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Ultrafast Laser-Induced Sub-100 nm Structures
on Tungsten Surfaces: Stretched Liquid Dynamics
Insights

Priya Dominic, Djafar Iabbaden, Florent Bourquard, Stéphanie Reynaud, Arnaud Weck,
Jean-Philippe Colombier, and Florence Garrelie*

1. Introduction

Ultrafast laser-induced ripples or laser-induced periodic surface
structures (LIPSS) with sizes ranging from few tens of nano-
meters to micrometers have been extensively studied in recent
years because of their universality and vast potential for various
industrial applications such as in tribology,[1,2] photovoltaics,[3]

biomaterials,[4,5] and so on. Typically, they are divided into
two main categories—low-spatial-frequency LIPSS (LSFLs),
with period (Λ), λ/2<Λ< λ (λ is the wavelength of the laser
used) and high-spatial-frequency LIPSS (HSFLs), with Λ< λ/2.

While it has almost been 50 years since
their discovery,[6] the mechanism of their
origin is still under debate.

The origin of LSFLs is usually attributed
to electromagnetic models, where the inter-
ference of scattered wave or surface polar-
itons with the incoming laser beam plays a
dominant role.[7] Further, as confirmed by
finite-difference time-domain (FDTD) sim-
ulations,[8] Sipe’s efficacy theory[9] of inho-
mogeneous subsurface energy absorption
triggered by surface roughness seems to
influence LSFL formation. Hence, it is
mostly accepted for LSFLs to have an
electromagnetic-based origin. The case of

HSFLs is more complicated with numerous theories like second
harmonic generation,[10,11] variation in optical properties during
laser pulse irradiation,[12] nascent plasma theory,[13] surface
instabilities leading to matter reorganization,[14] and hydrody-
namic instabilities driven by electromagnetics[15] attempting to
explain their origin.

As HSFLs are generally associated with no significant ablation
and redeposition,[16,17] the final topography and subtopography can
add to the total story of possible mechanisms involved in their
formation. This, together with one of the numerous possible
numerical models like FDTD,[18] particle-in cell,[19] or hybrid
models between two-temperature model and molecular dynamics
(TTM-MD),[20,21] can give a complete picture on thermodynamics
conditions fostering periodic nanotopography formation. Among
these models, TTM-MD is one of the most relevant to follow the
temporal evolution of temperature and pressure into the depth of
the target along with the possibility to track structural modifica-
tions in 3D space and time.

In this work, we are generating HSFLs on tungsten (W)
under four different environments (ambient, air at 10mbar,
Ar at 10mbar, and vacuum at 10�7 mbar). Performing the
experiments for laser parameters that generate the same surface
topography (HSFLs) under these gaseous conditions will also
reveal the role of surrounding gas and pressure conditions influ-
encing the formation mechanism (if any). The topography
and subtopography investigations are performed with scanning
electron microscopy (SEM), atomic force microscopy (AFM), and
scanning transmission electron microscopy (STEM) imaging
techniques. This information together with the TTM-MD
simulations help us to clarify the formation mechanism of
HSFLs on W.
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The origin of high-spatial-frequency laser-induced periodic surface structures,
known as HSFLs, has always been a controversial topic. HSFLs of sub-100 nm
periodicity and sub-20 nm amplitude are generated on tungsten by Ti:sapphire
femtosecond laser irradiation under four different processing environments
(ambient, air at 10 mbar, Ar at 10 mbar, and vacuum at 10�7 mbar). The
topography and subtopography analysis together with two-temperature model–
molecular dynamics simulations reveal that HSFLs formation originates from
laser-induced thermal stresses, implying both surface tension and tensile forces
are involved. The experimental observation of subsurface cavitation confirms a
hydrodynamics-based origin for these nanostructures.
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2. Results

2.1. Topography Analysis

The topography results obtained are similar to our previous work
reported in ref. [22]. HSFLs, parallel to the laser polarization, are
generated for all four different laser processing conditions (ambi-
ent, air at 10mbar, argon at 10mbar, and vacuum at 10�7 mbar)
and for the same laser parameters with Fp= 0.35 J cm�2 and
N= 25. High-resolution SEM images with inset fast Fourier
transform are shown in Figure 1a–d. The period (Λ) of the
obtained HSFLs are in sub-100 nm range. They vary as
51� 4 nm, 92� 3 nm, 95� 3 nm, and 123� 2 nm for ambient,
air (10mbar), Ar (10mbar), and vacuum (10�7 mbar), respec-
tively. The amplitude of these high-frequency structures revealed
heights as small as 10–20 nm measured by AFM (Figure 1e–h.
These amplitudes are further confirmed by STEM annular dark
field (ADF) cross-sectional images, as shown in Figure 2.

2.2. Subtopography Analysis

STEM high-angle annular dark-field (HAADF) cross-sectional
images of HSFLs generated in four processing environments
(ambient, air at 10mbar, argon at 10mbar, and vacuum at
10 �7 mbar) along with nonirradiated, polished W are shown
in Figure 2i–v. Subsurface voids or subsurface cavitation can
clearly be observed for HSFLs in ambient, air (10mbar), Ar
(10mbar), and vacuum (10�7 mbar) conditions (Figure 2 ii–v).
These voids are absent for nonirradiated W (Figure 2i), thus con-
firming that their origin is associated with femtosecond (fs)
laser–mater interaction.

Depending on the irradiation conditions, the size (diameter)
of these voids varies from 5 to 15 nm and seems to appear
13–18 nm below the W surface (measured from the surface to
the center of the voids). These voids appear to originate at the
bottom of the crests of the nanostructures, and open as they rise

and reach the surface. Interestingly, multiple cavitation with
smaller diameters associated with single crests are observed,
and these voids seem to appear only below the crests of the
HSFLs and not on the troughs. In addition, this trend of subsur-
face cavitation is seen for HSFLs generated under all gas and
pressure conditions, with no significant change in the size of
subsurface voids or their respective positions below the W sur-
face. This indicates that the formation mechanism of
fs laser-induced HSFLs in W can be generalized irrespective
of the gaseous conditions in which they are fabricated.

The observation of subsurface voids on metals has already
been reported, but not associated with HSFLs on W. There have
been reports of subsurface voids of few hundreds of nm in size as
observed by STEM cross-sectional images of laser-irradiated
Al target (under vacuum) giving rise to microbumps.[23]

Subsurface voids are seen to be associated with periodic struc-
tures in Ni.[24] These periodic structures are resulted from the
interference of near-field scattered waves or superposition of
far-field scattered waves (nf ll and f f ┴, respectively), with incident
laser beam. STEM images of subsurface voids (tens of nm in
size), associated with nf ll and f f

┴
crests, were revealed in this

case. In our case, subsurface voids of few nm in size associated
with HSFLs on W and observed under four different processing
conditions (ambient, air at 10mbar, argon at 10mbar, and vac-
uum at 10�7 mbar) are being reported.

While the STEM images of frozen subsurface voids in metals
are limited in the literature, the mechanism behind their forma-
tion is widely studied using TTM-MD. For example, in Ag, under
vacuum conditions, surface swelling due to fs laser irradiation
was observed at very small fluences, without significant ablation,
and was attributed to subsurface cavitation as confirmed by TTM-
MD simulations.[25] In the fluence regime below the spallation
threshold, subsurface voids are the reason for surface swelling
for fs laser-irradiated Al by TTM-MD.[26] In all these cases, the
reason for subsurface void formation is attributed to the prespal-
lation regime, where the rarefaction wave (resulting from

Figure 1. SEM and AFM images of HSFLs generated for Fp= 0.35 J cm�2 and N= 25. a–d) SEM images of HSFLs generated in ambient, air (10mbar),
Ar (10mbar), and vacuum (10�7 mbar), respectively, with inset FFT. e–h) 3D AFM images of HSFLs (1 μm� 1 μm area) generated in ambient, air
(10mbar), Ar (10mbar), and vacuum (10�7 mbar), respectively.
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Figure 2. STEM HAADF images of HSFLs (cross section) for i) nonirradiated polished W, and for fs laser irradiated W (Fp= 0.35 J cm�2 and N= 25)
showing subsurface cavitations when processed in ii) ambient, iii) air (10mbar), iv) Ar (10mbar), and v) vacuum (10�7 mbar).
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material relaxation) that develops in the laser-induced melt,
travelling to the surface of the target, causes the nucleation of
the subsurface voids.[15,24–29] The subsequent fast cooling
(1012 K s�1 for metals[30]) and solidification trap these cavities
under the surface of the material. In another scenario of fs laser
irradiation resulting in deformed Al surface,[31] the experimental
results of subsurface cavitations (50–150 nm in diameters)
obtained with TEM images are reconstructed by two-temperature
hydrodynamics and MD simulations, where the four stages of
formation of subsurface voids involving nucleation, formation
of cavitation, enlargement, and the compression and deforma-
tion during recrystallization of the voids are explained.

To investigate the subsurface voids that we see inW associated
with HSFLs, we performed TTM-MD simulations. The subsur-
face topography evolution of the W interface upon fs laser irra-
diation at different snapshots of time, as given in Figure 3a,
indicates that at 10 ps voids form and collapse with a bubble
lifetime of 3–10 ps. But after 40 ps, up to 80 ps, voids appear, coa-
lesce, and grow. The smaller voids seem to coalesce together to
from larger ones and are observed 25 nm into the W surface.
This agrees with our observations and assumptions from the
STEM images.

To better understand the influence of fs laser-induced pres-
sure and temperature gradients on subsurface void formation,
spatiotemporal evolution of pressure and temperature is tracked

by TTM-MD simulations as shown in Figure 3b,c, respectively,
for 0–80 ps after the laser hits the surface.

At t= 1 ps, W experiences a strong compressive pressure wave
at 30 GPa, which decreases to 3 GPa at t= 40 ps. As a result of
material relaxation, after 40 ps, a rarefaction wave appears with a
pressure around �10 GPa (as shown in Figure 3b with arrow
marks). As subsurface voids also seem to appear after 40 ps, it
is reasonable to assume that this rarefaction wave has a major
role in the emergence.

When we track the temperature evolution, the maximum tem-
perature achieved for the given laser parameters is 5000 K, which
decreases within the depth of W. In the void formation time, i.e.,
between 40 and 80 ps, the temperature is around 4000 K, which
is well above the melting point of W. Hence, we can conclude
that the cavitation process takes place when W is in its molten
form. The origin of fs laser-induced subsurface cavitation on W
can therefore be associated with HSFLs due to the rarefaction
wave generated in the molten W, which is later frozen below
the crests of HSFLs due to fast resolidifcation.

In our previous work,[22] HSFL period was increasing with
decreasing atmospheric pressure, which was related to the
hydrodynamical-based surface tension-dependent transverse
Marangoni gradient process. Therefore, the mechanism under-
lying the formation of HSFLs can be attributed to the interplay
between subsurface cavitation and Marangoni instability.

Figure 3. a) Snapshots of voids evolution at several time steps: at 0 ps (corresponding to the W surface at x= 0, with no laser irradiation). Time steps at
10, 20, 30, 40, 50, 60, 70, and 80 ps (shows the evolution of the subsurface voids below the tungsten surface in x direction) during ultrafast laser irradiation
with a pulse duration τ= 60 fs and an incident fluence Fincident= 0.35 J cm�2. b) Spatiotemporal evolution of pressure following the x-direction in the W
target during void formation. c) Spatiotemporal evolution of temperature in the W target during void formation.
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The cavitation observed is a consequence of a thermomechanical
effect caused by the intense rarefaction wave. This wave is also
recognized for reinforcing the Marangoni convection regime.
Therefore, cavitation, although not the primary process in
high-spatial-frequency lines (HSFL) formation, serves as a dis-
ruptive mechanism, generating nanovoids and nanoreliefs that,
in turn, promote convection. The acoustic relaxation of the irra-
diated target induces hydrodynamic motion within the molten
material, thereby playing a crucial role in the formation and ele-
vation of the resulting structure.[32] In addition, it has already
been established for Ni with the help of simulations coupling
electromagnetics and hydrodynamics that the rarefaction wave
destabilizes the laser-melted nanolayer resulting in Marangoni
instability and hence the formation of HSFLs with very small
periods and amplitude,[15] similar to our case of sub-100 nm
period and sub-20 nm amplitude HSFLs on W. This and similar
studies are well reviewed[33] where the electromagnetic field
enhancement at surface defects, local heat confinement, and
the excitation of a subsurface wave triggering Marangoni convec-
tion instability is used to explain LIPSS formation resulting in
an approach coupling electromagnetic and hydrodynamic
principles. Marangoni convection flow of laser melt is also used
to explain the origin of fs laser-induced supra-wavelength
periodic surface structures on tin, having period larger than
the wavelength of the laser used.[34]

To summarize the formation of HSFLs, under fs laser irradi-
ation W undergoes melting (few tens of nanometers) and is
under high compressive stresses, which is followed by a rarefac-
tion wave, causing subsurface cavitation. This destabilizes the
molten nanolayer (as this rarefaction wave is directed toward
the temperature gradient) giving rise to Rayleigh–Bénard–
Marangoni instability, redistributing the material from hotter
regions (valleys of HSFL) to colder regions (crest of HSFL).
The orientation of the HSFLs on W, which are parallel to the
direction of light polarization, can be explained with the direction
of the fluid flow (created by Marangoni instability) from hotspots
located around subsurface voids, which usually results in an ori-
entation parallel to the laser polarization.[35] Moreover, from the
STEM images, it is evident that the formation of HSFLs as a
result of Rayleigh–Bénard–Marangoni instability due to fs
laser-induced compressive stresses, should be applicable for
all four different laser irradiation conditions (ambient, air at
10mbar, argon at 10mbar, and vacuum at 10 �7 mbar) irrespec-
tive of the gaseous/pressure environments and hence mostly
depends upon the laser irradiation parameters.

3. Conclusions

HSFLs generated on W for 60 fs laser irradiation under four dif-
ferent processing environments (ambient, air at 10mbar, argon
at 10mbar, and vacuum at 10 �7 mbar) are reported for a laser
fluence Fp= 0.35 J cm�2 and number of laser pulses N= 25.
The sub-100 nm periodicity and sub-20 nm amplitude of
HSFLs are confirmed with SEM and AFM, respectively. The sub-
surface topography analyzed by STEM HAADF images points
out subsurface voids, which are a result of rarefaction wave as
confirmed by TTM-MD simulations. The topography, subtopog-
raphy, and TTM-MD simulations indicate a hydrodynamical

origin of HSFLs based on subsurface cavitation and thermocapil-
lary forces. Specifically, the emergence of HSFLs on W is
attributed to the Rayleigh–Bénard–Marangoni instability. This
thermocapillary phenomenon is intensified by the amplification
of surface fluctuations through fs laser-induced tensile stresses
generating reported nanocavities. In addition, from the STEM
images, we confirm that this mechanism can be generalized
for HSFLs formed under various fs irradiation environments,
irrespective of the gas and the pressure used, indicating that
the formation mechanism of these kind of ripples on W must
mainly depend upon the laser parameters.

4. Experimental Section

Laser and Characterization Techniques: Polycrystalline W samples
(Goodfellow SARL) with dimensions 10mm� 10mm� 1mm were elec-
trochemically polished, resulting in an average roughness Ra�6 nm as
measured by AFM. Polished W samples were irradiated with a linearly
polarized laser beam (Titanium-Sapphire, Legend Coherent Inc.) with a
central wavelength of 800 nm, pulse duration of 60 fs, and 1 kHz pulse
repetition rate, focused with a converging lens of focal length 30 cm down
to a focal spot size diameter of 100 μm into an ultrahigh vacuum chamber
(vacuum processed with a Turbo pump, Agilent Technologies).

W surfaces were irradiated in different atmospheres including ambient,
10 mbar pressure of air and argon (Air products) and under high vacuum
(10�7mbar). Using Liu’s methods,[36] the single pulse ablation threshold
of our samples was evaluated at a fluence of 0.6 J cm�2. The laser impacts
were carried out with a peak fluence Fp= 0.35 J cm�2 and a number of
pulses N= 25 in all environmental conditions and the spot size of
100 μm is also evaluated by Liu’s method.[36]

While high-resolution SEM (Zeiss Gemini SEM 500 field emission
microscope) and AFM (Burker ICON) images were helpful in obtaining
topography information, the STEM (JEOL NEOARM, 200 kV Cs-FEG) imag-
ing in the HAADF mode revealed the subsurface topography. In order to
accomplish STEM imaging, focused ion beam (FIB) extraction of the lamel-
lae was done for polished, nonirradiated W and for HSFLs produced under
the four different processing conditions. Lamellae were prepared with a Pt
capping layer by electron beam-induced deposition and topped with a
carbon layer by ion beam-induced deposition. Lamellae of dimensions
15 μm� 2 μm were extracted at the center of the laser spot and perpen-
dicular to the orientation of the ripples using FIBmilling. Finally, the middle
portion of lamellae as long as 3 μm was thinned down using ion milling to
obtain a thickness <100 nm and render the sample electron transparent.

Hybrid Computational Model: A hybrid simulation coupling two temper-
ature model with molecular dynamics (TTM-MD) simulation scheme
implemented in LAMMPS (version 3 March 2020)[37–44] was used to
model an ultrafast laser interaction inducing voids formation within a
W target. For this purpose, we started by preparing a perfect initial
body-centered cubic W sample with dimensions lx� ly� lz of 314� 18.2
� 18.2 nm3 containing 6 728 000 atoms in a box were selected having peri-
odic boundary conditions following x, y, and z directions, respectively, as
shown in Figure 4, where the local atomic structure is investigated using
the polyhedral template matching algorithm[45] implemented in the
OVITO software.[46] A structural minimization of the sample was first per-
formed using a force norm criterion of 10 �6 eV Å�1. Then, this structure
was heated from 0 to 300 K during 15 ps using Nose–Hoover thermostat–
barostat style (NPT ensemble). In the present simulations, an embedded
atom method interatomic potential developed in ref. [47] and an integrat-
ing time step of 1 fs were utilized for both sample preparation and voids
formation.

The TTM-MD scheme was solved on a 702� 1� 1 electronic mesh,
which was applied to the previous configuration (relaxed and thermalized)
during 12 ps with W electronic properties input parameters that can be
found in the literature.[44,48,49] The lateral dimensions ly and lz were sub-
jected to periodic boundary conditions.
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During the laser–matter interaction, the lateral dimensions ly and lz
were subjected to periodic boundary conditions. However, in the
x-direction a free boundary condition was created following the laser prop-
agation direction. Moreover, to avoid pressure wave reflection a NRBC
with a damping factor γ damp= 2� 10�4 eV ps Å�2 and dimension of
LNRBC = 63.3 nm following x was designed at the rear of the target.[50,51]

The laser–matter simulations were performed by employing experimental
laser operating conditions of τ= 60 fs pulse duration and
Fincident= 0.35 J cm�2 incident fluence. Finally, the sample was subjected
to regular MD in the microcanonical ensemble for 68 ps.
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