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Abstract: Controlling the diffraction properties of materials over a large area holds great prom-
ise for a wide range of optical applications. Laser-based techniques have emerged as a viable
solution to address this need. Here, we present the diffraction properties of laser-induced self-
organized structures, which consist of three interlaced grating-like structures: self-organized
nanoparticles, self-organized cracks and laser marking lines. Under normal incidence external
illumination, the sample exhibits an asymmetric diffraction pattern. However, when the inci-
dence angle is tilted, circular diffraction patterns are observed in the plane perpendicular to
both the sample and the incidence plane. These phenomena are attributed to the combination
effect of the diffraction gratings. To elucidate the underlying physics of multiple diffraction,
we use rigorous coupled-wave analysis (RCWA) and grating equations written in direction co-
sine space, extended to account for the presence of three superimposed gratings. Exploiting the
laser-induced diffraction properties of these samples may have great potential for various in-
dustrial implementations, including security, display or design.

1. Introduction

The diffraction grating stands as a pivotal optical component with the inherent ability to split
and diffract incoming light along specific directions [1,2]. This phenomenon arises from the
grating’s role as a phase-modulating structure, inducing a periodic phase variation upon the
incident electromagnetic wave. These gratings consist of periodically spaced formation at the
wavelength scale. Widely recognized for its versatile applications, the diffraction grating finds
utility in various fields such as sensing [3-5], security [6,7], data storage [8], holography [9—
14], surface plasmon resonance [15], beam splitting [16] and wave coupling [17].

Over the past few decades, rapid advances in laser-induced periodic surface structures (LIPSS)
have enabled the fabrication of diffraction gratings for real-world applications, owing to the
simplicity and cost-effectiveness of the one-step process. LIPSS can be produced on most ma-
terials, and result from the interference of the incident laser with excited electromagnetic
modes [18,19]. The latter can be surface plasmon polaritons or excited guided waves. LIPSS
have a great potential for optical applications [20-23], biology [24,25] or other engineering
fields [26,27]. Recently, laser-induced self-organization of Ag-based nanocomposites has
shown great promise for visual effects or security features due to diffractive colors resulting
from different self-organization mechanisms including both embedded nanoparticle arrays and
surface modulation [19,28]. Femtosecond lasers were also used to generate different self-orga-
nized grating structures with different orientations at the micrometer scale to create intertwined
images that reveal separately when rotating the sample [21].

Here, we investigate the optical diffraction properties of self-organized nano and microstruc-
tures generated on Ag-dielectric nanocomposite thin films by continuous wave laser. These
structures consist of three superimposed grating structures with different periods, different ori-
entations, different features and different origins. The first one corresponds to periodic laser-
marked lines intentionally written with a period of 12 pm. The second one corresponds to a
self-organized crack grating with a period of a few micrometers whose origin has not been yet



investigated. And, the third corresponds to subwavelength nanoparticle gratings, whose mech-
anisms triggering their emergence [29], their dichroic color properties [30] and their physico-
chemical properties [31-34] have been previously studied. The present study focuses on under-
standing of the diffraction properties exhibited by these interlaced grating structures. Using
rigorous coupled-wave analysis (RCWA) [35-37], we unveil the underlying physics of the
asymmetric diffraction pattern of the sample under normal incidence. In addition, by applying
the grating equations in direction cosine space [38,39] extended for three superposed grating
structures, we reveal the combined diffraction effects that give rise to interesting circular dif-
fraction patterns of the sample under oblique incidence. These emergent diffraction properties
of the laser-induced sample may have great potential for mass production of optical devices
used in security tags or display technology.

2. Result and Discussion
2.1 Experiment

The samples in this study consist of amorphous TiO- thin film loaded with small silver nano-
particles deposited on glass substrates. Details of the sample preparation can be found in our
previous articles [29,30]. The samples are exposed under an Ar-Kr continuous laser at A =
488 nm, and constant power of P = 250 mW whose intensity is focused on the sample by a
10x microscope objective under normal incidence. The samples are placed on a translation
stage that can be moved at different speeds (scan speed). Laser lines are drawn while keeping
the scan speed constant. Figure 1a shows an optical microscope image of horizontal lines pro-
cessed by laser at a scan speed of 300 um/s, with constant power and beam width. Each line is
12 um wide, and we choose this distance between two adjacent laser scans. The line assembly
forms the first grating structure with a A1 = 12 um period. Under laser processing, several
chemical and physical processes trigger the growth and self-organization of silver nanoparti-
cles, resulting in a second grating structure observed in Fig. 1b as an array of white dots, ex-
hibiting a subwavelength period. As already described in our previous works, this self-orga-
nized NP grating is oriented parallel to the incident laser polarization, which is perpendicular
to the first grating in this study [19,29,32,34]. Finally, a third periodic structure emerges during
the laser process, it consists of self-organized cracks oriented perpendicular to the scan direc-
tion, which arise each A, =5 um, as illustrated in Fig. 1a and b. These laser-induced cracks can
be related to the high thermal effect of laser processing, whose origin will be studied elsewhere.
In this study, we investigate the diffraction properties of samples inscribed by a laser at constant
power, scan speed and wavelength, and we investigate the effect of different scan speed values
on the laser-induced diffractive structures. Additional sample details, including cross-section
and chemical composition, are shown in Figures 1c-e. After laser processing, a multilayer sys-
tem is formed with a nanoparticle array embedded in a layer with a refractive index of n = 1.65,
as demonstrated in our previous studies [29,40]. The Raman analysis of the sample is depicted
in Figure S1, illustrating the distribution of anatase and rutile phases of the top TiO- layer.
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Fig. 1. Top view and cross-section of a sample illuminated by a laser at a speed of 300 zun/s.
(a) The optical microscopy image displays consecutive laser lines with a width A: = 12 um,
with an orange rectangle representing an effective area within a single laser line. (b) A scan-
ning electron microscope (SEM) image of the samples reveals a self-organized nanoparticle
array with a period at a subwavelength scale. Laser-induced defects with a period A> =5 um
can be observed in both a and b. (c) Annular dark-field scanning transmission electron micros-
copy (HAADF STEM) image of a cross-sectional view of the sample, and (b-c) energy disper-
sive X-ray (EDX) maps of the same area with Ti, Ag, Na ans Si elements displayed.

2.2 Direction cosine space

Before delving into the investigation of the diffraction properties of the samples, it is necessary
to introduce the concept of the grating equation in direction cosine space. Expressing the dif-
fraction grating in term of direction cosine space provides a simple yet powerful way to visu-
alize and understand the diffraction behavior of grating structures, particularly when dealing
with oblique incident angles [38,39]. Figure 2 shows a sketch illustrating the positions of the
diffraction orders for an arbitrary oblique incidence in direction cosine space (in the reflection
side), where the coordinates of the diffraction orders can be determined using the following
equations (assuming the refractive index of the surrounding medium is 1)

A

U = =@+ 75, fn = =B @)

where a,,, = sinb,,cos¢,, a; = —sinfycosp,, B; = —sing,, A is the incidence wavelength,
A is the grating period and m = 0, +1,+2, 13, ...

The diffraction orders are basically the projections of the intersection of the diffracted beam
with the hemisphere of unit radius. As shown in Fig. 2, the positions of the diffraction orders
are equally spaced and lie on a straight line perpendicular to the grating lines. Note that only
diffraction orders inside the hemisphere are propagative, diffraction orders lying outside the
hemisphere correspond to evanescent waves.
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Fig. 2. Positions of incidence and diffraction orders in direction cosine space denoted as a, 3
which the subscript “i” for incidence, “0” for 0" diffraction orders, “+1” for + 1t diffraction
orders, and “-1” for -1st diffraction orders.

2.3 Asymmetric diffraction patterns under normal incidence.

The first interesting diffraction feature of the sample is the asymmetric pattern that appears
under normal incidence. The diffraction pattern is projected onto a screen at a distance of 30 cm
from the sample perpendicular to the incident laser beam whose wavelength is A = 514.5 nm.
To directly measure the positions of the diffraction orders, a sheet of paper with small squares
of size of 1x1 cm? is used as a screen. The sample under investigation is marked with a scan
speed of 300 um/s and corresponds to the characterizations provided in Fig. 1 and Fig. S1.
With a probing light at 514.5 nm wavelength under normal incidence, the subwavelength grat-
ing does not diffract light. This can be easily verified using equation (1), where @; = 0 and 1/A
> 1, leading to a,,, > 1, vm = 0, which is outside of the hemisphere, indicating that there are
no diffraction orders other than the 0™ order. Focusing on the diffraction properties produced
by the two larger grating structures, we employ the diffraction equation written in cosine space
for two superimposed gratings to unveil the underlying physics of the asymmetric diffraction.
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where m, n are the diffraction orders of the grating with the periods of A, and A; respectively.
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Fig. 3. (a) A SEM image of the sample illuminated by the laser with scanning speed of 300
wm/s. (b) Simulated unit cell of the sample in RCWA with the color bar represents relative per-
mittivity of the grating structures. (c) Cross-view of the simulated sample (d) Diffraction pat-
tern of the samples shown in experiment captured on a screen. (€) Simulation results of the
sample with each dot represent the diffraction orders and their sizes are proportional to the dif-
fraction efficiency (except the O diffraction order). Sample illuminated at normal incidence.

Using this equation, the positions of the diffraction orders are projected onto the screen (see
Fig. S2 for details of the projection). Finally, the intensity distribution of these diffraction orders
is calculated using RCWA with the modeled structures are shown in Fig. 3b (top view) and Fig.
3c (cross-section view), created by mimicking the sample topography characterized by SEM in
Fig 3a, TEM and Raman analysis in Fig 1 & S1. The refractive indices of the layers are approx-
imated for simplicity. Figure 2c shows the top view of a unit cell used for the simulation with
a width of 5 um, a height of 12 um and a slanted line in the center representing the crack.
Figure 3e displays the simulation result, where each green dot corresponds to the diffraction
orders and their sizes are proportional to the diffraction efficiencies, except for the 0" diffrac-
tion order, which is deliberately reduced for better visualization, because its diffraction inten-
sity is much higher than other diffraction orders. Comparing the diffraction pattern with the
experimental measurement (Figure 3d), a good agreement can be seen. Thus, it can be con-
cluded that the geometrical shape of the gratings, where the slanted grating slightly tilts to the
right, explains the asymmetry. The diffraction orders naturally align along the direction per-
pendicular to the grating lines, i.e. the slanted direction of the cracks. What is more surprising
is the well-defined diffraction orders while there is no phase relation between the crack gratings
in the different lines. It means that each line of crack grating produces in own interference
pattern, and as the diffraction orders are in the same location, they simply add in intensity to
each other. As a consequence, gratings can be sliced and slices can be shifted while maintaining
the diffraction patterns. When gratings are titled as in the present experiment, the slice width
required for maintaining the diffraction pattern depends on the angle of the tilt. Figure 4 further
validates the dependence of the diffraction pattern on the grating shape. While changing the
refractive indices of the materials, only the relative intensity in the diffraction orders changes,
(Fig. 4b), and when the slanted grating is rotated, the diffraction pattern is rotated correspond-
ingly (Fig. 4d), as expected. This is also the case when we rotate by 180° our sample in the
measurement as shown in Fig. 4e.

64 31 0 31 64
x(cm)
Figure 4: (a, c) Simulated unit cells of the sample in RCWA with the color bar representing the
relative permittivity of the different materials. The cross-section corresponds to the one shown
in Fig. 3d. (b, d) Simulation results corresponding to the grating structure with unit cells in a &



¢, respectively. () Measured diffraction patterns of the sample of Figure 3 after rotation by
180°. Sample illuminated under normal incidence.

2.4 Circular diffraction patterns.

As mentioned in the previous section, the nanoparticle grating does not diffract light under
normal incidence due to the subwavelength period. However, the diffracted light from the grat-
ing can be captured under oblique incidence angle as shown in Figure 5, which will be further
discussed here. Figure 5a shows the SEM image of a sample processed at 100 um/s, where the
nanoparticle grating with the period of A; = 344 nm is highlighted. The grating forms curva-
tures corresponding to the arc of circle with an angle of 31.4%. Under the incidence angle of
6 = 35° and the wavelength of 1 = 514.5 nm, unique circular diffraction patterns captured on
the screen, perpendicular to both the incidence plane and sample, at a distance of 15.7 cm

Figure 5: (a) SEM pictures of the sample created with a scan speed of 100 gm/s. The nanoparti-
cle grating is curved following a circle of radius 21.4 um, over an angle of 31.4° (b) Diffrac-
tion pattern of the sample observed on a screen perpendicular to the sample and incidence
plane under an incident laser light of A = 514.5 nm wavelength impinging under the angle 6 =
35°%.

from the sample. Remember that the sample is composed of three superimposed gratings and
they all exhibit diffraction under the illumination conditions. In order to understand the origin
of the diffraction pattern, we investigate step by step the contribution of each grating to the
diffraction pattern. The investigation is organized as shown in Fig. 6, where we first determine
the position of the diffraction orders of the crossed grating with A, =12 um and A; =
344 nm. Using equation 2 for the gratings with A; = 12 um and A; = 344 nm, we calculate
the positions (a,,, Bm, Zm) and then project them on the unit sphere (in the reflection side), with

Z, =+ 1 — (aZ + BZ). The diffraction orders are then projected to the screen with the same
configuration as in the experiment (Fig. S2). According to Equation 2, only the 1% diffraction
order (m = 1) of the grating with A; = 344 nm is satisfied, whereas diffraction orders for the
grating with A, = 12 um are restricted from —9 < n < 9, as displayed in Fig. 6b & c. The next
step is to plot the position of the diffraction orders generated by the 2D grating when consider-
ing the curved grating with A; = 344 nm, with the tangent line (Fig. 6a) making an angle of
74.3 < < 105.7 to the a-axis, to mimic the nanoparticle grating shown in Fig. 5a. The struc-
ture can be seen as many 2D gratings combined, with arbitrary orientations determined by ¥.
To understand the diffraction behavior of these gratings, we apply the general grating equation
(on the reflection side) in direction cosine space with arbitrary orientations to determine the
position of the diffraction orders on the unit sphere:
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To obtain non-null diffraction intensity, it is necessary that the diffraction orders generated by
the curved grating overlap with the diffraction orders generated by the gratings with A; =
12 um, which can be simplified by the following equation:

ni na
Bro = Pon © cos’l’——<—>cos‘1’— 2
Aq Aq

(4)

The equation imposes a constraint that onIy gratings whose orientation satisfies equation 4 can
produce diffraction orders. Combining equations 3 and 4, we plot the positions of the diffraction
orders on the unit sphere and project to the screen. As shown in Fig. 6e-f, the structure produces
nearly a half of an annular shape where the inner circle corresponds to the grating with ¥ =
90° and the outer circle corresponds to the grating with ¥ = 74.3% and ¥ =
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Figure 6: lllustration of the positions of incidence (green dots) and diffraction orders on the
unit sphere and the screen with different grating structures illuminated by incident beam with A
=514.5nmand 6 = 35°. Positions of diffraction orders of, the gratings with A; = 12 um, Az=
344 nm (a-c), the gratings with A= 12 um, Az= 344 nm (d-f), but the latter is consisted of cir-
cular arcs with tangent line making an angle of 74.3 < ¢ < 105.7, and three grating structures

with Ay =12 um, A, =5 um, As = 344 nm (g-i).

105.7°. Finally, we add the grating (4, = 5 um) to mimic the crack grating. Here, we ignore
the slight tilt of the grating and assume it is parallel to the -axis. The equation in direction
cosine for the three superimposed gratings can thus be expressed as

ma ni
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where k represents the number of the diffraction order generated by the grating with A, =
5 um. We calculate the positions of diffraction orders using Equation 5 and project them on the
unit sphere and the screen as shown in Fig. 6h & i. Interestingly, the presence of the defect adds
multiple rings next to the main ring with k = 0. Note that the diffraction patterns are only pre-
sented in reflection side, to show the complete pattern in comparison with the experiment, we
also need to plot the positions of diffraction orders in transmission side. It is obvious that
Arn = Aref, Bern = Brep TOr Nppyy = Nyr = Ny With trn, Tef representing transmission and
reflection respectively. The full diffraction patterns for both the reflection and transmission
sides with the incidence angle of 35° is shown in Figure S3, which appears as a full circular
diffraction pattern. It is noted that the circular diffraction patterns shown in Figure S3 are much
thicker than those shown in experiment (Fig. 5b), attributed to the uneven distribution of nano-
particle grating
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Figure 7: Comparison between experiment (first row) and simulation (second row) of the far field diffraction pattern
under varying incidence angle with the experimental set up as described in fig. 5b.

curvature, where only a part of the grating exhibits diffraction. To support our claim, we com-
pare the diffraction patterns produced by the sample under the varying incidence angles as
shown in Figure 7. Simulations are performed using equation 5 with the discrete values of ¥
(83.7 <y < 95.7,74.3< ¢ <75.3,104.7< yp <105.7), implying that the nanoparticle array is
not uniform and the diffraction effect produced by the gratings is only accounted in the center
and edge areas of the NPs curved lines. The 0™ order diffraction patterns are highlighted upon
k = 0and 83.7 <y < 95.7 (middle area of the NPs grating). Comparing the experiment and
simulation, one can clearly see a good consistency in the evolution of the diffraction pattern as
a function of the incidence angle, proving the combined diffraction effect of the three superim-
posed gratings in generating the unique patterns. Interestingly, increasing the laser scan speed
completely eliminates the circular diffraction pattern, which is attributed to the disappearance
of the curved self-organization of nanoparticle array as shown in Fig. S4 & 5.

3. Conclusion

This article studies the diffraction properties of three superimposed gratings induced by laser
processes, including laser drawing lines, self-organized cracks and self-organized nanoparticle
gratings. Under normal incidence, the sample exhibits asymmetric diffraction patterns due to
the diffraction effect of the laser drawing lines and the crack grating, where the tilt of the cracks
plays an important role on determining the asymmetry. In addition, under oblique incidence
angle, a series of circular diffraction patterns are recorded on a screen oriented perpendicular
to the incidence plane and the sample. Simulations are performed using grating equations for
three gratings written in direction cosine space to reveal the combined diffraction effect of the
three superimposed gratings in generating the circular diffraction patterns. These interesting



diffraction properties of the laser-induced nanostructures may find potential applications in dis-
play technology or security.
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