitoring and controlling the quality and con-
formity of the structures and materials that form semiconductor
devices through various layers and processing sequences. The
primary goal of this is to reduce costs by maximizing yield and
accelerating time to market. While general wafer inspection detects
surface particles, pattern flaws, and other conditions that could

affect the performance of the finished device, metrological proce-
dures ensure that the physical and electrical properties of the
devices being produced are met at each stage.

A combination of inline and offline metrology and inspection
techniques support semiconductor manufacturing. Inline metrol-
ogy refers to measurement techniques that are integrated directly
into the production line, allowing for real-time or near-real-time
monitoring of wafers without removing them from the process
flow. This enables rapid feedback and process control, minimizing
defects and improving yield. In contrast, offline metrology involves
taking wafers out of the production line for more detailed or spe-
cialized analysis in a separate lab environment. While offline
methods often provide higher precision and a broader range of
measurements, they are slower, often invasive, and less suited for
immediate process adjustments. Both approaches are complemen-
tary, balancing speed and accuracy in quality control. Table I sum-
marizes an overview of metrology and inspection systems, and
Fig. 2 shows the typical wavelengths used by them.

As listed in Table I, various sources are employed in metrol-
ogy and inspection systems to cover different materials and
stacks, penetration depths, and measurement parameters. These
include photons across the visible, near-infrared, and ultraviolet
(UV) spectral ranges, as well as electrons with tunable landing
energies and acceleration voltages. Lasers are also being integrated
in electron beam systems to mitigate charging effects, especially
in materials, such as EUV resists or low-κ30 dielectrics with low
conductivity.

There is currently a rich research landscape for metrology
techniques, which encompass the ever-expanding world of semi-
conductor fabrication. This includes using broadband light
sources for more optimized alignment recipes, where a broad
wavelength range between 200 and 1300 nm is more robust to
changes in the material and structure.31 The metrology targets for
overlay, alignment, and leveling themselves are also the subject of
new research. Dedicated structures, called test markers or targets,
are included in the photolithography masks, called reticles in
extreme ultraviolet (EUV) systems, and are printed on the wafers
along with the desired device patterns. These structures are typi-
cally placed in the scribe lane between dies, or even within the die
itself to correct for die differences. These occupy valuable wafer
real estate, and thus, reducing their size is crucial. Furthermore,
optimized test marker designs to increase sensitivity and specific-
ity are also being explored. Such marker designs need to take into
account not only the desired light coupling and size requirements,
but also the materials from which they are composed. Often, the
test markers are composed of photoresists themselves, and
decreasing resist thickness and novel compositions as in EUV
lithography must also be taken into account. Figure 3 shows two
“diffraction based overlay metrology stacks,” which are used as
alignment markers. Finally, the increasing number of processing
steps (see Fig. 1), including the bonding of wafers and dies for 3D
integration and advanced packaging, put significantly more stress
on a wafer, causing in some cases severe and complex deforma-
tions. For overlay and alignment, these need to be rigorously mea-
sured, requiring significantly more measurements to accurately
account for them. Faster measurement techniques are, thus,
highly sought after, with innovations, including multi-laser and
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burst-mode operation. While the research into the metrology
parameter space is enormous, the bottom line is that a larger
number of faster measurements on smaller test markers leads to
significantly more risk of LID.

B. Light sources for next generation metrology

Next-generation metrology equipment is needed to enable
high-yield high-volume manufacturing of advanced semiconductor
nodes (5 nm, 3 nm, and beyond31). These systems require light

TABLE I. Overview of metrology and inspection systems.

Tool type Purpose Source Features

Optical Ellipsometry Measures film thickness and
optical properties

UV to NIR (200–
1000 nm)

Uses polarized light; sensitive
when using thin films

Spectroscopic
reflectometry

Measures film thickness and
refractive index

Broadband white light
(UV-VIS-NIR)

Non-destructive, fast

Scatterometry Measures critical dimension
(CD), overlay, and side-wall

angle

Can be DUV-UV-VIS
and extended to some

NIR
(≈1 μm) with

broadband white light

Indirect method using
diffraction patterns, fast

Optical critical dimension
(OCD) metrology,

scattering, and inspection

CD, thickness, profile, and
pattern defect inspection

DUV (193 nm),
visible light

DUV provides enhanced
resolution, contrast, and

sensitivity

Electron and
x ray

Critical dimension SEM
(CD-SEM)

Measures critical dimensions
of features (line widths, contact

hole diameter, spaces, and
pitches)

Electron beam (not
light)

High resolution and critical for
process control. Low

throughput with charging
effects

E-beam overlay metrology Pattern placement and overlay
measurement

Electron beam Critical for EUV layers, Slow
and complex (large amount of

data)
E-beam inspection Defect detection (yield

monitoring)
Electron beam High sensitivity to small

defects, slow scan speed, and
expensive

Voltage contrast SEM Identified electrical defects (e.
g., opens/shorts)

Electron beam Non-destructive, reveals
electrical anomalies. Limited to

conductive paths
(Scanning) transmission
electron microscopy

(STEM)

Atomic-level imaging and
analysis

Electron beam Extremely high resolution,
elemental analysis, complex

sample preparation
X-ray reflectometry

(XRR)
Film thickness, density,

roughness
X-ray tube (Cu Kα,

etc.)
Non-destructive, high precision,

complex modeling
X-ray diffraction (XRD) Crystal structure, strain X-ray tube (Cu Kα,

etc.)
Used for epitaxial layers

Critical dimension small
angle x-ray scattering

(CD-SAXS)

3D CD metrology, increasingly
used for advanced modes, e.g.,

GAA or FinFET

High precision for
high aspect ratio

features

Complex modeling

Infrared and
Raman
spectroscopy

Fourier transform infrared
(FTIR)

Film thickness, composition,
bonding

IR source (Globar,
etc.)

Fast, non-destructive, limited
spatial resolution, surface

sensitive
Raman spectroscopy Stress, strain, crystallinity Laser (532, 785 nm,

etc.)
High spatial resolution, slow

mapping

Atomic and
scanning probe

Atomic force microscopy
(AFM)

Surface topography, roughness,
CD

Laser (for cantilever
detection)

High resolution, 3D profiling,
slow

Other scanning probe
microscopy (SPM)

Electrical, magnetic, and
mechanical properties

Laser (for feedback) Mostly R&D, for failure
analysis and materials

development

Journal of
Applied Physics

PERSPECTIVE pubs.aip.org/aip/jap

J. Appl. Phys. 139, 080901 (2026); doi: 10.1063/5.0308054 139, 080901-4

© Author(s) 2026

 
2
6
 
M
a
r
c
h
 
2
0
2
6
 
1
3
:
2
6
:
4
2

https://pubs.aip.org/aip/jap


sources with exceptional brightness, spectral stability, and coherence
to achieve the subnanometer resolution and sensitivity in measuring
critical parameters that are essential for accurate and reliable fabrica-
tion of high quality device structures.18,19,33 Such light sources are
not widely available as commercial products and often need to be
custom developed, potentially tailored for each specific system.
Table II lists the key (future) light-source features and their benefits
for semiconductor metrology tools, and in Fig. 4, we show the
various applications for these light sources and their requirements.

Each metrology system is composed of a moving stage, a
source and a sensor. To stay in the safe operating zone, a good esti-
mation of the power and intensity levels (i.e., pulse duration, illumi-
nation area, absorption depth, and energy per pulse) at each stage
of the system from the source exit to the wafer is essential; this is
achieved by comparing power and fluence levels to laser-induced
damage thresholds of material used in the optical pathway and in
the stack on the wafer (see Figs. 1 and 3). Here, the material
present on the wafers can be composed of different types of amor-
phous carbon layers, photoresists (e.g., for EUV and DUV),
spin-on glass (SOG), spin-on carbon (SOC); insulators, such as
SiO2 and Si3N4; semiconductors, such as silicon; metals, such as

TiN, tungsten, copper, and ruthenium, etc. Furthermore, structures
and geometries are present, such as patterns (gratings, contact
holes, and 2D patterns), with typical dimensions of the order of the
critical dimension (CD), pitch, layer thickness, and feature heights.
Not only the material on the wafer, but also the material in the
optical path, such as the multilayer coating on mirrors and lenses,
optical filters, and fibers are exposed to the light.

For ultra-short (fs–ps) pulsed light sources where each pulse
can carry microjoules of energy, damage can occur after a single
pulse4 (pp. 165–167). Thus, J/cm2, or fluence, is a more suitable
unit for determining LID thresholds of pulsed sources, whereas
W/cm2 is the unit commonly used for the power density of contin-
uous wave (CW) sources where average power is the key determin-
ing parameter for energy density transferred to the material, and
for ultrashort laser pulses, where peak intensity is relevant to deter-
mine the risk of multiphoton excitation. At very high repetition
rates (>5MHz), the time between two pulses might be shorter than
the time scales of energy removal from the illuminated volume by
carrier transport or heat diffusion. In that case, energy accumula-
tion might lead to damage. The repetition rate where this occurs
will depend on heat conductivity and heat capacity and is, thus,
material dependent. It is necessary to define the window of param-
eters for such a transition (e.g., inter-pulse separation time, energy
per pulse, and pulse duration). For the development of any new
metrology light source, it is necessary to take all these factors into
account to avoid damage to the setup or target.

Among new light sources in development for semiconductor
manufacturing, supercontinuum white light sources with high
photon flux that are broadband, spatially coherent, and highly
stable are emerging as promising candidates to address the limita-
tions of traditional broadband sources in resolution and sensitivity.
The supercontinuum white light generated through nonlinear pro-
cesses in photonic crystal fibers or in other nonlinear media offers

FIG. 2. The electromagnetic spectrum with wavelength ranges and applications
relevant to semiconductor manufacturing and metrology. The shown wavelength
ranges for each application are also listed in Table S1 of the supplementary
material.

FIG. 3. Two different diffraction based overlay metrology stack structures: (a) an AIM® and (b) a rAIM™ target.32

TABLE II. Light-source features and benefits in semiconductor metrology.

Feature Benefit for metrology

Ultra-broadband Multi-layer, multi-material inspection
High-brightness Fast, high-resolution measurements
Spatial coherence Precise alignment and focusing
Spectral tunability Customizable for specific metrology tasks
Fiber delivery Easy hardware integration
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a continuous spectral range from the visible to near-infrared or
even mid-infrared regions and enables multi-wavelength and spec-
troscopic approaches within a single platform. As metrology toler-
ances tighten with continued scaling, the tunability and broadband
nature of supercontinuum light make it a flexible and powerful tool
for future-proof metrology systems in advanced semiconductor
manufacturing.

There are several technical and practical challenges on the way
of integrating an optical high volume manufacturing (HVM)
metrology system34,35 with a supercontinuum white light source,
among which reliability, cost, and compatibility with the fabrication
environment are of high value. A combination of very high photon
flux and tight focus requirements exposes the fibers, the optical ele-
ments in the sensor, and the structures on the wafer to significantly
higher local power densities in a very short time (pulse durations of
10�14 to 10�10 s). This increases the risk of material damage,26,27

pattern deformation,23 and eventually product yield loss due to
light–matter interaction, and needs to be avoided at all costs.

Light-induced damage can be a critical issue both in the gen-
eration and application of broadband high power pulsed light
sources in advanced semiconductor metrology. The material
damage and degradation can be caused by depositing high peak-
power femtosecond or picosecond pulses, via prolonged exposure
to high intensities (high average power), or by cumulative thermal
effects. For a supercontinuum white-light source, the incident
fluence or peak intensity can trigger different damage mechanisms
in both the light source and the illuminated material. During the
generation of the white-light, the photonic crystal fiber itself may

be damaged due to self-focusing, material degradation, or damage
to the end-facet. In addition, damage can occur downstream on
optical components, such as anti-reflection coatings, mirrors, color
filters, and beam splitters in the optical path that are not optimized
or tested for such bandwidths and intensities. Moreover, damage
can occur on the wafer itself due to the high power, the large band-
width, and the variety of materials and structures on the wafer,
increasing the absorption probability even for single wavelength
measurements.

The advancement of supercontinuum sources serves as a
microcosm for the development of other new light sources. While
supercontinuum sources offer unique advantages for metrology,
careful engineering is required to prevent light-induced damage at
both the source and application ends. These constraints are espe-
cially important as critical dimensions shrink and materials
become increasingly delicate. Therefore, we summarize the novel
requirements and parameters that need to be considered for a
pulsed (supercontinuum) light source.

Light absorption of different materials is key information
(see Sec. II in the supplementary material). The way a material
absorbs light significantly influences how it responds to irradia-
tion. Materials with high absorbance at the laser’s wavelength
tend to experience rapid energy deposition, leading to localized
heating, melting, ablation, or even plasma formation. The
bandgap, optical constants, and electronic structure of the mate-
rial determine its absorbance profile, making wavelength selec-
tion crucial for precise material processing. For example,
semiconductors, such as silicon, absorb strongly in the visible
and near-infrared, while dielectrics may require shorter wave-
lengths (e.g., UV) for effective interaction. Understanding these
absorbance characteristics is essential for understanding light-
induced damage mechanisms.

Even in materials that are transparent at the laser wavelength,
intense (ultrashort) pulses can deposit energy through nonlinear
absorption. The pulses create free carriers by strong-field ionization
(SFI),36,37 which is commonly modeled with Keldysh theory,38

together with avalanche (impact) ionization.39,40 Depending on
wavelength, field strength, and bandgap, SFI proceeds via a combi-
nation of multiphoton ionization (MPI) and tunneling ionization
(TI)4 (pp. 84–116). High field strengths are necessary for strong
nonlinear absorption, but direct (linear) absorption in absorbing
layers occurs at all fluences. Thus, in stacks with both absorbing
and transparent materials, linear absorption in the absorbing layers
is typically the limiting factor.

To translate the direct light absorption into damage mecha-
nisms and fluence thresholds, a strong understanding of the physi-
cal processes leading to damage, computational models and
databases are needed to make predictions.23 Furthermore, we have
to incorporate ways to detect reaching damage thresholds in materi-
als in future metrology tools (see Sec. IVA).

C. Direct damage by light

1. From light absorption to heat

When light is absorbed, direct damage occurs when the inci-
dent fluence exceeds a certain threshold, commonly denoted as
the damage threshold fluence Fth, measured in J/cm2. When a

FIG. 4. Schematic representation of light source applications and requirements
for metrology.
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material is exposed to light with a fluence above Fth, the heat that
is generated by the absorption of the light into the material will
reach a critical value. This (fast) heating can induce, for instance,
a shock wave,41 and/or induce mechanical stresses,26,42 melting
and evaporation,43,44 ultimately resulting in catastrophic
damage.9,45,46 To understand how materials can get directly
damaged by light, one has to consider the light–matter interac-
tion that takes place. First, the amount and location of absorption
in a material or stack of materials must be calculated. This can be
done by analytically or numerically solving the Maxwell equa-
tions. However, for multilayer stacks, this can be achieved more
efficiently using the transfer-matrix method (TMM),46–48 while
for periodic structures, such as gratings, the rigorous coupled-
wave analysis (RCWA)49 may be used to solve the Maxwell equa-
tions. However, this assumes that the absorption is linear. In
other words, this implies that additional absorption from excited
matter, or less absorption from, for instance, shadowing effects,
do not occur during excitation.50–53 For strong laser excitation,
this calculated absorption should be modified, e.g., by including
these effects. Examples of this can be found in Refs. 16, 17, 50,
and 54 for silicon.

The measured or calculated absorbed power density can serve
as the initial condition for simulations of the spatial lattice temper-
ature profile shortly after illumination. For metals, the dynamics
of the absorbed energy transfer is often described by the two-
temperature model (TTM).55–57 As the term suggests, the two-
temperature model assumes that both the electronic and lattice
subsystems can be described by their own temperature, and that
they can exchange energy via electron–phonon coupling. For time
scales longer than the electron thermalization time, the TTM often
provides a proper description of the spatial and temporal evolution
of the electron gas temperature Te and the lattice temperature Tl ,
although the model is not particularly good for certain metals, such
as ruthenium.58

A few picoseconds after optical excitation (depending on the
material and stack geometry), the electron and lattice temperatures
in the absorbing metal are in equilibrium, as calculated by the two-
temperature model (TTM). From this point onward, the system’s
overall (lattice) temperature T can be determined by solving the
single-temperature heat diffusion equation59,60 (Sec. II C in the
supplementary material). This model helps to understand laser
damage phenomenologically. In the following, we discuss various
regimes where it is applicable.

2. Single-shot damage (1-on-1)

As previously noted, metrology applications require materials
to be exposed to the highest possible light fluence without surpass-
ing the damage threshold. To achieve this, a key advancement
involves transitioning from continuous-wave (CW) light sources to
femtosecond or picosecond pulsed lasers (see Sec. II B). This shift
enables the wafer to be irradiated with a series of high-intensity
pulses with enough time between pulses to allow cooling of the
material. Due to the rapid heating induced by these (ultra)fast laser
pulses, and the subsequent cooling, a variety of damage processes
can occur. These include surface cracking,27 top-level ablation,16,27

grain structure change,26 and other surface morphology

changes.27,61 To develop a thorough understanding of these
complex processes, it is crucial to begin with the simplest case—
single-shot damage measurements [1-on-14 (pp. 165–167),62

(p. 8)]. These experiments isolate the effects of an individual laser
pulse, avoiding the confounding influence of cumulative damage
from multiple exposures. In LID research, single-shot measure-
ments are a standard initial step, especially when the underlying
damage mechanisms are not yet well understood. Once this base-
line is established, multi-shot experiments can be conducted more
effectively, allowing clearer interpretation of the effects of repeated
exposure.

To start simple, we first consider a single layer on a non-
absorbing substrate.63 Upon exposure to a single-shot laser pulse,
the layer can absorb energy, heat up, reach its melting point, and
subsequently resolidify or show other forms of damage, such as
ablation (i.e., material removal). The specific damage mechanisms
that arise depend on both the material properties and the charac-
teristics of the incident light. Even within a single sample, varying
the incident laser fluence F can lead to distinctly different out-
comes. To capture this, we classify the observed damage into three
main fluence regimes:

† Low fluence regime: The fluence of the material is too low to
induce any measurable permanent fluence effects.

† Pre-ablation fluence regime: The laser pulse induces permanent
changes in the material without causing full ablation. Although
structural or morphological modifications occur, there is no
complete removal of the layer from the substrate. It is important
to realize that the difference with the low fluence regime also
depends on how accurately we can measure these permanent
changes. It is, therefore, not unthinkable that in some cases
where there appears to be no damage, more sensitive or precise
measurement equipment would show some form of damage
after all.

† High fluence regime: Here, full ablation will occur, which is the
rapid removal of material over the entire layer thickness.

As measured and presented in our previous work,23,26,27,46 in
the pre-ablation fluence regime, morphological changes can already
occur. These include phenomena, such as spallation, surface crack-
ing, nanovolcano formation, delamination/folding, and top-layer
ablation, as is shown in Fig. 5.

The direct cause of this morphological change is usually the
redistribution of stresses, often caused by melting and resolidifica-
tion into a different (crystal) structure and/or orientation. Here, the
ultrafast pulse induces fast melting. Apparently, enough atomic
mobility is induced, leading to a changed average grain size and
structure after resolidification. This can be measured by electron
backscatter diffraction (EBSD), which has a high spatial resolution
and is very surface sensitive. This makes it one of the few inspec-
tion methods well-suited for detecting structural changes in
nanometer-thick layers. Figure 6 illustrates the structural evolution
across various positions within a single-shot laser illuminated site
on an 8 nm thick film of ruthenium using maps of grain orienta-
tions. Due to the (Gaussian) beam profile, the local fluence is dif-
ferent for all different EBSD-map positions. Because of this,
different stages of this damage and resolidification are apparent.
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The EBSD scans clearly indicate that the melting threshold
has been reached, leading to increased atomic mobility within the
material. This not only alters the grain structure but also gives rise
to additional morphological changes, as illustrated in Fig. 5.
In the context of light-induced damage to optical components,
such modifications might not be classified as catastrophic.
However, in the semiconductor manufacturing industry—where
sub-nanometer precision is critical, these seemingly minor sub-
wavelength irregularities, such as material loss (spallation and
cracking) or deformations (e.g., local density changes), are indeed
catastrophic. Notably, the pre-ablation changes observed here
already exceed the sub-nanometer tolerances required in semicon-
ductor manufacturing and can, therefore, be considered cata-
strophic within this context.

It is not only flat films, but also often structured topogra-
phies that are exposed to the intense light sources used for
metrology. When these nanostructures are irradiated with a
fluence within the pre-ablation regime, where melting occurs,
their surface topography can undergo significant changes. This is
demonstrated in Fig. 7, which shows a SEM image and various
AFM scans of a silicon grating after single-shot laser illumination.
Even in this pre-ablation regime, the original line profiles of the

gratings are substantially deformed. These modifications occur
before any material is fully removed and include progressive
deformation with increasing fluence: lines become rounded, their
height increases, followed by flattening with a small “double
period” structure, and ultimately, a complete inversion where
peaks transform into valleys and vice versa.23 In addition to these
morphological changes, the observed topographical evolution
confirms that melting has been reached in this regime. Such
deformations are particularly detrimental in the context of nano-
lithographic device manufacturing, where precise feature geome-
try is essential. Therefore, reaching the melting threshold, which
enables extensive and fast mobility of material, needs to be
avoided at all costs. Supplementary Videos 1–3 in the
supplementary material are made available, which show deforma-
tions of several gratings etched in silicon when illuminated by
single 400 nm pump pulses with increasing fluences. These pulses
are polarized parallel to a 600 nm period and a 50% duty
cycle grating (Video 1 in the supplementary material), polarized
perpendicular to grating lines with the same period and duty
cycle (Video 2 in the supplementary material), and polarized per-
pendicular to grating lines with a 980 nm period and a 50% duty
cycle (Video 3 in the supplementary material).

FIG. 5. Several SEM images and one optical dark field image of pre-ablation morphological changes obtained in different materials: (a) and (b) spallation of 20 nm Al on
borosilicate glass. (c) is an optical microscopy dark field image of a damaged 20 nm thick layer of ruthenium on borosilicate glass. (d) and (e) are SEM images of the
zoomed in version of parts of (c), showing cracking of the surface and nanovolcano formation, respectively. ( f ) shows delamination/folding and (g) top-level ablation of
100 nm amorphous carbon (aC) on Si. ( f ) and (g) are taken under a 52� tilting angle. All samples are illuminated by a single 400 nm �45 fs pulse with a �75 μm FWHM
Gaussian beam profile.
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3. Direct inspection

As previously mentioned, structural changes can be detected
using EBSD. However, this technique is often impractical for use in
nanolithography due to its long acquisition times, which are

required to generate high-quality EBSD maps. Given the demand
for high-throughput inspection and the large wafer sizes—often
containing more than 100 dies, EBSD becomes too slow and costly
for routine monitoring.

FIG. 6. (a) Dark-field microscopy image of a single-shot-illuminated site of an 8 nm thick layer of ruthenium on borosilicate glass. The red rectangles indicate the locations of
the EBSD-maps (c)–(g). (h) and (i) are the SEM and EBSD signal strength images of (g). The local fluences of the EBSD maps are below the threshold fluence for nanovol-
cano formation (Flocal , 104mJ=cm2). (b) is a EBSD-scan of a pristine site. At all other scans, the local fluence is in the pre-ablation fluence regime, where ΔR . 0 (see
Sec. II C 3 and Fig. 8). The average values for Flocal of each map are indicated at the corresponding EBSD image. The EBSD images are the inverse polar maps, which
show the crystal direction, which is the direction normal to the sample. Each color corresponds to the direction in the range between (0001), (10�10), and (2�1�10) according to
the triangle legend. The black and red scale bars are 1 and 2 μm wide, respectively. As is shown in the SEM image (h), cracks are formed. Around these cracks, the Ru has
settled mostly in the (0001) orientation, which is its lowest surface-energy plane64 (p. 91). For fluences higher than at the crack formation, enhanced oxidation of Ru has
occurred. Reproduced from Abram et al., J. Appl. Phys. 136, 245305 (2024). Copyright 2024 Author(s), licensed under a CC BY 4.0 License.27
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Fortunately, permanent structural changes in the material typ-
ically also result in permanent optical changes. Alterations in the
grain structure can lead to modifications in the effective refractive
index compared to the pristine material. This enables a more

efficient approach: by measuring the reflectivity of the material
with a low-intensity probe beam, one can rapidly assess whether
the melting threshold has been reached. This method can serve
either as a quick tool for determining damage thresholds or it

FIG. 7. (a) Optical bright field and (b) SEM image of a 980 nm period, 50% duty-cycle grating etched in silicon, illuminated by a single 400 nm pulse with a peak fluence
of 1181 mJ/cm2 and polarized perpendicular to the grating lines. (c) is the zoom in of the area outlined by the yellow dashed box in (a) and (b) and shows a “line scan”
over an increasing local fluence when moving from left to the right of the image. Both the line scan and zoomed-in sections (d)–(h) show the progression of the grating
line deformations. (i) are corresponding line scans across the deformed grating lines for increasing local fluences. These cross sections are derived from multiple 2D
height maps obtained by AFM. Each height map covers 8� 8 μm and consists of 1024 lines, where a variety of protocols, such as row alignment, masking, and removing
the polynomial background, are implemented using Gwyddion software.65 The black bar in (i) is 500 nm wide.
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could be integrated as a real-time warning signal in the nanolithog-
raphy machines.

Figure 8 provides selected examples of this effect in the form
of measured relative reflection change ΔR curves of a 800 nm probe
beam after illumination with a single-shot 400 nm pump pulse of
peak fluence F0 for different materials [Al, Si3N4, SiO2, Au, aC,
metal–oxide resist (MOR), and chemically amplified resist (CAR)]
on different substrates (borosilicate glass, sapphire, CaF2, and Si).
ΔR is the relative reflection change compared to the measured
reflection of the pristine material. As shown in the figure, ΔR can
reach values from a couple to even tens of percent, depending on
the material and its thickness.66 By inspection of the samples with
optical microscopy and SEM, and performing Liu-analysis on
them,67 several thresholds are obtained. Only the lowest fluence

threshold Fpre (pre-ablation) obtained from these images, so at the
onset of any measurable change, and the ablation threshold Fabl are
drawn in the ΔR vs F0 figures in Fig. 8. Here, Fpre coincides with
the onset of the increase in ΔR. Confirming that probing ΔR in
real-time is a good indication for reaching the onset of pre-ablation
light-induced damage.

Often in the semiconductor manufacturing industry, stacks com-
posed of several layers have to be considered. Even though this
inspection technique is quick and easy to implement here, the
“weakest” layer can be buried underneath opaque layers, invisible to
the probe beam. While the light may not reach the buried layer, heat
dissipated toward it can; if it has a lower melting temperature than
the layers above it, this will cause damage. In this case, our direct ΔR
inspection may not be sufficient. Next to ΔR inspection, we, therefore,

FIG. 8. Measured ΔR vs peak fluence F0 for (a)–(d) 20 nm Al on various substrates, (e) 20 nm Si3N4, and (f ) 20 nm SiO2 on Si, and 20 nm Au on borosilicate glass
without (g) and with (h) a 5 nm adhesion layer, and (i) 100 nm aC, ( j) 18 nm MOR, and (k) 40 nm EUV-CAR on Si. The colors of the data points indicate the substrate,
and the red and green vertical lines indicate the first measurable pre-ablation (Fpre) and the ablation threshold fluence (Fabl), respectively. Other found damage thresholds
are not shown here. Fpre and Fabl are obtained from SEM and optical microscopy images. These data were not collected for the 20 nm Si3N4 layer.
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suggest implementing other inspection techniques as well, for
instance, time-resolved ΔR-inspection upon quick illumination,68,69

which is sensitive to the temperature of the (top of the) stack.

4. Multi-shot damage (S-on-1)

Moving closer to the actual use case, it is essential to consider
the effects of multi-shot exposure on laser-induced damage
[S-on-14 (pp. 167–168),62 (p. 8)]. As demonstrated earlier, the
single-shot relative reflectivity change ΔR depends on the (peak)
fluence F. In multi-shot experiments, the damage threshold fluence
per pulse F0,s is often lower than that observed for single-shot
exposure. This suggests that even a single pulse can induce subtle,
potentially undetectable, permanent changes within the material.
Nevertheless, LID mechanisms, such as melting and resolidifica-
tion, continue to take place under repeated exposure, with corre-
sponding variations in ΔR. As shown in Fig. 9, the trend of ΔR as a
function of (cumulative) peak fluence remains consistent between
single-shot and multi-shot exposures. The key difference lies in the
damage threshold value: although the peak fluence threshold that
each pulse has for multi-shot exposure is lower, the cumulative
fluence required to induce damge (so the peak fluence per pulse
summed over the number of pulses) is actually higher as is shown
in Figs. 9(a)–9(c). This implies that when transitioning to multi-
shot exposure, the total energy dose delivered to the wafer can be
increased. However, to avoid damage, the peak fluence per pulse
(F0,SS) must be reduced compared to the single-shot exposure limit.
Importantly, since the ΔR(F0) trend remains unchanged, this

highlights the significance of ΔR measurements as a reliable and
sensitive early warning signal in multi-shot regimes as well.

Figure 9 is included here to show that dividing the energy
dose/photon budget over several pulses is beneficial. However, not
only the total number of pulses N is relevant, but also the separa-
tion time τ between two consecutive pulses, and the pulse duration
τp of each pulse will influence the total damage threshold, for
example, by heat accumulation or incomplete carrier recombina-
tion. The complexity and vastness of this parameter space make it
hard to predict what exact parameters to use for a desired energy
dose. For metrology, it is essential to optimize the energy dose
delivered per (average) time. This requirement arises from the need
for sufficient signal strength while maintaining high processing
speed needed for a high throughput of wafers, which makes this
problem even more complex. However, as a first simplification step,
one can separate the total number of pulses into different regimes:
From single-shot, to double shots, to bursts—where multiple pulses
illuminate the sample in rapid succession—and ultimately, to con-
tinuous irradiation.

Accurately predicting the laser-induced damage threshold
(LIDT) is challenging even under single-shot conditions. Under
multi-shot exposure, the problem becomes significantly harder.
Next to the expansion of the parameter space by variables, such as
the number of shots (N) and pulse separation time τp for “ideal”
experiments, LIDT values at multi-shot exposure are very sensitive
to, for instance, minor pulse-to-pulse variations, such as small vari-
ations in the peak intensity or pulse energy. This can already yield
large discrepancies between predicted and measured LIDT values.

FIG. 9. Measured ΔR behavior under single-shot (SS) and multi-shot (MS) illumination of 8 nm ruthenium on borosilicate glass. (a) Measured ΔR vs SS peak fluence
(blue), and vs the number of pulses (orange) for MS. (b) Vertically zoomed-in view of the SS data from (a), highlighting low-fluence behavior. (c) ΔR vs the cumulative
fluence for MS illumination. For the MS measurement, the total number of pulses is 50, with an average peak fluence per pulse of F0,SS ¼ 0:15 J=cm2, indicated by the
vertical line in (a). Note that the MS data in (c) are zoomed in as well to allow an easy comparison with (b).
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Furthermore, N , τp, and τ (pulse duration) are often not indepen-
dent but coupled, so straightforward extrapolations of LIDT
fluence values (e.g., across different N , τp, and τ) are often unreli-
able. For practical operation, it would, therefore, make sense to
focus on in-line inspection instead of theoretical predictions to
determine the light-source parameters needed to operate below the
damage threshold.

D. Indirect damage by light

In addition to the damage caused to materials directly by irra-
diation with light, the interaction of light and matter opens indirect
pathways of degrading materials and their surfaces. Here, we define
indirect light-induced effects as alterations caused by intermediate
species that are generated through light–matter interaction some
distance away from the affected material. Common examples of
such species include radicals and ions that are created in light-
induced plasmas or via the interaction of molecules with electrons
liberated from surfaces as illustrated in Fig. 10. These particles have
the ability to cause damage to materials located elsewhere in a
lithography machine. For ionizing radiation in the vacuum ultravi-
olet (VUV) and extreme ultraviolet (EUV) regimes, this activation
can take place as a result of the photoionization of molecules and
surfaces and the light-induced breaking of molecular bonds. The
strong interaction of EUV and VUV radiation with matter results
in strong absorption of these wavelengths in solids, liquids, and gas
environments. In a vacuum environment, EUV and VUV light can
propagate over macroscopic distances, but significant rates of pho-
toionization of molecules and electron emission from surfaces
remain. As a result, the recent advances in nanolithography light
source technology from operating wavelengths of 193 nm and
above to the EUV wavelength of 13.5 nm have enhanced the impor-
tance of electron-induced damage pathways in nanolithography.

The electron-induced processes generated by EUV light in
high vacuum introduce surface-related challenges in lithography
technology, which are reminiscent of surface degradation in elec-
tron microscopy. Specifically, the deposition and accumulation of
carbon on surfaces are a common result of the activation of organic

background gas species via electron impact, leading to decreased
transmission of photons.70 Similarly, the activation of oxygen-
containing species by electrons can result in the oxidation of the
surfaces under study, changing the optical and electronic properties
of the surface region.71 For carbon deposition and oxidation, there
is an effective mitigation strategy, which uses the same type of
light- and electron-induced activation processes that cause contam-
ination also for its removal. For this purpose, hydrogen gas in the
pressure range of few Pa to tens of Pa is introduced into lithogra-
phy setups. Upon exposure to EUV light, this background gas
forms a plasma with EUV photons and photoelectrons as excitation
sources.72,73 The reactive species created by this plasma include
hydrogen radicals and ions, which are capable of removing
carbon74,75 and oxygen from surfaces,76 thus forming the basis of a
successful strategy to minimize carbon and oxygen contamination
of surfaces.

The interaction of the EUV-induced reactive species with
materials is neither limited to carbon and oxygen, nor to the imme-
diate location where their activation takes place. Hydrogen radicals,
for example, exhibit a high probability of being reflected from sur-
faces.77,78 Thus, they do not only interact with directly exposed
components, such as pellicles or lithography masks, but also with a
variety of other coatings and construction materials. At the surfaces
of popular construction materials, such as steel, titanium, or glass,
the interaction with activated hydrogen can introduce several chal-
lenges, for example, related to the selective etching of chemical ele-
ments, the removal of passivating oxide layers, and the penetration
of hydrogen into the bulk. The etching of materials by activated
hydrogen can lead to the creation of volatile hydrides upon interac-
tion with hydrogen plasma, for example, for Si79 or Sn.80 This
process changes the surface composition and integrity of the etched
layers but can also result in transport and redeposition of the
etched elements onto functional surfaces, causing problems by
altering layer properties, such as transmission.

The removal of protective coatings and the penetration of
hydrogen into the bulk of construction materials after light-induced
activation can introduce damage at depths that are not accessible
via direct light-induced effects. The prime example of such a degra-
dation process is hydrogen embrittlement, enhancing plasticity pro-
cesses in materials and changing their microstructure,81 thus
accelerating the failure of affected materials, such as steel, titanium,
and nickel-based superalloys.82–84 Also, in this case, the role of the
EUV light and the EUV-induced electrons is the generation of
hydrogen radicals, which have been shown to accelerate the embrit-
tlement process.85 The various roles of secondary species in materi-
als degradation highlight the importance of understanding the
interaction of EUV light with matter also at intensities below the
regime of direct photon-induced damage. The study of such indi-
rect light-induced damage is, thus, crucial in lithography systems,
especially when considering novel materials and devices in these
harsh environments.

III. FUTURE AND PERSPECTIVE

A. Materials

Many different materials make up the semiconductor device
stacks, each contributing a different function based on their

FIG. 10. Illustration of indirectly light-induced degradation processes: (a) carbon
deposition, (b) etching by activated hydrogen species, (c) hydrogen incorpora-
tion and diffusion, and (d) redeposition of etched species.
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electronic, thermal, physical, and chemical properties. These differ-
ing qualities contribute to the risks for LID, as the function of the
material is the most important consideration. As illustrated in
Fig. 1, even just considering the structures on the wafer during
front end patterning becomes enormously complicated. The struc-
tures on the wafer consist of several layers of different materials in
the form of thin films or patterned features. A clear understanding
of the damage thresholds and damage mechanisms of these materi-
als, stacks, and structures is necessary to evaluate the risks associ-
ated with powerful light sources. The essential building blocks—
such as silicon serving as the transistor channel or copper forming
metallic interconnects—are well established across technology
nodes. However, the detailed composition, microstructure, and pro-
cessing recipes of these materials often remain proprietary, differing
significantly between device manufacturers and between technology
generations. This serves as a strong motivation for fundamental
investigation of LID for the materials and patterned structures on
the wafer; in this way, LID can be a design consideration for chip
manufacturers.

1. Important materials

The patterning stack is composed of different layers of “soft”
material, which are applied on top and are the first to interact with
incident light during lithography. These include photoresists, e.g.,
chemically amplified resist (CAR) or metal–oxide resist (MOR)
used in both EUV and DUV lithography, variations of aC, anti-
reflection coatings (organic and inorganic), planarizers and etching
improvers, such as spin-on glass (SOG) and spin-on carbon (SOC).
Owing to their composition, these materials generally exhibit rela-
tively low light-induced damage threshold (LIDT). Therefore,
understanding their damage mechanisms and how such damage
may affect the underlying layers is crucial. Beneath the patterning
stack, layers, such as oxides and nitrides, are commonly used as
hard masks, liners,86 or etch-stop barriers (see step 7 in Fig. 1).
Examples include TiN, SiN, SiO2, SiCN, and SiON, each serving
specific roles in protecting and defining features during semicon-
ductor fabrication. Extending throughout the device layers, metallic
interconnects serve as vital pathways that link nanoscale devices to
external circuitry. Materials, such as copper (Cu) and tungsten
(W), are currently the materials of choice for these connections. In
recent years, however, ruthenium (Ru) has attracted increasing
interest due to its excellent conductivity at the nanoscale, making it
a promising candidate to replace conventional interconnect materi-
als. Transistors are fabricated using materials, such as silicon,
silicon–germanium, polycrystalline silicon, and various dielectrics.
Doping processes are commonly employed to establish the desired
polarity within the semiconductor channel.

As the semiconductor industry moves beyond traditional
silicon scaling, a new generation of materials is emerging to meet
the demands of performance, power efficiency, and integration
density. In advanced packaging, materials, such as thermally con-
ductive adhesives, low-coefficient-of-thermal-expansion (CTE)
polymers and composites, low-κ dielectrics, electromagnetic inter-
ference (EMI) shielding films, copper replacements (e.g., Co and
Ru), and novel underfill compounds, are critical enablers of hetero-
geneous integration, chiplet architectures, and 3D stacking.87

Beyond packaging, 2D materials, such as graphene, MoS2, and
WSe2, are gaining attention for their atomic thinness and excep-
tional electrical properties, making them candidates for next-
generation transistors and interconnects (see Sec. III A 2). III–V
compound semiconductors (e.g., GaN and InGaAs) are being
explored for high-speed and low-power logic, especially in RF and
high-frequency applications. IGZO (Indium Gallium Zinc Oxide)
is gaining traction in shaping 3D memory due to its high mobility
and transparency. Ferroelectric materials, such as HfZrOx, are
enabling new memory technologies, such as FeRAM and ferroelec-
tric FETs (FeFETs). Additionally, phase-change materials, spin-
tronic materials, and topological insulators are being investigated
for neuromorphic and quantum computing. These emerging mate-
rials are not merely extensions of Moore’s Law—they are founda-
tional to the More-than-Moore era, where functionality, integration,
and new computing paradigms take center stage.88

2. 2D materials

A new class of materials, two-dimensional (2D) transition
metal dichalcogenides (TMDs) are poised to play an outsized role
in the next generations of semiconductor devices.89–91 TMDs are
stable as three-atom-thick layers in ambient conditions due to their
crystal structure, which leaves no dangling bonds on their basal
plane.92 The most commonly studied of these are the semiconduct-
ing phases of the molybdenum and tungsten sulfides and selenides
(MoS2, MoSe2, WS2, and WSe2), which have many attractive prop-
erties for nanoelectronics and optoelectronics. Notably, high carrier
mobilities in the monolayer limit may give distinct performance
advantages over silicon in ultra-scaled gate all-around (GAA) tran-
sistor structures, enabling further transistor shrink to few-angstrom
nodes.91,93 Second, direct bandgaps for monolayer TMDs make
them attractive for applications where thin, atomically smooth, or
flexible active layers are required for optoelectronics.94,95 These
prospects have led to a proliferation in research into fabrication
and measurement of devices based on 2D TMDs.

Methods for producing monolayer films or flakes have devel-
oped significantly in the last decade, encompassing a wide range of
exfoliation and deposition techniques.96–99 Once made, these films
are routinely characterized with laser spectroscopies and microsco-
pies, including photoluminescence (PL), Raman spectroscopy,
second harmonic generation (SHG), and pump–probe tech-
niques.100 Any researcher who has made laser-based measurements
of 2D TMDs is intimately familiar with their sensitivity to LID. On
the other hand, they are perhaps shockingly robust, considering
their thickness, and can be made more so through encapsulation
with 2D hexagonal boron nitride (hBN) layers or cryogenic
cooling. However, most researchers in the field will have experience
accidentally burning their samples under a laser tuned to the
wrong power.

This sensitivity to laser damage has prompted several studies
into the phenomenon, including power thresholds and damage
mechanisms. Several studies have systematically studied how photo-
luminescence and Raman spectra change as a function of laser
exposure, reaching the conclusion that under ambient conditions,
water and oxygen ad- and desorption play a critical role in altering
photoluminescence from neutral, charged, and defect-bound
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excitons.101–104 These processes, however, may be irrelevant in
many device applications where a TMD layer will be encapsulated
by vacuum-deposited dielectric or metal layers.

In contrast to studies that explain phenomena of changing
spectral signatures during routine Raman and photoluminescence
measurements with continuous wave (CW) lasers, others have
sought to understand how highly energetic, pulsed lasers can lead
to irreversible damage and ablation. Solomon et al. presented two
studies on how femtosecond (fs) laser pulses lead to damage and
eventually ablation of TMD monolayers.105,106 In single and multi-
shot experiments, they identified MoS2 as a particularly robust
material against pulsed laser damage, with a saturation in the
damage threshold value with as few as 10 pulses and a single-shot
ablation threshold of 111 mJ/cm2 (800 nm, 160 fs pulse duration)
[Fig. 11(a)].105 Furthermore, they studied how the substrate
impacts the ablation of monolayer MoS2 and found, remarkably,
that the biggest determining factor is the intensity enhancement
(or reduction) of the laser radiation at the MoS2 layer.106 This is
the result of the boundary conditions of the electromagnetic field
that require the field polarized parallel to the surface to be small.
This allowed for ablation threshold tuning over an order of

magnitude between MoS2 on an Au film (least enhancement) and
a distributed Bragg reflector (DBR, highest enhancement). Through
SHG, photoluminescence, and Raman spectroscopy, they also iden-
tified a pre-ablation regime where the crystal is damaged through
localized defects as shown by reduced intensity of characteristic
SHG and PL peaks [Fig. 11(b)]. Raman spectra, however, show a
more complicated picture where a combination of defects, strain,
and doping may all be at play in altering MoS2 before ablation can
occur.105 Further study is, therefore, warranted into the onset and
mechanism of laser induced damage, especially in controlled
atmospheres.

Several research groups have applied their experience in dam-
aging 2D TMDs with laser radiation for direct-write optical pat-
terning. Laser patterning has several advantages over other
lithographies, notably the elimination of resists and solvents in pat-
terning, which are known to have detrimental effects on TMD
devices and fundamental properties. Solomon et al. extended their
studies of pulsed laser damage to explicit patterning, showing
ablated lines of � 500 nm, slightly below the diffraction limit of
their optics; this shows the high intensity dependence of ablation
[Fig. 11(c)].106 Additionally, Poddar et al. used a picosecond pulsed

FIG. 11. (a) Normalized ablation threshold for different monolayer 2D materials damaged with different pulse numbers. (b) Damage threshold of monolayer MoS2 with
pump pulse fluence as measured by second harmonic generation (SHG) and ablation area. (a) and (b) Adapted from Solomon et al., AIP Adv. 12, 015217 (2022).
Copyright 2022 Author(s), licensed under a CC BY 4.0 License.105 (c) Optical and AFM images of MoS2 patterned with a fs pulsed laser. Adapted from Solomon et al.,
Sci. Rep. 12, 6910 (2022). Copyright 2022 Author(s), licensed under a CC BY 4.0 License.106 (d) Optical images of a MoS2 film patterned with a λexcitation ¼ 532 nm
ps-pulsed laser. Adapted with permission from Poddar et al., Nano Lett. 22, 726 (2022). Copyright 2022 American Chemical Society.107
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532 nm laser to pattern arbitrary shapes and transistor
channels into MoS2 films, achieving submicrometer resolution
[Fig. 11(d)].107 They could also use their approach to disentangle
the effects of different processing steps in conventional, resist-based
lithography on TMD devices, showing that solvent exposure during
development and resist removal is the most detrimental one. Their
approach, however, used contacts patterned separately and trans-
ferred to the TMD film, which may not offer facile adoption routes
in semiconductor manufacturing. Other studies have also shown
direct laser patterning, for instance, in defining localized defect
sites where etch pits can nucleate, followed by chemical vapor dep-
osition (CVD) growth of a different TMD to yield lateral hetero-
structure arrays.108,109 Resolution limits notwithstanding, such
approaches may find application in semiconductor devices where
device scale is not important, but other properties of 2D materials
are advantageous, for instance, in back end of line (BEOL) inte-
grated devices,110,111 sensors,112 or photonics.113,114

This collection of studies of laser damage and patterning of
2D TMDs begs the questions: How far can the resolution and fidel-
ity be pushed, what are the potential challenges or drawbacks, and
what are the prospects of direct laser writing for the semiconductor
industry? The resolution of a laser-based approach will ultimately
be governed by the optical diffraction limit and thermal diffusion,
and thus the combination of laser wavelength, optical components,
and material properties. The shortest wavelength used for direct
laser writing of 2D TMDs reported so far has been 532 nm, used
by Poddar et al. to create submicrometer patterns in MoS2 films.107

In addition, Cho et al. used a 308 nm excimer laser through a mask
to directly ablate 2D MoS2 films and make patterns with resolution
down to 600 nm.115 As yet, it is unclear how the damage threshold
scales with photon energy, this will itself be a compelling area of
study. However, there is also an opportunity to seek analogies for
photolithography with incoherent light deeper into the UV. Only
few studies have examined the effects of light with wavelengths
lower than 300 nm, and for the most part, the damage reported is
only subtle—a few defects introduced into an otherwise intact
crystal.116–118 Pushing these direct writing approaches to the ulti-
mate resolution limits of course suggests exploring EUV-induced
material damage. Few reports have explored EUV-induced damage
to 2D TMDs; however, we suggest it as a fruitful avenue for future
study, particularly in scanner-relevant conditions with plasma or
gas discharge produced EUV light.

B. Measuring and fabrication techniques

1. Use LID for nanolithography

Currently, structures on a wafer are fabricated by depositing a
layer, applying a resist, and using an etching process (see Fig. 1).
Light is selectively projected onto the resist layer, triggering a
chemical reaction. Subsequent etching removes exposed (or the
non-exposed) portions of both the resist and the underlying layer,
effectively transferring the desired pattern into the material (see
Fig. 1). The use of resists, however, introduces additional complex-
ity. The design of effective resists is highly dependent on the illumi-
nation wavelength.119,120 As semiconductor manufacturing pushes
toward ever-smaller nodes with higher numerical apertures (NAs),
resist films must become thinner to preserve resolution and reduce

aspect ratio constraints. However, this thinning introduces signifi-
cant challenges, including increased stochastic effects and height-
ened sensitivity to shot noise, which collectively threaten pattern
fidelity and yield. Moreover, delivering the required dose to the
resist within a shorter timeframe increases the local (peak) inten-
sity, making the resist layer especially vulnerable to light-induced
damage. Eliminating the deposition and development of the resist
layer is, therefore, desirable. If the light–matter interaction can be
precisely controlled and tuned, light-induced patterning may
enable novel fabrication approaches, reaching patterning of
(sub)-diffraction-limited structures.121 Consequently, alternative
strategies for resistless patterning are currently under investigation.
Here, light will directly shine onto the layer in a desired pattern,
without the use of a resist layer. There are roughly two ways of
resistless patterning: Direct removal of material with light and area-
selective modification of materials (e.g., cross linking, changing the
material properties, defect engineering in 2D materials, area-
selective deposition, resistless, and atomic lithography).

Direct removal122 is already widely used in the fabrication of
microcircuits, for instance, in the fabrication of photonic integrated
circuits.123 Here, material is locally ablated, creating a pattern. The
drawback of this technique is the difficult depth control and collat-
eral damage. When a layer is deposited onto a second layer that is
more susceptible to LID, it is hard to only remove the top layer.
Furthermore, the ablation edges are often steep and relatively high,
which makes this process hard to implement for small nanostruc-
tures. Here, area-selective modification of the material might be a
more suitable patterning method. With this method, more subtle
material changes are locally induced into the material by light.
Often, an additional etching and/or deposition step is needed, but
it is shown that high resolution structures can be fabricated this
way.28,124 Because there is no need to operate in the ablation
regime, no debris is formed.

An example of a material on which this technique can be
deployed is ruthenium, which is a material of great interest for
semiconductor device manufacturing. Where the resistivity of, for
instance, copper and tungsten increases when the dimensions of
conducting lines become smaller,125–127 ruthenium (Ru) has
appeared as a suitable alternative because of its good nanoscale
conductivity.128,129

Ru can be patterned by localized heating of the material with
a laser, which causes local enhanced oxidation and, therefore, pro-
duces a thicker ruthenium oxide (RuO2) layer likely in the rutile
phase.28,64 In contrast to the Ru metal and its approximately
0.5 nm thick native oxide, this thicker oxide is resistant to dissolu-
tion by NaClO and can, thus, act as a protective layer. NaClO
etching after laser exposure, thus, only removes the regions without
the protective light-induced oxide. Since this light-induced oxida-
tion is a thermally driven process, the ruthenium must exceed a
threshold temperature for a short duration, meaning that thermal
diffusion ultimately limits the resolution of the achievable struc-
tures. Nevertheless, even single-shot illumination with pulses as
short as � 45 fs has been demonstrated to cause enhanced oxida-
tion on thin Ru layers (see Fig. 12). Moreover, in multi-shot experi-
ments, irradiation with spot sizes as small as 2 μm has been shown
to be capable of printing structures of 500 nm in width, surpassing
the diffraction limit.124 Thus, by employing thin layers, ultrashort
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pulses that promote rapid heating, and tightly focused beams, the
resolution loss caused by heat diffusion can be minimized.

Obtained optical microscopy images showing this special way
of patterning are shown in Fig. 12, providing a comparison of five

sites on 20 nm Ru on borosilicate glass, illuminated by a single-shot
� 75 μm diameter (FWHM) Gaussian beam with different (peak)
fluences (sites A–E). For all sites, four images were taken: Optical
bright- and dark-field images before and after submerging the
sample into NaClO (etching). For site A, the peak fluence of
124 mJ/cm2 is too low to form a sufficiently enhanced RuO2 layer
to prevent dissolution in NaClO, whereas for B and C, a sufficiently
enhanced oxide layer is formed. Where the local fluence exceeds
the threshold fluence for enhanced oxidation (Flocal . Fox), ruthe-
nium remains on the substrate after etching, as can be seen from
the BF and DF images of the etched sites B and C in Fig. 12. For
even higher (local) fluences, pre-ablation damage occurs in the
form of top-level ablation,16,27 where only the top part of the ruthe-
nium layer is ablated. On the remaining Ru, the protective RuO2

has not been sufficiently formed, presumably because by the time
the top layer has ablated, the temperature of the remaining Ru was
too low to allow significant oxidation. This explains why there still
is ruthenium present in the center of site D before submerging the
sample in NaClO, but not after, resulting in a ring-shaped Ru layer
that remains on the substrate. Since the full-ablation threshold is
reached in site E, a double ring-like structure remains after etching
(since the ablation edge is still present).

For this measurement on 20 nm Ru, containing hundreds of
illuminated sites of various (peak) fluences, a Liu-analysis67 has
been carried out for all four optical microscopy images. From this
analysis, several threshold fluences (Fth) are obtained, including the
fluence threshold to generate a protective RuO2 layer sufficiently
thick to prevent etching by NaClO, Fox. All four Liu-plots are
shown in Fig. S4 of the supplementary material, and only the
Liu-plot obtained from optical bright-field microscopy images of
the ruthenium after etching is selected to show in Fig. 13(a). In this
figure, the fitted lines are obtained by an automated ellipse fitting
procedure130 from which a threshold fluence Fth is obtained.

FIG. 12. Optical bright-field (BF) and dark-field (DF) images of five sites (A–E) on
a 20 nm ruthenium film on borosilicate glass after illumination by a single 400 nm,
∼45 fs pulse with a �75 μm FWHM Gaussian beam profile. Each site was
exposed to a different (peak) fluence, ranging from 124 to 379 mJ/cm2. The top
two rows show BF and DF images before etching, and the two bottom rows show
the same areas after etching in a NaClO solution. Where light-induced oxidation
produced a sufficiently enhanced ruthenium-oxide layer, the oxide formed a protec-
tive layer that prevented dissolution of the ruthenium layer during NaClO etching.

FIG. 13. Liu-plot (left) and ΔR vs peak fluence F0 (right) of 20 nm ruthenium on a 0.5 mm borosilicate glass substrate. (a) is obtained from bright-field (BF) optical micros-
copy images after etching the sample where only the material covered by a protective layer of light-induced RuO2 remains on the substrate, which occurs where the local
fluence exceeds Fox. This fluence threshold and that of ablation (Fabl) obtained by the Liu-plot are drawn as vertical lines in (b). A complete set of Liu-plots of both BF and
dark-field (DF) optical microscopy images taken before and after etching is shown in Sec. III of the supplementary material.
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The two values for Fth are drawn as vertical lines in Fig. 13(b) and
represent the onset of sufficiently enhanced oxidation (Fox) and the
ablation fluence threshold (Fabl). Figure 13(b) shows the in situ
measurement of ΔR vs the peak fluence F0, where the illuminated
sites A–E, as shown in Fig. 12, are indicated accordingly.
Fox ¼ (162+ 10)mJ=cm2 is obtained from the DF images after
exposing the sample to NaClO. It coincides with a small drop in
ΔR(F), caused by the oxidation of Ru, which lowers the reflectivity
as is confirmed with transfer-matrix method calculations.47,131

Since Fox depends on the stack composition and layer thickness,
this drop in ΔR(F) can be used as an in situ probe of the successful
formation of an oxide layer.

IV. RECOMMENDATION AND CONCLUSION

A. Signaling and predicting LID

A key takeaway of this perspective paper is that damage is not
just limited to ablation. As discussed in Secs. II C–II D, critical
damage can already occur below the ablation threshold fluence, for
instance, when reaching the melting temperature. Here, even when
exposed to an (ultra)short light pulse, already enough mobility in
the atoms/molecules in the layer can be induced, leading to perma-
nent structural and morphological changes in grain size, phase
changes (crystalline vs amorphous), and surface deformations. All
these effects modify the optical response, because changes in the
grain structure, for example, will alter the effective refractive index
directly by the effect that they have on the conductivity (see
Sec. II C 3). Deformations, in, for instance, the shape of gratings
when reaching the melting temperature (see Fig. 7), will directly
affect the amount of specularly reflected light.

One also needs to be able to measure this “onset of damage.”
As discussed in Sec. II C 3, these light-induced changes can easily
be probed by a (weak) probe beam as is experimentally shown in
Fig. 8. This is fairly easy to implement, resulting in a “warning
signal.” Although this inspection method often uses visible light,
extending the wavelength beyond the visible could very well
improve the detection sensitivity and selectivity. Infrared or even
THz radiation132 could be used to probe the conductivity (change)
inside, for example, doped semiconductor layers.

Even though inspection techniques to determine damage
in situ may be useful, one could argue that observing damage
means that one is already too late. However, this may not be true
for all types of damage. Therefore, depending on the application
and specifications of the material, one always has to define when
damage is to be considered critical. If one probes the slightest
change in optical properties, the same warning signal can still
trigger very early, almost at the onset of damage, which, in some
cases, may still be “on time.” However, in the context of semicon-
ductor manufacturing industry, minute light-induced material
changes can already be considered critical.46 In this regime,
probing permanent optical changes is useful for quickly determin-
ing the light-induced damage threshold, but not for in-line, real-
time inspection. To obtain a true early-warning signal, one can
shift from measuring the “permanent aftermath” to probing the
ultrafast electron dynamics during and immediately after laser exci-
tation. The fast optical response driven by the electron temperature
(Te) can typically be detected at fluences far below any form of

damage. However, measuring the reflectivity R(Te) will not only
depend on Te and the incidence fluence, but also on the material
(i.e., its band structure). To extract the electron temperature from
the measured R(Te) and calculate the reached lattice temperature
from Te is not that straightforward. Where for some materials theo-
retical models are developed,17,69 it is always necessary to combine
this with experimentally obtained calibration measurements. One
could, for example, build an “electron response” library that corre-
lates/lists R(Te) to light-induced damage threshold values.54 One
would then only need to keep the measured ultrafast light-induced
reflection change under a pre-established value to avoid permanent
damage. This approach will mostly apply to metals and semicon-
ductors—which is appropriate, as these layers absorb directly and
often constitute the weakest part of a stack and are most likely to
damage first.

B. Conclusion

Semiconductor device manufacturing is an extremely dynamic
industry. In this article, we highlight light-induced damage occur-
ring in various environments, in different materials, and by using
different light sources, typical for current and future technological
developments. The semiconductor industry, however, is huge, and
therefore, any attempt to be comprehensive is doomed to fail.
Nevertheless, we feel we have given a glimpse into current and
future challenges facing the industry when using present and future
light sources, materials, and optical components. As novel materi-
als, such as 2D layers, are adopted, and illumination sources may
extend from the THz domain to beyond EUV with different tem-
poral and spatial patterns, the parameter space governing
damage-threshold fluences is expanding and will continue to grow
in the near future. Consequently, defining what critical damage is
and when the onset of it occurs cannot be done unambiguously
across the entire parameter space. Because light-induced damage
manifests in many ways throughout semiconductor manufacturing,
fundamental science, combined with input from the semiconductor
manufacturing industry itself, is key to solving fundamental chal-
lenges: both in overcoming unwanted critical damage and in bene-
ficially exploiting light-induced damage.

SUPPLEMENTARY MATERIAL

See the supplementary material for supporting content,
including a Light sources overview, Mathematical framework for
light-absorption to heat transfer, and additional Ruthenium
Liu-plots, and Supplementary Videos 1–3 showing grating-line
deformations for increasing fluences.
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