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Picosecond Laser Beam Interference Ablation of Thin Metal Films on
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Interfering laser beams with the high pulse energy provide an opportunity of direct laser pattern-
ing of materials in a predetermined way. This study reports results of the laser beam interference ab-
lation of thin metal films on the glass substrate irradiated with the picosecond laser. Gratings and
grids consisting of metal wires of several hundred nanometers were produced in a chromium film. A
matrix of nanodots was obtained after irradiation of a aluminum film. The period of structures

caused by interference was close to 2 um.
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1. Introduction

Properties of the surface highly depend on its relief.
The best example is a lotus leaf with the “self-cleaning”,
hydrofobic feature. Micro- and nano-structuring with spe-
cific patterns and at localized places is useful to control
wettability, lubrication and other properties of the surface.
Artificial structures borrowed from the nature are applied
in automotive industry as well as in photonics and bio-
medical research.

A laser beam may be applied to make diverse structures
on most technical and biological surfaces. Laser direct
writing (LDW) is a flexible method with spatial resolution
limited by a spot size. Performance of LWD for real appli-
cations on large areas is too low when fine structures
should be produced [1]. Laser induced periodical surface
structures, ripples, [2] are useful to control surface absor-

bivity [3], however, it is difficult to create a desirable shape.

Laser patterning using interference of several beams is
the technique capable of producing the sub-wavelength
features not limited by a beam spot size and it is an effec-
tive method of forming two-dimensional (2D) and three-
dimensional (3D) structures [4]. The periodical structure
can be controlled by changing an incidence angle of the
beams, radiation wavelength, phase difference between the
beams, polarization and energy. 1D and 2D structures were
produced by combining several laser beams [5]. Holo-
graphic lithography by combining a few beams of a femto-
second laser and the controllable phase shift between them
was used for formation of periodic structures in photo-
polymers [6].

Different techniques are applied to produce the interfer-
ing field of laser radiation. In the Lloyd’s schema, part of
the expanded beam is reflected from a tilted mirror and it
interferes with the incident light on a sample surface. The
period of the patterns can be adjusted by an angle between
the mirror and samples [7]. The schema is simple, but it
can be used with the cw or long pulse lasers. Compensation
of temporal delay between separate beams is required to
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get interference with short laser pulses when the laser beam
is split using partially reflecting beam-splitters [8, 9].

For ultra-short laser pulses (< 10 ps) diffractive optical
element (DOE) is preferable instead of mirrors, as DOE
inclines the wave front in such a way that it remains per-
pendicular to the common optical axis and an overlap of
the beams is ensured over the whole beam diameter. The
optical path for all beams is exactly the same, and the pe-
riod of the structure is independent of the wavelength, as it
is defined by the DOE period [10]. DOE has recently be-
come popular for splitting the laser beam into the desired
(more than two) number of beams as well. Additional op-
tics is applied to combine those beams to produce interfer-
ence patterns [6].

The interfering laser beam with a high pulse energy
was applied to direct laser ablation in bulk metals [11, 12]
and metal films [13, 14]. The optical absorbance of the
metallic surface was enhanced by using the interferometric
laser surface patterning [15].

In this work, the high pulse energy picosecond laser
was applied to produce interference patterns in thin metal-
lic films by direct ablation. The laser beam interference
ablation (LBIA) was tested as a method of laser patterning
over large areas.

2. Experimental setup and procedures

The picosecond laser PL2241 (Ekspla Ltd.) with a high
pulse energy (1 mJ) was used in the experiments. The pulse
duration at FWHM was 25 ps. The laser generated the
1064 nm radiation at the repetition rate of 250 Hz. The la-
ser was selected because of the high pulse energy, and the
laser fluence above the ablation threshold was maintained
over a large focal area. The attenuator made of a thin half-
wave phase plate and a thin film polarizer was used to con-
trol the laser pulse energy. The laser beam was split into
two beams at an angle of 10 degrees by the diffractive opti-
cal element (DOE, Holo/Or Ltd.) with a period of 12 um.
The diffraction efficiency to =1 order maxima was 40 %
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each with 2.5% remaining in a zero-order beam. The trap
was used to block the zero order maximum of the diffracted
beam, because it was found that even such low intensity in
the beam significantly affected the period of interference
modulation. The piezoelectric 3-axis positioning system
PIHera (Physical Instruments) with the movement range of
0.5mm in xy and 0.25 mm in z directions was used for
precise focusing of the beam and scanning of the sample.
Experimental setup is shown in Fig.1.
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Fig. 1 Setup for the laser beam interference ablation experi-
ments with two beams and 4F imaging system. PL2241 — laser,
A2 - half-wave phase plate; P - thin film polarizer; DOE — diffrac-
tive optical element; CL - cylindrical lens; SL - spherical lens;
PIHera — piezoelectric 3-axis positioning system.

The image of the DOE was translated to the workpiece
surface by two lenses arranged in the 4F system. The first
lens with the focal length of F; was placed at that distance
from DOE, and both beams propagated in parallel. The
second lens was added at a distance equal to the sum of
both focal lengths F;+F,. Both splitted beams interacted
beyond the second lens, creating the interference patterns
in the intersection area.

L1

L2

Fi F1+F2 F2
Fig. 2 The optical imaging system with two lenses in 4F ar-

rangement.

The 4F-lens image translation system made of a cylin-
drical (CL) lens and a spherical (SL) lens was used to make
interference pattern on the sample. One cylindrical lens
was used instead of a spherical one to focus the beam in
one direction in order to get a higher energy density on a
workpiece. The energy density in the elliptical spot modu-
lated by the interference was given by:

F(x,y)=Fye Vs My [1+cos(27zx/A2)] M

>
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where X, y are coordinates in the workpiece plane, F) is the
energy density in the center of the Gaussian beam. The spot
waists wy, and wy, in the x and y directions, respectively,
(1/¢* level) were measured by using a simple technique
[16]. A, is the interference modulation period. The energy
density in the center of the beam can be estimated from:

FO =—p
ﬂ'WOxWOy

2

E, is the whole pulse energy emitted by the laser. Due to

interference, the fluence was equal to 2F, at the interfer-

ence maximum and zero at the minimum. The modulation

period in the workpiece plane due to interference can be

written as:

M B
2 R (3)

F; and F, are the focal length of the CL and SL lenses

in the 4F imaging system, A; is the period of the DOE. The
numerical calculations were performed in order to deter-
mine sensitivity of the interference patterns to the align-
ment of beams. Deviation from the exact position led to the
reduction in intensity maxima and the modulation depth.
Modulation disappeared when a workpiece was displaced
by at least 0.5 Az/zr (zz — Raleigh length) from the focal
plane of the second lens.
The ablation threshold of complete removal of the chro-
mium thin film from the glass substrate was measured by
using a simple technique [16] based on the regression
method by measuring ablation diameters at different flu-
ences. The ablation (film removal) threshold F, was found
to be equal to 1.4 J/cm” (incident energy) for the chromium
film, and the spot size was as large as 300 x 7 pm”.

2

3. Irradiation of chromium film by the interfering la-
ser beam

3.1 Single pulse ablation

A thin chromium film with the thickness of 100 nm on
the glass substrate was used in the experiment. An elliptical
spot with intensity modulation due to interference along the
long axis was applied on the sample. The metal was ablated
at the interference maxima. The chromium film ablated
with a single laser pulse is shown in Fig.3.

X4,000

Fig. 3 The scanning electron microscope (SEM) image of re-
solidified chromium grating on a glass substrate made by a single
pulse irradiation with two interfering laser beams. The black area
presents openings in the chromium film. Dark grey area is an
initial chromium film. The white area is re-solidified chromium.
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The period of the re-solidified chromium grating was
2 pm and it was in agreement with the period from calcula-
tions by using equation (3).

3.2 1D periodical grating formation

The regular 1D grating on a thin chromium film was
produced over a large area by scanning the interfering
beam through the workpiece along the interference lines (y-
axis). The resulting picture is shown in Fig. 4.

Fig. 4 SEM image of the re-solidified chromium grating on a
glass substrate made by the laser beam interference ablation.

Metal was ablated at the interference maxima by a sin-
gle laser pulse. The sample was shifted along interference
lines (y-axis) by a distance shorter than the spot dimension
(7 pm) to ensure overlapping of laser pulses. The grating
was increasing by the line length with every subsequent
laser pulse. The submicron wires of chromium were devel-
oped from the metal film left on the glass substrate after
ablation. The period between chromium wires was 2 pm.
The typical width of chromium wires was 0.2 — 0.5 um.
Droplets of metal remained on the wires. The droplets were
formed from the redundant molten metal. It was possible to
arrange them regularly (see insert in Fig.5a) by controlling
the translation speed in y direction and the pulse energy.
The speed was responsible for spatial overlapping of laser
pulses.

3.3 2D periodical grating formation

The sample was fixed on 3-axis piezo-stage in order to
get structures over a large area. The positioning system was
able to move 500 pm in x and y directions and 250 um in
the z direction with the minimal programmable step of
10 nm. The translation speed and laser pulse energy were
varied in a wide range. Energy density was varied in a wide
range starting below the ablation threshold up to the high
enough one to ensure complete removal of the film. The
spot was scanned in the direction perpendicular to the long
axis of an elliptical spot. The scanning speed in the y-
direction (vertical in Fig. 5-8) was changed to perform laser
patterning at high pulse overlapping as well as with sepa-
rate laser pulses. However, high quality periodical struc-
tures, stable over the whole scanning field, were formed
when the pulse energy was 70 — 80 uJ and the scanning
speed was in the range of 550 — 1000 um/s. In other cases,
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the chromium film was evaporated completely or the glass
substrate was damaged.

It was found that the pulse energy of 77 puJ was suffi-
cient to evaporate the Cr film by a single shot. However,
the ridges around the evaporated area were always formed
from melt. Therefore, three pulses of the same energy were
required to remove the metal of the elevated thickness. The
1D-periodical grating was formed when the scanning speed
was reduced down to 600 pum/s, which corresponded to the
shift between laser pulses equal to 2.4 um (laser repetition
rate 250 Hz). In this case laser fluence was sufficient to
remove the ridges formed by the previous laser pulse. At
the same time, the laser fluence was not high enough to
damage the glass substrate (Fig. 5).
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Fig. 5 Optical microscope image of the 2D re-solidified grat-
ing with the period of 2 um x 3 pum on the glass substrate made by
the laser beam interference ablation: a) the bright-field micros-
copy; insert - SEM image of re-solidified submicron wires on a
glass substrate made with pulse energy of 77 uJ; b) Fast Fourier
transformation (FFT) of the transmitted light. Pulse energy: 80 uJ;
translation speed: 600 pmy/s.

The Fast Fourier transformation in Fig.5b shows main
periods and harmonics in the feature separation over the
chromium film irradiated with the laser. Periodicity was
maintained with high precision.

The different situation occurred when the scanning
speed was increased to 750 um/s. The shift between laser
pulses then was 3 um. The ridge produced by the previous
laser pulse could not be removed with the next pulse.
Therefore, the 2D-net type periodical structure with the
period of 3 pm along the y direction and the period of
~2 um along the x direction due to the laser interference
was fabricated (Fig. 6a). Vertical lines are due to interfer-
ence, while horizontal lines are remains of unablated metal.
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The area of the periodical structure formation was limited
by the translation range of the piezoelectric motors.

(b)

Fig. 6 Optical microscope image of the 2D re-solidified grat-
ing with the period of 2 um x 3 pm on the glass substrate made by
the laser beam interference ablation. (a) bright-field microscopy;
(b) FFT of the transmitted light. Pulse energy: 80 uJ; translation
speed: 750 um/s.

The grating shows increased diffraction in the y direc-
tion (Fig. 6b) compared to the previous picture (Fig.5b) due
to periodicity formed by boundaries between the single-
pulse ablated areas.

By increasing the scanning speed the period of the
structure increased in the y direction. When the speed was
higher than 1000 pm/s, the structures became unstable over
a large area due to variation in the translation performance
of the translation stages. The areas ablated with single shots
did not overlap when the speed was increased above
1500 um/s as the shift between pulses exceeded the beam
diameter along the y axis and separate ablated holes were
produced.

4. Results on LBIA in other metal films

Similar laser beam interference ablation tests were per-
formed with different metals on the glass substrate: alumi-
num, gold, silver, aluminum and copper. The thickness of
the metal foil on the glass substrate was 100 nm for all
metal films.

In aluminum, no ridges were formed on rims of the ab-
lated area. The metal was completely removed when the
laser fluence was above the ablation threshold. Therefore,
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the only structure we succeeded to form in the metal was a
matrix of sub-micron dots of aluminum on irradiation
boundary of two not-overlapping laser spots modulated by
the interference (Fig. 6).

Fig. 7 Matrix of nano-dots remaining of aluminum film after
repetitive irradiation of the aluminum film with the interfering
laser beam. Pulse energy: 50 pJ; translation speed: 750 pm/s.

When the pulse energy was reduced to 15 pJ keeping
the same scanning speed (v = 750 pm/s), periodically
spaced Al triangles were formed instead of circular dots.

The gold film was tested in a wide range of laser-
translation parameters. The pulse energy was varied from
70 pJ to 200 pJ, and the translation speed - from 7 um/s to
750 pum/s. Regular structures were not formed in gold, only
partially developed periodical features were found in the a
very narrow range of process parameters (Fig. 8).
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Fig. 8 Partially developed periodical structures in the gold
film. Small variations in the process parameters (pulse energy,
translation speed, etc.) led to the abruptive 1D structure. Pulse
energy: 80 pJ; translation speed: 20 pm/s.

The silver film was tested when the pulse energy was
varied from 10 pJ to 70 pJ, and the translation speed was
from 50 um/s to 750 um/s. The copper film was tested
when pulse energy was varied from 200 pJ to 350 pJ, and
the translation speed was from 50 um/s to 1200 um/s. In
both cases, no regular periodical structures were observed.
Laser energy ablated completely the film at a higher irra-
diation dose, or no effect on the film structure was ob-
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served at lower irradiation from the examined range of the
process parameters.

5. Discussion

The structures were formed in all cases when laser flu-
ence at interference maxima was above the ablation thresh-
old (and the film removal threshold), estimated without
interference. In that situation, evaporation of metal was the
main driving force in creation of periodical openings in
metal films.

Even using the identical periodical interference field to
irradiate the metal films, they behaved differently. Trans-
formations in the thin metal film appeared after laser irra-
diation due to the coupled energy. Melting and vaporization
of the metal took place when the energy density was high
enough to increase the film temperature. Interference of the
laser beam intensity along the long axis of the elliptical
spot in the focal plane led to periodical variation of the
coupled energy in the metallic film.

The finite element simulation of temperature profile
dynamics was carried out to calculate variation of the sur-
face temperature over a single interference period depend-
ing on the time spent after the irradiation started. The pulse
duration of the used laser was 25 ps. That moment corre-
sponded to the highest temperature reached at the interfer-
ence maximum. The Multiphysics software package
(COMSOL) was used for simulation. The intensity ab-
sorbed by the metals was kept the same (I apsorbed =
1.2x10" W/m?, which corresponds to fluence Fj spsorbed =
0.03 J/cm®) to have possibility to compare the behavior of
different materials at that level of excitation. The absorp-
tion coefficient was assumed to be as high as a=7x10° cm™,
which corresponded to the absorption depth of 1/a = 14 nm,
when the film thickness was 100 nm. The parameters typi-
cal for the metals with high reflectivity were selected, and
no variation in surface reflection depending on the tem-
perature was considered. Results of simulations are shown
in Fig. 9.

Even at that low irradiation intensity, the temperature
of metallic films increased above the evaporation point in a
wide area surrounding the interference maximum for all the
metals during the laser pulse duration. Thermal conductiv-
ity forced the heat diffusion toward the interference minima.
Surface tension forces in molten metal facilitated formation
of metal wires at interference minima until solidification
took place. They were responsible for the final shape
(cross-section) of metal wires remained on the glass sub-
strate, but they were not included into modeling.

A similar simulation for bulk metals was performed in
[12]. The temperature profiles as well as the quantities of
molten and vaporized material as a function of the laser
fluence value were estimated. The duration of the structur-
ing process (molten phase) was found to be as long as
600 ns according to both experimental measurements and
the numerical calculations.

According to our simulation, in case of aluminum, the
metal film was melted even at the interference minima in
the time span exceeding 2.5 ns. The gold film remained
solid close to the minima and evaporation was reduced due
to a higher evaporation temperature. Due to the low ther-
mal conductivity of chromium, the maximum temperature
was high and evaporation was intensive at the interference
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maxima for a short time period. However, the temperature
at the interference minima remained significantly lower
than the melting point. This prevented the material removal
after irradiation in a wide range of irradiation doses. There-
fore, the structure of the interfering laser field was easily
transferred to the metal film in case of chromium.
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Fig. 9 Simulation of dynamics in surface temperature distri-
bution in aluminum (a), gold (a) and chromium (c) films irradi-
ated with the interfering laser beam (one longitudinal period).
Laser pulse duration: 25 ps. Time marked near the curves is
counted from the laser pulse start. Melting and evaporation tem-
peratures are shown.

Tendency of chromium to create stable periodical struc-
tures was observed by homogeneous linear laser irradiation
[17, 18, 19]. The periodical ripple gratings formed by self-
organization in the chromium thin film on the glass sub-
strate are similar to the gratings created here by the laser
beam interference. But, there are some differences: the pe-
riod in ripples was gradually changed by controlling the
laser fluence or a shift between pulses [17]. The period in
the interference grating can be set to only specific values
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by changing the magnification in the 4F imaging system.
The width of chromium wires in ripples is roughly a half of
the grating period, in contrast to the wires made by the in-
terference. The width of wires can be achieved much thin-
ner than the period of grating in this case.

Diverse behavior of the films depending on the metal,
the shift between pulses and laser fluence was observed in
[20] at homogeneous line irradiation. In chromium, the
regular structures were developed in a quite wide range of
processing parameters. In gold, three kinds of ripples were
developed in a narrow processing window. Aluminum,
copper and silver did not show a regular structure.

The results for various metal films have similarities
with our results on the laser beam interference ablation.
The combination of physical properties of the metals facili-
tated partial vaporization of the film and structure forma-
tion in molten state due to the thermal gradient and surface
tension.

6. Conclusions

The interfering laser beam was applied to pattern thin
metallic films on the glass substrate. The high-pulse-energy
picosecond laser, DOE and two-lens imaging system as
well as the sample translation system made it possible to
create the structures with a period of 2 pm over a large area
in the chromium film.

The one-dimensional periodical gratings were produced
by using the elliptical laser spot modulated by interference
and overlapping laser pulses. The metal wires with the
width in a sub-micron range were formed. The two-
dimensional periodical gratings were produced when laser
pulses did not overlap significantly. The period could be
controlled in the translation direction in the range of 2.5 —
5 pm.

Matrix of nanodots was developed in the aluminum
film irradiated with a series of not-overlapping laser beams
modulated by interference. Stability of the system was not
high enough to develop a regular structure in the gold film.
Copper and silver did not show any tendency in regular
structure formation using the interfering laser field.

Simulation of thermal distribution revealed that differ-
ences in heat conduction of metals as well as other thermal
properties were responsible for diverse behavior of chro-
mium, gold and aluminum under their irradiation with the
interfering laser beam.

The laser beam interference ablation might be used as a
method for large area laser patterning.
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