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Metal films on transparent substrates are widely used for mask production in lithography, and lasers are fre-
quently applied for their patterning. Steady self-organization of a chromium thin film on the glass substrate to
parallel metal lines under irradiation with partially overlapping highly astigmatic nanosecond laser pulses
above the ablation threshold has been observed. Transformations in a chromium film were investigated experi-
mentally and numerically. The theoretical model of the steady self-organization is presented and discussed. It
was demonstrated that the capillarity convection force was responsible for the transformation process in the
molten metal. It was shown that the thermo-capillarity (Marangoni) shear stress and the stress originating
from a variation in the radius of curvature along the structure were equally important in the case of the steady
self-organization process.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Metal films on glass are widely used in industry for diverse applica-
tions. A chromium film on glass is an important material for photomask
production in lithography [1,2], as well as for the production of diffrac-
tion gratings [3], and linear optical encoders for metrology [4,5]. Lasers
are frequently applied to pattern the metal film instead of the wet-
chemical or plasma etching [6,7]. When performing micromachining
using the lasers, bursts of low-energy pulses are employed to minimize
heating of the film. However, nanoparticle arrays [8], ripples [9] and the
laser-induced periodic surface structures, are observed at intensities
near the ablation threshold [10,11]. Such transformation of the metal
film under the laser beam irradiation into a regular structure is to
some extent anundesirable effect but sometimes it is a promisingmeth-
od for micro- and nano-structuring of the functional surfaces [12].

In our previous research, the beam of a nanosecond laser tightly fo-
cused to a linewas applied for the back-side ablation of the thin chromi-
um film on the glass substrate [13–15]. The stripe-like area ablatedwith
a single laser pulse had cylindrical ridges of themeltedmetal.While, the
partially overlapping laser pulses transformed chromium film into par-
allel, quasi-parallel or irregularmetal lines, dependingon theprocessing
parameters. Regular structures of the resolidified chromiummetalwere
formed when laser fluence was above the single-pulse removal thresh-
old and the pitch between pulses was less than the half width of the

stripe ablated with a single laser pulse. The regular self-organized
metal lines were located periodically with the period of 2.5–4 μm.
Chromium lines were orientated perpendicularly to the long axis of
the beam spot and their length increased with every shifted pulse. For-
mation of regular diffraction gratings was experimentally implemented
by using the above-mentioned technique [16]. The Rayleigh–Plateau in-
stability was introduced as an initiator of the self-organization of a flat
metal film into parallel metal lines [17–19]. The physical phenomenon
responsible for the steady continuation of the self-organization of the
chromium thin film on the glass substrate into the regular structures
was still unknown.

In this work, the theoretical model of the steady continuation of the
self-organization is presented. It is demonstrated that the capillarity
convection force is responsible for the steady continuation of the self-
organized metal lines. It was shown that the thermo-capillarity
(Marangoni) shear stress and the stress originating from a variation
of the curvature radius along the ridge structure were equally im-
portant in the case of the steady self-organization process.

2. Experimental setup and procedures

Experiments on the laser ablation were performed by using the
diode pumped nanosecond Nd:YAG laser NL202 (Ekspla Ltd.) with the
Gaussian intensity profile. The acylindrical lens specially designed for
the tight aberration-free focusing through the glass substrate to the
backside of the chromium thin film was used in the experiments
(Fig. 1). The astigmatic laser spot at the focal position was a high
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aspect-ratio stripe with the dimensions of wx0 = 2.5 μm by wy0 =
2.5 mm. The spatial energy density distribution in the spot is given by:

Φ x; yð Þ ¼ Φ0 exp −2x2=w2
x0−2y2=w2

y0

h i
; ð1Þ

where x and y are the spatial coordinates, Φ0 = 2Ep/(πwx0wy0) is the
peak laser fluence at the center of the beam, and Ep is the laser pulse
energy.

The laser generated the radiation with the wavelength of λ =
1064 nm, and the pulse duration full width at half maximum (FWHM)
was τp=10 ns. The pulse energywas up to Ep=2mJ. The laserwas op-
erating at the pulse repetition rate of fRep = 1 kHz in the regime of the
position-synchronized output, controlled by the positioning system. A
detailed description of the experimental setup can be found in [13].

The chromium thin film was deposited by vacuum evaporation on
the float glass substrate. The thickness h of the films used in experi-
ments was 100 nm. The thickness of the glass substrate was 4.8 mm.

Samples were placed on the high-precision stage ALS25020
(Aerotech) and were irradiated with a sequence of partially overlap-
ping laser pulses (Fig. 2). The distance Δx between the overlapping
laser pulses (pitch) was precisely controlled by the motion control-
ler and a computer. Morphological investigations of the structures
were performed by using CPII (Veeco) atomic force microscope
(AFM). AFM was used in contact mode by using a standard cantile-
ver with the tip radius of curvature of 60 nm.

3. Numerical simulations

The aim of the modeling was to investigate the temperature distribu-
tion in the self-organized structures at the location and time of the last
laser pulse in the sequence. The goal was to determine the temperature

gradients in the heated structure and to estimate the time span
while the chromium metal stays in a liquid state. The modeling
was performed by using COMSOL Multiphysics software.

4. Background: capillarity convection

4.1. Thermo-capillarity (Marangoni) convection in liquid metal

Surface tension γ is a thermodynamic property of the liquid which
depends on the temperature and other parameters such as chemical
composition and surface cleanliness [20]. If the temperature difference
is small, the temperature dependence of γ(T) can be linearized in such
a way that dγ/dT is a constant. It is usually a negative value for liquid
metals [21]. When the temperature varies substantially along the free
surface, the gradient in the surface tension dγ/dx results in a shear
force, which causes fluid to move from the hot region to the cold region
[22,23]. This phenomenon is called thermo-capillary or Marangoni con-
vection [24]. The velocity of a liquid metal can be calculated using the
following equation [25]:

uMa ¼
1
η
dγ
dT

dT
dx

h; ð2Þ

where η is the dynamic viscosity of a fluid, h is the thickness of a liquid
metal and dT/dx is the temperature gradient. In thin films irradiated
with the Gaussian beam, the Marangoni flow results in the formation
of dry areas. The surface tension gradient due to the non-uniform
heating induces a flow of the molten liquid metal away from the center
of the irradiated area, leading to the formation of dry areas on the sub-
strate [26,27].

Fig. 1. Principal scheme of the experimental setup.

Fig. 2. Representation of the experimental procedure. Cr thin film is irradiated with the sequence of laser pulses and transformed to self-organized metal lines.
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