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Abstract

CrossMark

This work theoretically investigated the ultrafast thermal modulation dynamics during early
formation of ripples on an Au film induced by femtosecond laser multi-pulse vortex beam
irradiation. An extended two-temperature dynamics model that comprehensively considers
optical interference modulation for the formation of seed ripples, transient reflectivity and
non-equilibrium thermal transfer was self-consistently built to predict high-contrast ripple
formation. The two-dimensional evolution of electron and phonon temperature modulations
during ripple formation in a high non-equilibrium state of Au film were obtained via
femtosecond laser multi-pulse vortex beam irradiation. It was revealed that ripple contrast can
be significantly amplified by shortening the laser wavelength, increasing the pulse number, or
enlarging the laser fluence of the vortex beam. Moreover, the electron—phonon coupling time
during ripple formation is fully explored in detail. This study provides valuable insights into
optimizing laser parameters for controlled high-contrast ripple formation on Au films.
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1. Introduction

Femtosecond laser processing of materials has exhibited huge
potential in manufacturing advanced functional structures due
to its inherent merits of high precision, flexibility, and ver-
satile fabrication ability. Femtosecond laser-induced periodic
surface structures, called ripples, have constantly attracted
much interest in achieving advanced biomimetic architectures,
meta-surfaces, and friction devices [ 1-6]. Unfortunately, it has
been experimentally observed that ripple morphology usually

* Author to whom any correspondence should be addressed.

deteriorates due to the emerging thermal traces decorated on
the ripples [7], hindering the potential applications of such
ripples.

Physically, it is generally accepted that high-quality seed
ripples can be initially formed due to early electromagnetic
interference between the incident laser and the scattering
surface plasmon waves [8—11]. What is more, the complex
thermal and fluidic dynamics can play an even more decisive
role in governing the resultant ripple morphology. In particu-
lar, it has been validated that the early non-equilibrium thermal
dynamics, also called two-temperature dynamics, could be
responsible for possible high-quality ripple formation [12, 13].
Wang and Guo experimentally revealed that the dominant
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dynamics of the electron—phonon (e—p) coupling and the hot
electron diffusion in a two-temperature framework can affect
the morphological clarity of ripples, with the desirable effect
of giving rise to sharper ripples on metals with a larger e—p
coupling factor [14]. Until now, most studies have focused on
the electromagnetic mechanism and the two-temperature role
in explaining the characteristics of ripples on a wide range of
materials by controlling a conventional Gaussian femtosecond
laser [15-19].

Recently, it has been frequently observed that a vortex beam
can serve as an advanced method for achieving ripples with
radial and annular stripes that cannot be easily realized by a
conventional Gaussian beam [20-23]. Nivas et al experiment-
ally demonstrated the flexibility of controlling surface ripple
properties using an optical vortex beam [24]. Our recent the-
oretical work revealed unusual vortical characteristics during
femtosecond laser vortex beam heating of film system targets
in a non-ripple regime [25, 26]. Given the ripple formation,
the vortical heating dynamics become even more sophistic-
ated due to the synchronous multi-dynamic processes in the
highly e-p decoupled state of the target. It thus becomes crit-
ically important to explore the unobserved vortical thermal-
ization dynamics in the ripple modulation regime for a good
understanding of the morphological characteristics of ripples.
However, to the best of our knowledge, the early dynamics
of vortex thermalization during ripple formation under femto-
second multi-pulse vortex beam irradiations in highly non-
equilibrium conditions have not yet been extensively studied.

In this paper, we present a theoretical investigation of vor-
tical thermal dynamics during the formation of annular ripples
in a highly non-equilibrium state of Au film. An extended two-
temperature model is proposed, which comprehensively con-
siders the optical interference modulation for seed ripples, the
transient reflectivity, and the non-equilibrium thermal trans-
fer dynamics. We will investigate the evolution dynamics of
ripples in the early stage of thermal modulation on an Au
film triggered by a femtosecond laser vortex beam. Moreover,
multi-parameter control for ripple contrast in the early non-
equilibrium phase following vortex beam excitation will be
fully explored.

2. Modelling and methods

Generally, as a femtosecond laser pulse irradiates a metal tar-
get, the electron sub-system is initially pumped to a high-
temperature state in the sub-layer of the target. Then, the
excited electron gas dissipates its energy into the deeper bulk
of the target by electron thermal diffusion on a femtosecond-
to-picosecond timescale. Meanwhile, the phonon sub-system
is locally disturbed in the electron thermal diffusion region
owing to the e—p coupling mechanism, typically on a pico-
second timescale. The above-mentioned processes can be
described by the well-known two-temperature model, which
has been intensively investigated for a wide range of materials
[27-30]. However, the conventional two-temperature model is
insufficient for directly evaluating ripple modulation dynamics

and thus cannot accurately predict ripple formation. Here, we
introduce an extended two-temperature model that especially
considers the synchronous optical modulation within a femto-
second laser multi-pulse vortex beam to predict the early
thermal dynamics of ripple formation. To focus on the thermal
dynamics of ripple evolution, we have reasonably ignored the
details of surface wave interference instead of equivalently
treating the interference pattern as a periodically modulated
thermal source. The periodic modulation of seed ripples is
considered for the spatial energy deposition rate within the
vortex beam. The period-modulated profile carried on the
vortex beam is applied as the thermal source for the two-
temperature equation. Therefore, this brings an essential dif-
ference to the predicted results compared with previous ones
in a non-ripple regime [26], and is particularly qualified for
obtaining the ripple thermal dynamics driven by an advanced
vortex beam compared with the non-modulated energy absorp-
tion rate model. Thus, the laser energy absorption rate in the
ripple region can be well defined by a cosine-modulated envel-
ope on the vortex beam, as mathematically expressed by
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Here, r and z denote the coordinates in the width and depth
directions in an axially symmetric two-dimensional (2D) geo-
metry of the Au film target. The topological charge for the
vortex beam is set as the basic +1. The waist wy of the fun-
damental Gaussian profile associated with the vortex beam is
set as 4 um. J is the optical skin depth for Au film under laser
irradiation at 800 nm wavelength is set as 15.5 nm, and dy, the
electron ballistic transfer length for Au film, is typically taken
as 100 nm. R is the temperature-modulated surface reflectiv-
ity in the ripple region. P indicates the period of the ripples.
F; denotes the fluence for the ith pulse of a femtosecond laser
multi-pulse vortex beam. 7, is the full width at half maximum
(FWHM) pulse duration for the respective pulses of the multi-
pulse vortex beam. A is the pulse temporal separation in a
multi-pulse sequence. N denotes the pulse number in a femto-
second laser vortex beam sequence.

In this model, we apply the dynamic complex dielectric
function for Au target, which can be split into real and ima-
ginary parts as follows [31]:
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where wf, = ;%fe means the plasma frequency of Au. The
total scattering rate of electrons is considered as the sum of
rates of the separate mechanisms including electron—electron
(e—e) scattering and e—p scattering, written as vy = 1/7¢ +
1/ Tep» Where Tee and 7 are the temperature-dependent scat-

tering times for the e—e and e—p scattering modes. Based
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on the Fresnel law, the temperature-dependent reflectivity
on a ripple-modulated Au film surface can be written as
follows [31]:

3

The modified two-temperature model in consideration of
ripple thermal modulation can be mathematically described
by [32]

oT,

Ce?: =V (kEVTe) -G (Te - TP) + Qripples (4)
0T,

Here, T, and T, represent the respective temperatures for
the electron and phonon systems in the ripple thermal modula-
tion region, C. is the thermal capacity for electrons of Au film,
taken as C. = 77T, and Cj, is the thermal capacity for phonons.
k. is the temperature-dependent thermal conductivity for elec-
trons in the highly non-equilibrium state of Au film, taken in
the following form [33]:

(62+0.16)"* (62 +0.44) 6,

ke = 2 1/2 g2
(oe + 0092) (96 + 77‘9p)

(6)

The temperature-dependent e—p coupling strength is adop-
ted, written as [33]

G =go[Ae/By (T +T;) + 1] (N

where gg is the e—p coupling strength in the unexcited state
at a room temperature of 300 K, and A. and B, are constant
coefficients.

Numerically, the  coupling  partial  differential
equations (1)—(7) are solved by applying the commercial
software COMSOL Multiphysics. Firstly, we build the 2D
axial symmetry geometry of Au film with a surface width
of 6 yum and a thickness of 1 pum and define the electron
and phonon heat transfer equations within the geometric
domain. Secondly, the initial and boundary conditions are
reasonably set for solving the coupling partial differential
equations as follows: the electron and phonon systems are
initially kept at 300 K at room temperature. The heat energy
loss from the Au film system to the front surface is reason-
ably neglected during femtosecond-to-picosecond periods,
and perfect thermal insulation is assumed at the rear sur-
face and bilateral sides of the Au film system. Thirdly, an
adaptive meshing-generating program is carried out to dis-
cretize the Au target geometry. Lastly, we run the overall
procedure to obtain the thermal dynamics during ripple form-
ation by varying the crucial parameters of the femtosecond
laser vortex beam, as will be discussed in detail in the next
section. The relevant simulation parameters used for Au are as
follows [34]: v =68 ] m K2, C,=25x 10°T m3 K1,
Ae = 1.18 x 107s7'K™2, B, = 1.25 x 10" s7'K~! and
g0=021 x 107 Tm3s 'K~
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Figure 1. The 2D maps of temperature modulation in the ripple
region at a sub-layer of Au film induced by a femtosecond laser
two-pulse vortex beam. The vortex beam irradiates the Au film
surface from the left side. The electron temperature at 15 fs (a),
1015 fs (b), 3 ps (c), and 11.4 ps (d); the phonon temperature at
15 fs (e), 1015 fs (f), 3 ps (g), and 11.4 ps (h). The topological
charge of the vortex beam is taken as 1, the laser wavelength is
800 nm, the pulse duration is 30 fs, the two-pulse separation is 1 ps,
and the respective sub-pulse fluence F; = F» = 0.3 J cm™2. The
surface width and the thickness of the 2D geometry are 6 ym and
1 pm, respectively. Here, the thickness is amplified by 3.75 times
for good characterization of the ripple profile.

3. Results and discussion

The 2D maps of temperature modulation in the sub-layer
ripple region of Au film induced by a femtosecond laser two-
pulse vortex beam are shown in figure 1. It can be seen that the
electron temperature field typically takes on a vortical profile
loaded by the periodic ripples at 15 fs, a time accounting for the
arrival of the first pulse peak of the vortex beam (figure 1(a)).
As the second pulse of the vortex beam strikes the Au film
surface, the electron temperature field modulation is violently
re-amplified in the ripple region, producing a sharper pro-
file at 1.015 ps (figure 1(b)). Following two-pulse irradiation,
the temperature modulation for the electron system becomes
increasingly blurred, which can be especially observed at 3 ps
(figure 1(c)). This originates from the thermal degeneration in
the electron system due to the aggressive dynamics of the elec-
tron thermal diffusion and the e—p coupling on the picosecond
timescale. With time, the thermally degenerated ripple tends to
stop its evolution at the termination of e—p coupling at 11.4 ps
(figure 1(d)).

On the other hand, the temperature field for the phonon
system remains less disturbed at the arrival of the first pulse
peak of the vortex beam (figure 1(e)). Upon the arrival of
the second vortex beam pulse peak at 1015 fs, an initial
ripple phonon temperature profile is established within the
sub-layer region of the Au film, as depicted in figure 1(f).
The ripple phonon temperature profile becomes increasingly
observable at 3 ps (figure 1(g)) due to the dominant e—p
coupling dynamics that transfer the electron energy into the
phonon system. At 11.4 ps, a sharp ripple profile in the phonon
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Figure 2. The transient reflectivity at ripple peaks and neighbouring
valleys at the bright edge of the vortex beam with varying pulse
numbers: (a) N =2, (b) N =4, (c) N =6, (d) N = 8. The laser
wavelength is centered at 800 nm, the pulse duration is 30 fs, the
pulse separation is 1 ps and the respective sub-pulse fluence is set as
0.05J cm™2. The topological charge of the vortex beam is

taken as 1.

temperature modulation region can significantly emerge at the
termination of the e—p period (figure 1(h)). It should be noted
that Fourier thermal diffusion will dominate the evolution of
ripple temperature after the e-p dynamics, which is outside the
current topic of ultrafast ripple dynamics and not considered
here.

The transient reflectivities extracted at ripple peak and
neighbouring valley positions on an Au film surface at the
bright edge of a femtosecond laser vortex beam with varying
pulse numbers are shown in figure 2. We see from figure 2(a)
that the transient reflectivity abruptly drops from the unex-
cited state to values of 0.865 and 0.856 at the respective two
pulse peaks for the basic configuration of two-pulse irradi-
ation. The drop in reflectivity is more pronounced at the peak
of ripples compared with the neighbouring valley at the bright
edge of the vortex beam. The observed phenomenon can be
attributed to the complex interplay of the dynamics of the
temperature-dependent reflectivity in the ripple region under
multi-pulse shots. It can be seen that the transient reflectivity
exhibits multi-valley profiles following the multi-pulse shots
(figures 2(b)—(d)). In particular, the depth of these reflectivity
valleys increases with the number of pulses in the femtosecond
laser vortex beam. Finally, the reflectivity trends to recover to
the primitive level for unexcited Au on a picosecond times-
cale. The reflectivity recovery cycle, which is defined as the
period for the reflectivity to recover, is typically increased by
increasing the pulse number from two to four then six to eight.
The reflectivity recovery cycle coincidentally falls into the e—
p coupling period. Considering the fact that the e-p coupling
process can be significantly prolonged for larger pulse num-
bers, the reflectivity recovery cycle is consequently expan-
ded by increasing the pulse number of the femtosecond laser
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Figure 3. The temporal temperature profiles for electrons and
phonons at the peaks and valleys of ripples on an Au film induced
by a femtosecond laser multi-pulse vortex beam: (a) electron
system; (b) phonon system. The laser wavelength is centered at
800 nm, the pulse duration is 30 fs with a pulse separation of 1 ps.
The respective sub-pulse fluence is set as 0.1 J cm™2. The
topological charge of the vortex beam is taken as 1.

vortex beam. The results can provide the base for initially
controlling the reflectivity, and thus the subsequent thermal
dynamics during ripple modulation on the Au film.

The temporal temperature profiles for electrons and phon-
ons at the peaks and valleys of ripples on an Au film induced
by a femtosecond laser multi-pulse vortex beam are shown in
figure 3. To fundamentally understand the dynamics of multi-
pulse shots, an eight-pulse femtosecond laser vortex beam is
employed in this study. It can be seen that sharp multi-peak
profiles emerge at the peak position of the ripples (figure 3(a)).
The peak electron temperature increases significantly as the
number of pulses in the vortex beam increases from one to
eight, with an evolution time in picoseconds. After all the pulse
shots, the electron temperature profile experiences a continu-
ous drop, finally becoming saturated. On the other hand, the
phonon temperature at the peak and neighbouring valley of
ripples exhibit a continuous rise with evolution time until sat-
uration of the phonon temperature is reached at 14 ps.

In fact, thermal equilibrium occurs in the electron and
phonon systems at 14 ps, giving rise to saturation of the
phonon temperature of ripples. Importantly, the phonon tem-
perature difference between the surface peak and the adja-
centripple valley becomes increasingly pronounced as the sys-
tem approaches e—p coupling termination. This indicates that
as thermal evolution approaches thermal equilibrium, sharp
ripples tend to emerge due to the increasingly different phonon
temperatures at the peaks and valleys of the ripples.

To explore the sharp appearance of the ripples, we define
the ripple modulation contrast in terms of the phonon temper-
ature, written as C = (Tpeak — Tvaltey)/(Tpeak + Tvanley). Here,
Tpeak and Tyaey represent the available maximum phonon
temperature at ripple peak and neighbouring valley positions
at the termination of the e—p coupling period. As shown in
figure 4(a), the ripple contrast exhibits a slight decrease from
12.5% to 11% when the pulse duration is increased from 30 fs
to ~1.0 ps for two-pulse vortex beam irradiation. The ripple
contrast tends to have an obvious rise from 1% to 15.2% with
increasing sub-pulse fluence of the two-pulse vortex beam
from 0.05 J cm™2 to 0.35 J cm™2 (figure 4(b)). The max-
imum phonon temperature also exhibits a similar tendency
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Figure 4. The maximum phonon temperature and the ripple
contrast as a function of femtosecond laser vortex beam (VB)
parameters. (a) The laser is centered at a wavelength of 800 nm, the
two-pulse separation is 1 ps and the respective sub-pulse fluence is
0.3J cm™2. (b) The wavelength is centered at 800 nm, the pulse
duration is 30 fs and the two-pulse separation is 1 ps. (c) The pulse
duration is 30 fs, the two-pulse separation is 1 ps and the respective
sub-pulse fluence is 0.3 J cm™2. (d) The respective sub-pulse
fluence is 0.1 J cm’Z, the laser wavelength is centered at 800 nm,
the pulse duration is 30 fs and the pulse separation is 1 ps. The
topological charge of the vortex beam is taken as 1.

with increasing vortex beam fluence. This indicates that a high
laser fluence can achieve sharper ripples with high contrast due
to the higher phonon temperature contrast. It can be seen from
figure 4(c) that the ripple contrast shows a continuous drop
from 17.9% to 10% with increasing laser wavelength from
300 nm to 1500 nm (figure 4(c)). The maximum phonon tem-
perature also decreases from 850 K to 608 K, which is espe-
cially obvious in the ultraviolet and visible spectra rather than
the infrared spectrum. The ripple contrast shows an obvious
rise from 0.1% to 10% as the pulse number in the vortex beam
increases from one to eight (figure 4(d)). Simultaneously, the
maximum phonon temperature climbs from 327 K to 625 K
with an increase in the number of pulses in the vortex beam
up to eight pulses. It should be emphasized that the results
are particularly right for the e—p non-equilibrium period dur-
ing Au film excitation. In addition, the phonon temperature
modulation will possibly be recorded as the maximum phonon
temperature in the ripple region exceeds the phase explosion
threshold, potentially forming patterned ripples. In this case,
a more complex thermal-fluidics mechanism outside the non-
equilibrium state needs to be considered in detail, and this
is not the focus of the current investigation into low-thermal
driven ripple formation in highly non-equilibrium Au film.
Understanding the ripple formation lifetime in the highly
non-equilibrium state in the target material is fundamental for
exploring the complex ripple dynamics. For this purpose, we
explore the e—p coupling time as a function of the laser para-
meters of the femtosecond vortex beam as shown in figure 5.
In the case of basic two-pulse irradiation, we can see that
by increasing the pulse duration in the sub-picosecond time
regime, the e—p coupling time exhibits a near-linear monotonic

Wavelength of vortex beam (pum) Pulse number of vortex beam

Figure 5. The electron—phonon (E—p) coupling time versus
parameters of the femtosecond laser vortex beam. (a) Basic
two-pulse irradiation: the pulse separation is 1 ps, and the respective
sub-pulse fluence is 0.3 J cm™2. (b) Basic two-pulse irradiation: the
respective sub-pulse fluence is 0.3 J cm ™2, and the two-pulse
separation is 1 ps. (c) A comparison of single-pulse (N = 1),
three-pulse (N = 3), and five-pulse (N = 5) irradiations: the laser
wavelength is centered at 800 nm, the pulse duration is 30 fs and the
pulse separation is 1 ps. (d) Multi-pulse irradiations: the laser
wavelength is centered at 800 nm, the pulse duration is 30 fs and the
pulse separation is 1 ps. The topological charge of the vortex beam
is taken as 1.

rise for the given wavelengths of 300 nm, 800 nm, and 1500 nm
(figure 5(a)). As shown in figure 5(b), the e—p coupling time
decreases continuously with increasing laser wavelength of
the double-pulse vortex beam and eventually becomes satur-
ated at specific values at pulse durations of 30 fs, 500 fs, and
1 ps, respectively. In addition, for one, three, and five pulses,
we can see that the e—p coupling time increases by increasing
the sub-pulse fluence of the vortex beam from 0.03 J cm—?
to 0.12 J cm~2 (figure 5(c)). In particular, the e-p coupling
time increases faster for five pulses (N = 5), and three pulses
(N = 3) rather than a single pulse (N = 1). The e-p coup-
ling time shows an obvious rise with an increasing number of
pulses in the vortex beam from one to seven for the given sub-
pulse fluence of 0.03 J em~2,0.08 T em=2 and 0.13 J cm—2
(figure 5(d)). The results indicate that the dynamic lifetime
of ripple formation can be desirably manipulated by elabor-
ately designing the laser parameters of the femtosecond laser
multi-pulse vortex beam. This study provides the basic route
for parametrically controlling the e—p coupling dynamics by
manipulating the femtosecond laser multi-pulse vortex beam.
In fact, the critical length of the diffusion of electrons
can obey the law L. ~ 72, where 7y is the e-p coupling
time [35]. This provides a good opportunity to manipulate the
thermal diffusion in a target by controlling the e—p coupling
time. Our work has revealed that the e—p coupling time can be
manipulated by varying the full parameters of the femtosecond
laser multi-pulse vortex beam. This indicates that the electron
thermal diffusion length can be substantially confined to a
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more localized space by controlling multiple parameters of the
vortex beam, potentially beneficial for preparing high-quality
ripples.

4. Conclusions

We have theoretically investigated the particular dynamics of
thermal modulation during early ripple formation on an Au
film upon irradiation with a femtosecond laser multi-pulse vor-
tex beam. It is proposed that the transient reflectivity exhib-
its multi-valley profiles as a result of the multi-pulse shots.
In particular, the ripple contrast tends to rise with increasing
pulse number, or alternatively with enlarging the laser fluence
of the vortex beam. On the contrary, the ripple contrast is obvi-
ously decreased by increasing the wavelength from ultraviolet
to visible. The ripple contrast is less influenced by the pulse
duration in the sub-picosecond regime. The electron—phonon
coupling time during ripple formation shows a continuous
increase in the picosecond time regime with increasing pulse
duration, laser fluence, and pulse number of the vortex beam.
The electron—phonon coupling time decreases with increas-
ing laser wavelength and eventually tends to saturation. Our
results could be helpful for understanding the basic dynamics
of early ripple formation, advancing the cutting-edge applica-
tions of laser nanofabrication for ripple-biomimetic architec-
ture, solar cells, and friction devices, etc.
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