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Abstract We have studied material processing by using an
interfering ultra-short pulse laser. In this process, an inter-
ference pattern is transferred to material surface, and a pe-
riodic structure can be generated in a single shot of laser
irradiation. Here, it is well known that the period of the in-
terference pattern can be controlled by correlation angle and
wavelength. In addition, a composite, doubled in density or
designed interference pattern can be formed by controlling
the phase shift and variation of amplitude between the inter-
fering laser beams. In this paper, basic patterns of interfer-
ence are summarized in the case of four-beam correlation.

1 Introduction

Nanotechnology has been a topic for over two decades. We
have been working on metallic thin film processing by in-
terfering laser to fabricate nanostructures in lattice [1-9].
Such structures are called “metamaterial”, in which a dis-
tinctive nature can be induced or enhanced. An example unit
structure is nanomesh [2, 3], where nano-sized holes are ab-
lated, which is known as MHA (metal hole array), showing
the extraordinary transmission phenomenon. On the other
hand, liquid motion of metal can be induced by periodic in-
duction of energy by interference, and 3-dimensional struc-
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tures such as nanobump [3], nanowaterdrop [3, 7], nanonee-
dle and nanowhisker [5, 8] were fabricated successfully. In
short, a concave structure is fabricated according to the dis-
tribution of low fluence region, and 3-dimensional structure
is fabricated according to that of high fluence region.

The unit structures, convex or concave, and the matrix
decide the basic characters of the metamaterials. To control
them, an interference pattern has to be designed. In the past
experiments and simulations, the number of beams, ampli-
tude difference and phase shift between the beams were use-
ful to control the interference pattern, and some designed
structures could be obtained, such as duplicated, doubled
and designed structures [7, 13]. In this paper, we survey the
interference pattern of four countering beams by simulation.
We show 21 pictures categorized into six figures. The design
of higher fluence and lower fluence is investigated in detail.

2 Calculation

Interference of laser has been applied to create periodic
structures such as fiber grating, distributed-feedback laser.
In case of material processing, an interference pattern of two
beams was applied to direct photo-dissociation of a poly-
mer [10]. In this simulation, we use four countering fem-
tosecond laser beams forming a quadrangular pyramid ac-
cording to our past experiments, as shown in Fig. 1 (in the
case of six beams, please check the other paper [13]). They
interfere through a demagnification system [2], and this con-
figuration was firstly examined by Maznev et al. in the case
of two beams [11], was applied to four beams by Kondo et
al. [12], and the interference pattern in the case of six beams
has been investigated by our group [13]. The femtosecond
laser can achieve a resolution better than a wavelength in
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material processing, so it is suitable for interfering laser pro-
cessing in which the period can be shortened to wavelength.

In any case, the interference pattern of multi beams can
be calculated in the following equation;

1=<XijE,-2> (1)

here (A(t)) explains time average of A(r). E; explains each
of the electrical fields of the beams a, b, ¢ and d, which are
illustrated in Fig. 1. We assume that four beams interfere
evenly at an interference angle 6 to substrate normal, where
an interference pattern is projected. The rotation angle 6y
is set to 0, 90, 180, 270, respectively. In this simulation, we
assume a continuous wave for simplicity as follows;

Ei(i=a,c)=E;jcos(kcosf xzFksinb xx — ot + ¢;)

2
b
Ei(i=b,d)=Ejjcos(kcosO xz Fksind xy — ot + ¢;)
Fig. 1 Explanation of interfering four beams 3)
Table 1 Shapes of higher- and lower-fluence regions
Figure Higher fluence Lower fluence E, Ep E, E4 Ga /T op/7 ¢c/T ¢a/m
2(a) Circle/round box Mesh 1 1 1 1 0 0 0 0
2(b) Circle/round box Mesh 1 1 1 1 0 0.25 0.25 0.25
2(c) Circle/mesh Four countering ellipses 1 1 1 1 0 0.5 0.5 0.5
2(d) Circle/mesh Four countering 1 1 1 1 0 0.75 0.75 0.75
ellipses/boxes
2(e) Double/check Double/check 1 1 1 1 1 1 1
3(a) Ellipse Ellipsoidal mesh 1 1 1 1 0 0.5 0.5 0
3(b) Ellipse Triangle mesh in 1 1 1 0 0.5 0.5 0
hexagon
3(c) Ellipse Wave/ellipsoidal mesh 1 1 0.5 0.5 0 0.5 0 0.5
3(d) Ellipse/linear beads Wave/ellipsoidal mesh 1 1 0.5 0.5 0 0.5 0 1
3(e) Ellipse/cat’s eye/pea Ellipse/cat’s eye/pea 1 1 0.5 0.5 0 0.5 0.5 1
4(a) Circle/droplet Triangle mesh/mesh 1 1 1 0.5 0 1 0.5 1
4(b) Circle/droplet Triangle mesh/mesh 1 1 1 0.5 0 1 0.5 0
4(c) Circle/droplet Triangle mesh/mesh 1 0.5 1 1 0 1 0.5 0
4(d) Circle/droplet Triangle mesh/mesh 1 0.5 1 1 0 1 0.5 1
4(e) Pea/ellipse Star cross/ellipse 1 0.5 1 0.5 0 0.5 0.5 0
5(a) Peanuts Round triangle mesh on 1 1 0.5 1 0 0.5 0.5 1
hexagon/peanuts mesh
5(b) Peanuts Round triangle mesh on 1 0.5 1 1 0 0.5 0.5 1
hexagon/peanuts mesh
5(c) Round triangle mesh on Peanuts 1 0.5 0.5 0.5 0 1 1 1
hexagon/peanuts mesh
6 Round half-moon, Round half-moon, 1 0.5 1 0.5 0 0 0.5 0.5
wave, step wave, step
7(a) Round triangle Mesh, boomerang 1 0.5 0.5 0.5 0 0.5 0.5 0.5
7(b) Round trapezoid Mesh, gull 1 0.5 1 0.5 0 0 0.5

@ Springer



Designing of interference pattern in ultra-short pulse laser processing

193

4 4

2 2

higher fluence

lower fluence

F>90% F>80%
(i) (i)
F>70% F>50%

Fig. 2 Interference patterns as a function of phase shift. (a) A¢, =0,
(b) Agy = 17, (€) Agy = 37, (d) Ady = 37, and (e) Ag, = 7. Top
pictures are simulated interference pattern. Sets of four pictures in the
middle are corresponding contour plots at different thresholds. Bottom

where k is wave number, w is angular frequency, ¢; is phase
and E; is amplitude of electric field, which is linear to square
root of beam intensity /;. In these formulas, the sign of the
second term is minus in the cases of ¢ and d beams.

The parameters are intensity and phase, as summarized
in Table 1. The beam intensity E;o was set to 1 or 0.5, and
phase shift ¢; was 0, %71, %TL’, %71 or 7. It should be no-
ticed that there are huge numbers of axial-symmetric, point-
symmetric patterns, which are summarized in six figures
composed of 21 interference patterns. The shapes of higher-
and lower-fluence regions are also summarized in the table.
In this simulation, wavelength is set to 785 nm, and 6 is set
to 14.6° according to past experiment [5, 6].

3 Results and discussion

The interference pattern variation as a function of phase
shift of three beams, corresponding to the phase shift of one
beam, is shown in Fig. 1. The top pictures are simulated in-
terference patterns, where the red region represents higher
fluence, and the violet region represents lower fluence. The

inserts explain the thresholds of the contour plots: (i) (90 %, 10 %) at
top left, (ii) (80 %, 20 %) at top right, (iii) (70 %, 30 %) at bottom left,
(@iv) (50 %, 50 %) at bottom right, respectively

sets of four pictures in the middle are contour plots of corre-
sponding interference patterns at different thresholds, which
is explained in the bottom inserts. In the case of top left pic-
ture in a box of right insert, the beige region is irradiated
at higher fluence over 90 % of peak fluence. On the other
hand, violet region is irradiated at lower fluence under 10 %.
These thresholds vary for the pictures; (i) (90 %, 10 %) at
top left, (ii) (80 %, 20 %) at top right, (iii) (70 %, 30 %) at
bottom left, (iv) (50 %, 50 %) at bottom right, respectively.
The contour lines for different thresholds appear at different
conditions such as fluence of interfering laser, film thickness
etc. These shapes of the areas have strong correspondence or
relation to the resultant matrix pattern.

In the case without phase and amplitude modulation be-
tween the beams, a uniform interference pattern in lattice are
formed, as shown in Fig. 2(a). The higher-fluence region has
circle or round box shape. In practical processing, this area
corresponds to a nanohole or a 3-dimensional structure such
as nanobump, nanowhisker, nanowaterdrop etc. [3, 5, 7, 8].
The residual area, which corresponds to nanomesh, is neg-
ative of higher-fluence area. When phase shift is added to a
beam or three beams equally, residual peak appears between
the original peaks, as shown in Fig. 2(b), (c) and (d). In the
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Fig. 3 (a), (b), (¢), and (d) Ellipsoidal mesh, triangle mesh in hexagon, wave. (e) Ellipse, cat’s eye and pea

case of %71 phase shift as shown in Fig. 2(c), the lower-
fluence region seems to four countering ellipses, which is
shown in the counter plot (i). In the case of %n phase shift
as shown in Fig. 2(d), the lower-fluence region seem to four
countering boxes, which is shown in the counter plot (iii).
At  phase shift, as shown in Fig. 2(e), the density of peak
is doubled compared to the case without phase shift shown
in Fig. 2(a). The method for forming a dense pattern in a
single shot is very important in practical point of view. At
counter plot with threshold 50 % shown in (iv), the higher-
and lower-fluence regions show check patterns.

In Fig. 3, ellipsoidal patterns and connected peaks are
categorized. In Fig. 3(a), slightly ellipsoidal pattern can
be obtained, though the intensities of the beams are equal.
Here, ellipsoidal patterns have been obtained by modulate
amplitude between the beams [3]. In Fig. 3(b), both ampli-
tude and phase are modulated. The higher-fluence region has
ellipsoidal shape. It is interesting that six triangle meshes in
hexagonal matrix are surrounding a peak, as shown in the
contour plot (i). It is peculiar compared to the normal in-
terference pattern, where four meshes in tetragonal matrix
are surrounding a peak, as shown in Fig. 1. This technique
is important because the array pattern strongly affects the
character of the metamaterial. In case of Fig. 3(c), the shape
of ellipsoid is a bit sharper compared to Fig. 3(b). The lower-
fluence region forms a wave structure, as shown in (i). The
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process window of the formation of wave structure is wider
in the case of Fig. 3(d), where such structures can be seen
in both (i) and (ii). In case of Fig. 3(e), higher- and lower-
fluence regions have the same patterns. The shapes are like
a cat’s eye in (ii). They are like peas in (iii) and (iv), which
are connected peaks and holes.

Droplet structures of higher-fluence region, in which
the direction of gravity is changed, are formed as shown
Fig. 4(a), (b), (c), and (d). In the case of diagonal gravity, the
peaks connect each other, as shown in Fig. 4(e). This pattern
is slightly different from the base pattern shown Fig. 2(a),
but the parameters are quite complicated.

A quite interesting pattern, which we named “peanuts”,
is shown in Fig. 5. Two adjoining peaks of double den-
sity structure are jointed, and the characteristic patterns are
formed. The lower-fluence region shows six round trian-
gles in hexagonal matrix, as shown in the contour plot (iii).
The direction of peanuts can be rotated by 90° as shown in
Fig. 5(b). Moreover, the negative pattern of Fig. 5(b) can be
obtained, as shown in Fig. 5(c).

In Fig. 6, peaks of double density pattern are joined in
a different way compared to Fig. 5. The structure is like a
“step” as shown in (iii) and (iv). The shapes of higher- and
lower-fluence regions are like half-moon, which is shown
in (ii).
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Fig. 4 (a), (b), (c), and (d) Droplet structures with different directions. (e) Pea, ellipse, star cross

lower fluence

¥ [pm]
=]

¥ [pm]

y [um]

-2

-4
-4 -2 0 2 4 -4 -2 0 2 4

* [pm] % [pm] X [pm]

STt Tty
sk st it

Fig. 5 Peanuts structures. (a) Horizontal, (b) vertical and (c) negative of (b)
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In Fig. 7, unit structures are asymmetric in rotation, asin  plots (iii) and (iv). On the other hand, it is like connected
the case of Fig. 4. In the case of Fig. 7(a), the lower-fluence  gulls in the case of Fig. 7(b), which is clear in the contour
region seems to be a boomerang, as shown in the contour  plots (iii) and (iv).
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From a practical point of view, the size and period be-
tween the unit structures is closely related to the correspond-
ing wavelength of the metamaterial. For example, the small-
est diameter of MHA we have made in the past experiment
is 680 nm [9], and the corresponding wavelength would be
at near-infrared. In general, period and unit size can be con-
trolled by changing the interfering angle and fluence in our
technique. In addition, a second- or third-harmonic wave of
femtosecond laser will be useful for demagnification. In to-
tal, the practical wavelength can range from visible to tera-
hertz.

In summary, a variety of interference patterns can be ob-
tained by the combinations of only four beams. The unit
figures of higher- or lower-fluence region are circle, ellip-
soid, box, triangle, wave, cat’s eye, pea, droplet, half-moon,
boomerang, gull, and peanuts. They are in a tetragonal or
hexagonal matrix, or axial-symmetric. In practical process-
ing, there is one more degree of freedom: concave and con-
vex structures. The number of combinations is huge, consid-
ering the target structure. By combining the patterns in the
case of six beams [13], the flexibility of design of nanos-
tructures in matrix will open a new aspect of metamaterial
science.
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