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Laser-based patterning of high-quality submicron patterns on large-area substrates remains a significant
challenge. In this study, photoresist films of varying thicknesses are deposited on silicon surfaces by spin
coating to achieve patterning. The samples are exposed to nanosecond laser pulses (A = 532 nm, T = 8
ns). The formation of laser-induced periodic surface structures (LIPSS) on silicon surface when restricted
by the photoresist film in air was investigated. The results show that the period of LIPSS on the silicon
surface remains consistent (~530 + 5 nm) under different film thickness (d = 420 nm and 620 nm). With
the constraint of photoresist film, the minimum threshold for LIPSS formation on the silicon surface was
~14 mJ/cm? (d = 420 nm). The formation mechanism of LIPSS is attributed to the interference between
the incident laser beam and surface scattering waves, as well as plasma enhancement within the confined
layer. Studies have shown that by restricting plasma within the thin film to prepare wavelength periodic
structures on the silicon surface, the energy coupling efficiency in laser direct writing can be significantly
enhanced, thereby improving the laser-material interaction effect. This study provides important refer-
ences and support for the potential applications of laser micro processing technology in layered structures.
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1. Introduction

Laser-matter interactions, particularly on material sur-
faces, have garnered significant research attention in recent
years due to their capacity to generate diverse micro- and
nanostructures. Among them, laser-induced periodic surface
structures (LIPSS) are particularly noteworthy [1-4]. This
structure is characterized by regular wavelength ripples that
frequently appear on the surfaces of various materials when
exposed to laser irradiation. As a quintessential semiconduc-
tor material, silicon finds ubiquitous applications in several
rapidly advancing technological fields, such as silicon pho-
tonics, solar cells, and integrated circuits [5, 6].Conse-
quently, the fabrication of high-quality and controllable
LIPSS on silicon surfaces represents a technologically cru-
cial objective. However, the direct generation of homogene-
ous and high-fidelity LIPSS on elemental silicon is signifi-
cantly challenged by its inherent material properties: a high
absorption coefficient leading to intense localized heating,
high thermal conductivity promoting rapid heat dissipation
inhibiting localized phase changes required for LIPSS for-
mation [7]. To address these limitations, the novel approach
of thin-film confinement has emerged. This strategy in-
volves coating the substrate surface with a thin film layer
designed to modulate the laser-matter interaction. This mod-
ulation effectively reduces thermal damage to the underly-
ing silicon substrate while simultaneously facilitating the
formation of LIPSS on the target surface.

Existing thin film confinement studies have primarily
focused on metal (Au [8], Ag [9], Al [10], etc.) or dielectric
(Si0) thin films. Metal thin film research has mainly fo-
cused on exciting surface plasmon polaritons (SPPs) [11],
while dielectric thin film research has focused on optical
properties and their role as confinement layers. Unlike met-
als and media, the mechanisms by which polymer materials
interact with lasers are extremely diverse. The formation of
micro- and nanostructures in polymers involves the rear-
rangement of polymer chains, amorphisation of crystalline
domains, local surface melting, ablation, photolytic shrink-
age, and photo oxidation, that occur during this process. And
the transport and rearrangement of materials further affects
the formation of ripples, which ultimately leads to the gen-
eration of multiple characteristic surface structures. It is
worth noting that the vaporization process of materials un-
der pulsed laser irradiation produces plasma plumes.

Irradiation of the material surface by a pulsed laser gen-
erates plasma [12], which is an important intermediate step
in the formation process of LIPSS. The main characteristics
of plasma are high temperature, high pressure and high den-
sity, and its formation process is accompanied by strong
shock waves. The deposition of laser energy on the material
surface triggers localized ionization, leading to the rapid
evaporation of the surface material and the formation of a
plasma cloud. The properties and behavior of the plasma are
influenced by the laser conditions (e.g. pulse width, fluence,
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and wavelength) as well as by the environmental conditions
(e.g. air pressure and gas type). The intensity of the plasma
radiation can be analyzed by emission spectroscopy, which
is used to study the composition and structure of matter. For
example, Matsuta et al. [13] used an Nd laser (190 mJ, 10
ns) to induce a copper plasma. The strongest intensity of
plasma radiation was found to be obtained in an Ar gas en-
vironment of about 4 X 10° Pa. Compared with conventional
nanosecond lasers, ultrashort pulsed lasers are able to excite
the plasma through nonlinear interactions at lower pulse en-
ergies due to their higher electric field strength. Simultane-
ously, the plasma contains a high density of free electrons,
which can support the generation of surface plasmon polar-
itons (SPPs) at the plasma-air interface. These SPPs interact
with external electromagnetic fields, leading to a significant
enhancement of the electromagnetic field intensity in the lo-
cal region. This localized field enhancement further pro-
motes laser-material interaction, leading to the formation of
periodic energy distributions on the material surface and
thereby driving the generation of LIPSS. Especially at high
electric field strengths, the synergistic effect of plasma and
SPP can precisely modulate the morphology and periodicity
of surface microstructures [14]. However, in open pro-
cessing environments, the generated plasma rapidly expands
and diffuses, leading to rapid energy dissipation. This re-
duces the utilization efficiency of laser energy and compro-
mises the controllability of the processing process. To more
effectively harness plasma energy and control the dynamic
process, confinement techniques are widely adopted. Zim-
mer et al. [15] attached non-absorbent liquids (water and ac-
etone) to the metal absorber layer. Lai et al [16] investigated
the formation mechanisms of laser-induced rippled struc-
tures in both aqueous and air environments. Ehrhardt et al.
[17] devised a layered system between a thin interlayer
placed between the SiO; substrate and the metal absorber. In
order to investigate the effect of the confinement on the
etching characteristics and the generated LIPSS, they depos-
ited thick polymer layers of different thicknesses on the
metal absorber as a confining layer for experimental analy-
sis.

This study investigates the formation mechanism of
LIPSS on silicon under polymer film confinement using na-
nosecond pulsed lasers, as there is currently a lack of
knowledge regarding the mechanism of laser ablation of sil-
icon under confined conditions. The objective of this study
is to achieve micro-nano structures on silicon surfaces by
restricting them with polymer films of varying thicknesses.
Detailed analyses were conducted on the morphological
changes observed after laser irradiation. Laser ablation of
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silicon under polymer film constraints was performed under
different laser fluences and laser pulse numbers. This work
holds significant value for investigating the application of
LIPSS in laser microfabrication of silicon under polymer
film constraints.

2. Experimental techniques and materials

A schematic view of the laser irradiation is shown in
Figure 1. The set-up comprises the nanosecond laser system,
optics for guiding, attenuation and focusing the laser beam,
a 3-dimension stage system for sample movement and an
energy meter for the measurement of laser pulse energy. The
laser used in the experiment is a solid-state laser system
(Vlite-200, Beamtech Optronics Co., Ltd.) with a wave-
length of A=532 nm and a pulse width of =8 ns. The repe-
tition frequency is continually adjustable from 1 Hz to 15
Hz. The maximum pulse energy is 200 mJ. The laser beam
with a flat-top beam profile has a vertical polarization direc-
tion after beam shaping. The laser beam is focused on the
sample surface with a spot size of 40 = 5um. The sample is
fixed on the three-dimensional workbench and the move-
ment precision of the workbench can reach to 10 pm.

The experiments are constructed with laser irradiation
on a photoresist/silicon substrate system. The substrate wa-
fer is a single-side polished wafer with a thickness of 380
um.The photoresist is positive resists (AZ ECI 3027). The
silicon wafer is cleaned by propanol and deionized water be-
fore the experiments. After cleaning, the photoresist is de-
posited on the surface of the silicon wafer substrate by spin
coating method with a speed of 2000 rpm and 2500rpm, re-
spectively. After deposition, the sample is backed at 90°C
for 2 min. The thickness of the photoresist of ~620nm and
~420nm is measured by the white light interferometer.

After laser irradiation, the samples are examined with-
out further cleaning. The surface morphologies are analyzed
by optical microscope (OM, DMM-330C, Caikang Optics)
and scanning electron microscopy (SEM, SU8010 and S-
3400N from Hitachi). Thin platinum film is deposited for
SEM imaging by magnetron sputtering.

3. Results

The laser fluences chosen for the experiments ranged
from 1043 mJ/cm? to 113 mJ/cm? while the used number of
laser pulses was increased from N =1 to 10. After laser ir-
radiation of photoresists with different film thicknesses, the
generated morphologies were analyzed using SEM and OM.
We classify them into six categories, as shown in Table 1.
Figure 2 illustrates the typical morphology of each category.

lens

sample/
3D stage

7 x
y Photoresist

Fig.1 Schematic view of the experimental setup for laser irradiation of the samples.
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(A) The dark red area in Table 1 indicates silicon abla-
tion. The ablation of the silicon samples with photoresist is
performed by the silicon at the center of the laser irradiation.
The morphology of laser ablation is shown in Figure 2(a).

(B) The red area in Table 1 indicates that silicon has un-
dergone melting. Laser irradiation resulted in the melting of
the silicon surface, which presented a flowing state with
small pits. The characteristic morphology is shown in Fig-
ure 2(b).

(C) The green area in Table 1 indicates silicon melting
accompanied by the formation of LIPSS. The laser-induced
LIPSS shows periodic grating-like stripes. The morphology
is shown in Figure 2(h).

(D) The yellow area in Table 1 indicates photoresist
melting. The photoresist sticks together and exhibits a
curled-up shape. The morphology is shown in Figure 2(d).

(E) The orange area in Table 1 indicates photoresist rup-
ture. The surface of the photoresist under laser action breaks
up into irregular pieces, and a small amount of the splashes
outside the laser action point. The morphology is shown in
Figure 2(e).

(F) The flesh-coloured area in Table 1 indicates the sur-
face modification of the photoresist. As shown in Figure
2(f). The surface modification of photoresist is caused by
low-density laser irradiation. When observed under a micro-

scope, the chemical reaction (photolysis) occurs on the sur-
face of the film and is manifested as a change in the reflected
colour of the surface. However, the surface morphology is
not altered by SEM imaging.

Figure 3 shows SEM images of the variation of 620 nm
photoresist surface morphologies with decreasing laser flu-
ences at a fixed pulse number of 5. At high laser fluence, the
temperature of the silicon substrate is above the melting
point and the surface of silicon shows ablation phenomenon,
as shown in Figure 3(f). As the laser fluence decreases,
melting occurs on the surface morphology of the silicon sub-
strate near its melting point, as shown in Figure 3(e).At
lower laser fluences, only the disappearance of photoresist
on the surface of the silicon substrate is revealed, as shown
in Figure 3(c). The melted photoresist manifests itself at
low laser fluences, as shown in Figure 3(b). At even lower
fluences, the surface ruptures due to mechanical factors, as
shown by the photoresist fragments formed in Figure 3(a).
At the same time, some irregular features such as
splashes,craters and pores were observed on the silicon sur-
face. The LIPSS structure forms within a specific energy
range, as shown in Figure 3(d). Specifically, when the pho-
toresist is completely removed and the silicon substrate un-
dergoes only slight surface melting.

Table 1 Changes in surface morphology at different laser energy densities under spin-coating (a) 420 nm photoresist and (b) 620 nm pho-
toresist on silicon samples.

(a) 420nm photoresist on silicon
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Fig. 2 OM images of the surface topography of 620 nm photoresist irradiated with different laser fluences, (a) F=1043 mJ/cm?, (b) F=413
mJ/cm?, (c) F=301 mJ/cm?, (d) F=180 mJ/cm?, (¢) F=124 mJ/cm? and (f) F=113 mJ/cm?. Fig. 2(g) is an enlarged view of the red dashed
box in Fig. 2(c) and Fig. 2(h) is an enlarged view of the red dashed box in Fig. 2(g). The red arrow indicates the direction of polarization
of the laser beam. The number of laser pulses is N=10.
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Figure 4 shows the minimum threshold variation of
each morphology for 420 nm and 620 nm photoresist film
thickness at different number of laser pulses (N=1, 3, 5, 10).
Figure 4(a) represents the trend of morphology thresholds
for 420 nm photoresist film thickness with the increase of
the number of laser pulses. As the number of laser pulses
increases, there was an overall decreasing trend in the min-
imum threshold for each morphology. This is consistent
with the fact that the larger laser pulse number has a greater
effect on the laser-actuated surface. Among them, the topo-
graphic threshold of silicon ablation decreases the most. The
lowest threshold for silicon ablation is 821 mJ/cm? for laser
pulse number N=1, and the lowest threshold for silicon ab-
lation is 499 mJ/cm? for pulse number increasing to N=10.
The threshold for silicon melting increases slightly for laser
pulse number of N=3, which is more evident in Figure 4(b).
The thresholds for rupture and melting of the photoresist as
well as for the generation of LIPSS and silicon melting do
not differ much for pulse numbers 5 and 10.

Figure 4(b) represents the trend of morphology thresh-
old for 620 nm photoresist film thickness with increasing
laser pulse number. The silicon melting as well as silicon
ablation thresholds are slightly increased for laser pulse
number N=5. The other trends are similar to Figure 4(a).

(a) F=145mJ/cm?

(d) F=322mJ/cm?

(b) F=198mJ/cm?

(e) F=392mJ/cm?>

=
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The presence of LIPSS was not observed for both 420 nm
and 620 nm photoresist film thickness at laser pulse number
N=1. Additionally, under constant pulse number conditions,
the minimum thresholds for each morphology exhibit a
slight downward trend as the membrane layer thickness in-
creases. When the pulse number N = 10, the silicon ablation
threshold for a 420 nm thin film thickness was 499 mJ/cm?,
and the silicon ablation threshold for a 620 nm thin film
thickness was 439 mJ/cm?.

4. Discussion

The formation of LIPSS was observed when the photo-
resist/silicon substrate was irradiated using a pulsed laser at
a wavelength of 532 nm. The photoresist/silicon substrate
surface exhibits different morphological changes when the
laser fluence is reduced. These changes were clearly ob-
served under OM and SEM.

Under high laser fluence conditions, when the laser flu-
ence exceeds the ablation threshold of silicon (F=439
mJ/cm?, d=620 nm, N=10), the surface temperature of the
silicon substrate rapidly rises above its melting temperature
(~1687 K), resulting in significant ablation (Figure 2(a) and
Figure 3(f)). This ablation is primarily attributed to a local
temperature increase induced by the photothermal effect and

(¢) F=319mJ/cm?

RIT
—

(f) F=893mJ/cm?>
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Fig. 3 SEM images of the surface topography of 620 nm photoresist irradiated with different laser fluences. (a) F=145 mJ/cm?, (b) F=198
mJ/cm?, (¢) F=319 mJ/cm?, (d) F=322 mJ/cm?, (¢) F=392 mJ/cm? and (f) F=893 mJ/cm? The red arrow indicates the polarization direction
of the laser beam. The number of laser pulses is N=5.
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Fig. 4 Changes in morphological thresholds as the number of pulses increases from 1 to 10 under different photoresist thicknesses.
(a)420nm photoresist/silicon substrate. (b)620nm photoresist/silicon substrate.
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the rapid removal of the surface-bound material. This is con-
sistent with the thermal effects observed by Aslam when la-
ser irradiation is applied to silicon surfaces in ambient
air[18]. As the laser fluence decreases below the ablation
threshold but remains sufficient to induce melting, the sili-
con surface undergoes significant morphological changes
due to melting and material flow.

Compared to silicon, photoresists have a much lower
melting temperature (~423-473 K), allowing them to melt at
lower laser fluences. When the laser fluence reaches the
melting threshold of the photoresist, the material begins to
curl and shrink under irradiation, accompanied by a signifi-
cant increase in mobility and a decrease in viscosity. At even
lower laser fluences, thermal expansion and fragmentation
of the photoresist surface occur due to the combined effects
of thermal and mechanical stresses during irradiation (Fig-
ure 2(e) and Figure 3(a)). Additionally, OM images reveal
the bright surface modifications at low laser fluences,
caused by the aggregation and absorption of laser energy.
These modifications are attributed to photoresist molecular
pyrolysis and chemical structure changes [16], as high-
lighted in Figure 2(f).

As observed in Figure 3, LIPSS still form despite the
silicon substrate surface being covered with a photoresist
film layer. This phenomenon indicates that the photoresist
layer failed to completely eliminate or shield the coupling
between the strongly polarized laser and the surface electro-
magnetic waves scattered and excited by the silicon sub-
strate surface. The interference effects triggered by this cou-
pling constitute the key mechanism for LIPSS formation.
Typically, the formation of LIPSS is commonly explained
by the interference of the incident laser with surface electro-
magnetic waves scattered or excited due to surface rough-
ness, leading to periodic energy deposition and surface mod-
ification. A critical mechanism in this process involves the
excitation of surface electromagnetic waves [19,20], partic-
ularly the formation of SPP [21-23].

SPP excitation at a planar interface requires the real part
of the dielectric constant of the material on one side of the
interface to be negative and smaller than the negative real
part of the dielectric constant of the medium on the other
side (for a metal-air interface, i.e., Re(em) < -1) [24]. Alt-
hough photoresist films and silicon substrates are typically
regarded as non-plasmonic materials [25]. However, under
pulsed laser irradiation, the silicon surface undergoes signif-
icant changes. Specifically, through nonlinear ionization
processes, the electron density in the silicon conduction
band increases significantly, forming a dense electron-hole
plasma. This causes the real part of silicon's dielectric func-
tion to become negative at the laser wavelength (532 nm),
resulting in transient metallization [17]. This transformation
enables the silicon surface to become a plasmonically active
material capable of supporting SPP excitation.

This transient ‘metallic-like’ optical response on silicon
surfaces provides a plausible mechanism for explaining
LIPSS formation under these conditions. It enables the sur-
face to couple photons and excite SPPs, leading to periodic
modulation of the surface. Therefore, this paper argues that
the period of LIPSS is primarily determined by the period
of SPP, i.e., Aripss=Aspp. The value of Aspp is determined

by the dielectric constants of the two media and the wave-
length of the incident laser [26]. This research, Ay=532 nm,
eg=—14.2 [27], e4=1 [28]. The cycle can be expressed as:

Aspp = Adj, 8i+£d (1)
Es+&d

The resulting theoretical period is ~513 nm. This theo-
retical value agrees closely with the experimentally ob-
served average LIPSS period (530 + 5 nm). This indicates
that the theoretical model employed can effectively predict
and explain the formation of LIPSS in this experiment.

As shown in Figure 4, the threshold for LIPSS for-
mation show a decreasing trend with the increase of the
number of laser pulses under different film thickness condi-
tions. However, this study observed a phenomenon worthy
of further investigation: after a specific number of pulses
(e.g., N=3 or N=5), the energy threshold required to induce
specific surface morphologies (such as silicon melting) ex-
hibits a slight rebound. For instance, when the photoresist
thickness is 420 nm, the silicon melting threshold under
N=3 pulses is slightly higher than that under N=1; when
N=5, the silicon melting and ablation thresholds under a 620
nm thick film are slightly higher than those under a 420 nm
thick film.This may be related to thermal diffusion and
stress accumulation, where thermal diffusion expands and
causes localized thermal stress release. Although this trend

is small, it indicates the complexity of the nonlinear corre-
spondence and dynamic evolution during laser-induced sur-

face topography changes.
Feedback effects play a significant role in multi-pulse

laser irradiation. Single-pulse laser exposure results in sur-
face roughness with defects and photoresist melting. These
rough surfaces, defects, and photolysis products may con-
tribute to the coupling of energy from subsequent laser
pulses and promote laser absorption on the material surface.
As this process is repeated, the positive feedback effect trig-
gered by multi-pulse laser exposure favours the formation
of ripple structures [29]. This is precisely why LIPSS does
not occur when the pulse count is 1.

Experimental evidence shows that the expansion of la-
ser-induced ablation plumes is hindered by the presence of
the confinement layer [30]. As the laser interacts with the
material, the laser energy is rapidly absorbed by the material
surface when the laser energy exceeds a certain fixed thresh-
old. This results in localized areas of melting, vaporization
and the formation of high temperature, high density plasma
clouds following ionization. The expansion of the plasma
can lead to the generation of high-pressure excitations,
which induced excitation stress develops with the laser en-
ergy [31].

Figure 5 schematically illustrates the generation of
plasma under two conditions: without film confinement and
with film confinement. Figure 5(a) shows the unconfined
pure silicon sample surface model, where the laser can act
directly on the pure silicon surface. At this condition the
plasma is not constrained by the outside surroundings and is
free to expand outwards. The energetic particles of the
plasma interact with the silicon atoms, leading to the re-
moval and reorganization of the surface atoms, resulting in
the formation of ordered microscopic textures. These tex-
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tures are usually caused by the interference between the in-
cident laser beam and the scattered waves from the surface
[32,33]. This interference results in periodic modulation of
energy deposition, thereby forming patterns on the material
surface.

When using a confinement layer with photoresist, the
high temperature and high-pressure cloud generated by the
plasma extends the interaction time with the silicon sub-
strate under the expansion constraint of the photoresist. This
allows the silicon substrate to absorb most of the laser en-
ergy, thus rapidly warming up and facilitating the formation
of LIPSS at a lower laser energy density. After the ablation
of the photoresist, LIPSS is observed on the silicon surface,
as shown in Figure 5(c). The weak absorption of the photo-
resist layer at 532 nm ensures that incident energy can ef-
fectively penetrate and act upon the silicon substrate, con-
sistent with our observations of melting and phase transi-
tions occurring on the silicon surface.

Side by side, it proves that the penetration ability of la-
ser energy to photoresist layer is relatively stable within a
certain thickness range. When the film thickness varies
within a certain limit, the plasma is still able to effectively
act on the silicon surface, thus maintaining the LIPSS for-
mation threshold.

(a) (b

air Laser air

5. Conclusion

The formation of LIPSS on a silicon substrate through
nanosecond pulses (A=532 nm, =8 ns) is experimentally
demonstrated with a restraining layer of photoresist.The re-
sults show that the formation of LIPSS depends on the laser
parameters, including the laser energy density and the num-
ber of pulses. The period of LIPSS is in the range of 530 +
5 nm and the direction of LIPSS is perpendicular to the laser
polarization direction.

Experimental results indicate that the coupling process
between plasma and laser energy promotes the formation of
LIPSS. Under laser irradiation, the photoresist on the sur-
face of the silicon substrate changes the behaviour of the
surface plasma, which in turn exerts a modulation effect on
the energy distribution and excitation of the plasma. This
modulation effect is manifested in the way that the photore-
sist affects the local intensity distribution and surface wave
propagation characteristics of the plasma by absorbing laser
energy and changing the local electron density, thus signifi-
cantly affecting the formation process of LIPSS.

This study contributes to a better understanding of the
laser processing mechanism under layered structures and
promotes the potential application of laser micromachining
technology.
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Fig. 5 illustrates the laser-induced plasma generation on the surface of pure silicon samples with and without a photoresist confinement
layer. (a) surface Model of Pure Silicon Samples Without Constraint Layers. (b) and (c) represent surface models of pure silicon samples
with a constrained layer.
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