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monic diffraction patterns by laser
interference

R. J. Peláez, *a A. Ferrero, b M. Škereň,c B. Bernadb and J. Campos b

This work reports a versatile and efficient production of periodic structures of alloy nanoparticles (NPs) with

customized diffraction patterns by using the technique of phase mask laser interference. This technique

uses interfering single nanosecond laser pulses to induce the periodic dewetting of bilayer (Ag/Au) films

on glass produced by pulse laser deposition. Film breaks up into alloy NPs around the regions exposed

to intensity maxima and the cold regions placed in the minimum laser intensity are non-transformed.

This allows fringes to be produced with a period within the range of 1.7–6.8 mm. Periodic structures of

squares, diamonds, rectangles or triangles are produced by accumulating two or three laser pulses with

different fringe orientations. As a film parameter, we have analyzed the pattern properties by varying the

thickness of the Au layer while keeping that of Ag constant. The diameter of the NPs, their number

density, percentage of the transformed region, the interface between transformed and non-transformed

region or the minimum period achievable can be tuned by varying the Au concentration. In that way,

isolated and big NPs, which are optically characterized by a plasmon resonance, are produced for the

thinnest film, whereas a bimodal size distribution of big and small NPs, whose optical transmittance is

characterized by IR absorption related with multipolar interactions between the close small NPs, are

produced for the highest Au concentration. However, the periodic structure still generates visible

diffractive patterns whose diffraction efficiency can increase up to a factor of 4, while their spectral trend

dependences can increase or decrease as a function of the Au concentration. These optical behaviors

have been explained satisfactorily by taking into account the optical contrast between the regions

transformed into NPs and the non-transformed regions. Altogether, this allows the position of the

diffraction orders and their relative and absolute spectral efficiency to be customized in a broad range.
1. Introduction

Iridescence refers to the effect of an abrupt change of colour
when illumination and observation conditions are modied.
This effect is observed in nature in some insects, birds and
aquatic animals, or feathers of peacocks. This is a very efficient
way to encode information and communicate, and it is intrin-
sically determined by the perpetuation of these species. These
iridescent colours are produced by combining effects of thin
lm multilayer interference, light scattering, and grating
diffraction, being the typical size of the unit cells of these
structures in the order of microns.1 These natural colours have
been reproduced in the laboratory by non plasmonic surfaces
such as the patterned array of silicon nanowires.2–4 Further-
more, Surface Plasmon Resonances (SPR) are related to collec-
tive oscillations of electrons in metallic nanoparticles (NPs) and
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Republic

7

lead to absorption bands in the spectrum. Colours of these
structures depend not only on size, shape or separation of
metallic NPs5 but mainly on the kind of plasmonic metal. Silver
(Ag) and gold (Au) are themost commonly used noblemetal NPs
in the visible range. However, Ag shows the highest absorption
in the broad region of the spectrum. Copper (Cu) and
aluminium (Al) NPs have interest toward cost-effective appli-
cations. Plasmonic response of Cu NPs is similar to Au NPs, but
for longer wavelength regions, and plasmon resonance of Al
NPs is in the UV region. Intrinsic absorption of the NPs
arranged in diffraction gratings modies the spatial modula-
tion of the refractive index and thus the diffraction efficiency.6

As expected, humans did not refrain in nding a multitude
of applications for the plasmonic structures based in diffraction
gratings combined with nanostructures, such as sensors for
chemical and biological detection7–9 and eld-enhanced appli-
cations including Surface Enhanced Raman Spectroscopy
(SERS).10–12 As an example, by monitoring the changes in the
rst diffraction order that occurs upon binding of target
elements, it is possible to detect concentrations of DNA as low
as 10 fM.13 These structures have also a signicant potential in
imaging devices thanks to their high sensibility and low cost
This journal is © The Royal Society of Chemistry 2017
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Table 1 Metal concentration [], number of laser pulses (#), metal
thickness (d) and percentage of metal coverage of the samples used in
the present work

[Au] #Ag #Au d (nm) Coverage (%)

32 2750 1750 9.9 � 1.5 88.2
40 2750 2500 11.3 � 1.7 92.0
52 2750 4000 14.1 � 2.1 96.4
60 2750 5500 17.0 � 2.5 98.8
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production and have been used in uorescence microscopy
using plasmonic resonance imaging,13 multispectral biosens-
ing,14 colour ltering,15 or plasmonic colour printing.16,17 The
latter is a new printing technique with direct applications in
information storage, security and cryptography.18 The develop-
ment of systems, equipment, tools and processes for rapid
identication is one of the societal challenges of H2020.19

Some of these applications are promising efficient systems, but
their commercial viability relies on the manufacturing process.
Requirements of the optimal patterning approach include a low-
cost and large-area process with versatility in periodicity and
motif and able to produce patterning in a variety of plasmonic
materials.20 Electron beam lithography allows the production of
well-dened nanostructures but it is time consuming.21 Further-
more, lithographic techniques are multiple-step processes that
require the use of resin in contact with the surface. Laser tech-
niques for structuringmetal surfaces involve direct laser writing or
laser interference.22,23 They are single-step processes, in which the
laser induces transient heat that leads to melting of the thin lm
and production of NPs by a fast melting/dewetting process. In
a recent work, a great variety of plasmonic colours with high
resolution has been produced by laser irradiation of periodic
structures.17 Complex motifs and well-dened structures can be
manufactured by direct laser writing, but it is time-consuming.
Laser interference of several beams is capable to produce
complex motifs in a great variety of surfaces and allows patterning
of areas >1mm2 by a single exposure.24 Laser wavelength and angle
between incident beams determines the periodicity of the grating,
which is oen in the submicron's range for excimer lasers irradi-
ation. Phase Mask Laser Interference (PMLI) is a versatile inter-
ferometric technique that allows the production of periodic
structures in the range of microns with laser wavelength as low as
193 nm which is well absorbed by most of materials. Single
nanosecond laser pulse with a linear phase mask allows produc-
tion of fringes with high uniformity over areas larger than 1 mm2.
Periodicity and orientation of the patterns can be easily modied
by rotating the phase mask and/or moving the optical elements
trough the same optical axis. In contrast, the production of fringes
with different periodicity and orientation by using direct laser
interference technique requires complex 3D optical alignments
which could be unworkable in mass production of patterns. Thus
this single step, versatile and fast PMLI technique ensures the
listed requirements for the effective production of customized
plasmonic diffraction gratings.

The aim of this work is to investigate the use of PMLI to
produce periodic structures in bimetallic (Ag/Au) thin lms with
controlled motifs and tailored optical diffraction response. The
metal samples are irradiated with one, two or three laser pulses
with different phase mask orientation and we explore the role of
Au concentration/layer thickness as a control parameter. We
analyse a great variety of motifs and we explore the limits of the
technique depending on the motif and the selected sample. We
discuss the factors that determine the diffraction efficiency of
the one and two dimensional patterns, such as the motif
replicated and/or the plasmonic properties of the laser induced
NPs. These structures are unequivocally identied by
This journal is © The Royal Society of Chemistry 2017
a customized pattern that can be simply evaluated, and, in this
way, applied in security and cryptography.
2. Experimental

The samples have been produced by Pulsed Laser Deposition
(PLD) in vacuum (5 � 10�6 mbar). An ArF excimer laser beam (l
¼ 193 nm, s ¼ 20 ns, repetition rate ¼ 5 Hz) was focused on the
surface of rotating bulk Ag and Au targets at an angle of 45� with
respect to its normal. It results in an average uence of 2.7 J
cm�2. Glass slides were used as substrate, at room temperature,
38 mm away from the target, shied a few millimeters and
rotated along an axis parallel to the plasma expansion axis in
order to produce a homogeneous deposit over an area of 1 cm2.
Ag was deposited in rst place on the glass, and, immediately
aer, Au was deposited on top without breaking the vacuum.
The number of pulses was constant and equal to 2750 pulses in
the Ag target, and four different lms were produced by varying
the number of pulses in the Au target in the range of 1750 pulses
�5500 pulses. In a previous work we had produced Ag and Au
thin lms using the same procedure, and the metal concen-
tration was measured by Rutherford backscattering.25 In that
work, the number of pulses, atom density (nat) and effective
thickness had been 2750, 3.9 � 1016 atoms by cm�2 and (6.6 �
1.0) nm, respectively, in the case of Ag target, and 2500, 2.6 �
1016 atoms by cm�2 and (4.7 � 0.7) nm in the case of Au thin
lm. Since the number of deposited metal atoms is propor-
tional to the number of pulses, we have used the previous
deposition rate to obtain the Au concentration [Au] ¼ nAuat /(n

Au
at +

nAgat ) in the samples analyzed in the present work. Thus, the
1750, 2500, 4000 and 5500 pulses in the Au target produce [Au]
of 32%, 40%, 52% and 60%, respectively. This estimation
assumes the sputtering rate of Ag during deposition of Au
similar to the selfsputtering rate of Ag. This has been veried
taking into account the energetic ion distributions produced by
laser ablation at 193 nm, and the model of sputtering yield
described by Yamamura and Tawara.26,27 Table 1 summarizes
the samples that have been produced in the present work.

Some regions of these samples were irradiated by the tech-
nique of PMLI. Processed regions were exposed in air to pulses
from the ArF excimer laser. The laser pulse was used to expose
a phase mask manufactured by Laser Lab. Gottingen on SiO2

that has parallel lines at a distance of 20 mm. It is optimized for
high diffraction efficiency in the �1st orders at l ¼ 193 nm.
These orders were forced to interfere at the sample by using two
RSC Adv., 2017, 7, 30118–30127 | 30119
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Table 2 Number of laser pulses (#), phase mask (PM) orientation,
periodicity (D) of the different patterns produced in the present work.
The comma-separated values refer to different laser pulses

# PM orientation (�) D (mm) Motif

1 0 6.8 Lines
2 �45, 45 3.0, 3.0 Squares
2 �20, 20 3.0, 3.0 Diamonds
3 �60, 0, 60 3.0, 3.0, 3.0 Triangles
2 �45, 45 6.8, 1.7 Rectangles
3 �60, 0, 60 6.8, 6.8, 6.8 Triangles
2 �45, 45 6.8, 3.0 Rectangles

Fig. 1 SEM images of as grown regions for the samples having (a) [Au]
¼ 32, (b) [Au] ¼ 40, (c) [Au] ¼ 52 and (d) [Au] ¼ 60.
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lenses. Thus, a modulated intensity formed by maxima and
minima of interference is exposed at the sample surface. The
rotation of the phase mask allows the orientation of the lines to
be specied, whereas the projection optics determines the
maximal uence achievable and the period, D, which was set to
1.7 mm, 3 mm and 6.8 mm. Average uences in the processed
regions were 85mJ cm�2, 86mJ cm�2 and 122mJ cm�2 from the
lowest to the highest period respectively. In this work, one and
two dimensional patterns have been produced by overlapping
one, two or three laser pulses within different phase mask
orientation. Table 2 summarizes the motifs produced in the
present work.

Both as grown (non-irradiated) and irradiated regions were
analyzed by Scanning Electron Microscopy (SEM) using a Zeiss
Cross Beam 1540 XB microscope with an acceleration voltage of
1 kV and recording secondary electron images. Optical trans-
mittance in the visible range within micrometric resolution of
as grown and patterned regions was measured with a home-
made micro-hyper-spectral instrument. Briey, the magnied
image of the thin lm surface is projected on the entrance slit
(150 mmwidth) of the spectrometer (Chromex 250 is/sm, grating
150 groves per mm) by using a microscope objective (40�, 0.65
NA). The image produced at the output of the monochromator
has spatial (vertical dimension) and spectral (horizontal
dimension) information and is acquired with an ICCD camera
(Andor-2143, 512 � 512 pixels). Spatial (�2 mm) and spectral
(�1 nm) resolution of this image is high enough to obtain the
optical transmittance at normal incidence of the single fringes
of the patterned surface with a period of 6.8 mm. Diffractive
properties of some patterned regions were characterized by
spectral diffuse reectance measurements by using a WVASEJ A
Woolman ellipsometer in scatterometer mode. Incident light
was p-polarized and the angle of incidence was 30�. Spectral
measurements were done at different angles in the range of 0–
10�, measured from the specular reection and within the
incidence plane. The size of the detector determines the angular
resolution (�0.5�).

In order to visualize the diffraction patterns of the periodic
structures and its dependence on the wavelength, three
continuous lasers with wavelengths of 405 nm, 530 nm and
630 nm were used to illuminate them. The projected diffraction
pattern on a white screen was acquired using a common
camera.
30120 | RSC Adv., 2017, 7, 30118–30127
3. Results and discussion
3.1 Morphology of fringes

SEM images of the as grown regions are shown in the Fig. 1.
Metal is close to percolation limit in the lowest [Au] sample and
metal coverage increases in the range of 88–99% as the [Au]
increases, as expected. Images of fringes having a period of 6.8
mm are shown in Fig. 2, where areas with different morphologies
can be observed. The contrast of the bright areas is identical to
that of the as grown regions and, therefore, it must be related to
areas where the metal lm remains. These bright regions will be
referred to fromnow on as non-transformed regions and the dark
regions as transformed regions. The latter are formed by round
NPs that evidence that the laser exposure has induced the
melting of the metal lm. Due to the large surface energy
difference between the glass and the metals, the liquid metal
dewets and tends to form spheres. The mean diameter, f, and
number density of these NPs are homogeneous in the trans-
formed region in the case of [Au]# 52. However, NPs distribution
in Fig. 2h shows a low concentration of big NPs (f� 100 nm) that
are preferentially placed at the center of the transformed region.
Magnied image of this transformed region shows that these big
NPs are surrounded by a dense distribution of smaller NPs (see
upper right inset in Fig. 2h). In addition, some nanostructures
have been placed on the surface of the non-transformed region,
and the interface between transformed and non-transformed
region is blurred in comparison to the sharp interfaces that
appears for [Au] # 52. These morphological differences suggest
the existence of at least two dewettingmechanisms as function of
[Au]. Fig. 3a shows the mean diameter and NPs number density
as a function of [Au]. In the case of [Au] ¼ 60 only the larger NPs
have been selected for the statistics. Mean diameter increases in
the range of (64–110) nm and the NPs number density decreases
in the range of (63–5) NPs mm�2 as [Au] increases. These results
support that once the laser melts the metal, the mean size and
size distribution of the NPs produced upon laser irradiation
depends on the initial lm thickness.28,29 Furthermore, we have
demonstrated that homogeneous laser irradiation of bimetallic
samples leads to alloyed NPs.30,31 Metal diffusion coefficients and
metal thermal evolution during the laser pulse determines the
production of alloy NPs. Ag and Au have high miscibility and
inter-diffusion coefficient in the liquid state (typically in the 10�5

to 10�4 cm2 s�1 range32–34). Therefore, it is expected the complete
mixing of the metal liquids produced by laser irradiation of
nanosecond duration.
This journal is © The Royal Society of Chemistry 2017
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Fig. 2 SEM images of fringes having a period of 6.8 mm for the samples
having (a, b) [Au] ¼ 32, (c, d) [Au] ¼ 40, (e, f) [Au] ¼ 52 and (g, h) [Au] ¼
60. SEM images of the same column have the same magnification,
excluding the image of the transformed region of the [Au]¼ 60 sample
in the inset of (h). Insets in the left column images show the diffraction
pattern of the corresponding periodic structure.

Fig. 3 Evolution of several parameters of the fringes shown in Fig. 2 as
a function of [Au]. (a) (C) Mean diameter of NPs in the transformed
region and (B) their number density. (b) (-) Percentage of trans-
formed regionwith respect to the period of the fringes, 6.8 mmand (,)
SPR wavelength measured in the transformed region with the micro-
hyper-spectral instrument. Full symbols are referred to left axis and
open symbols to right axis.

This journal is © The Royal Society of Chemistry 2017
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Layer thickness determines not only the size of the NPs but
mainly the redistribution of the material in the transformed
regions or the interface between transformed and non-
transformed regions. NPs are homogeneously distributed in
the transformed regions for [Au] # 52 (Fig. 2b, d and f).
However, a bimodal size distribution of close and small NPs and
isolated ones which are placed preferentially at the center of the
transformed region is evident for [Au] ¼ 60 (Fig. 2h). In addi-
tion, the interfaces are sharp for [Au] # 52 and they appear
blurred for [Au] ¼ 60. These morphological differences suggest
the existence of at least two dewetting mechanisms as function
of [Au]. Upon exposure of Au and Ag lms to a single laser pulse
of modulated beam intensity, melting and dewetting into iso-
lated NPs, was reported as the main mechanism for lm
thicknesses thinner than some transitional value. When the
thickness is higher than this value, the metal is transported
from hot to cold regions by hydrodynamic ow of the liquid in
the thermal gradient region producing the solidication and
mass accumulation in the cold regions. This transitional
thickness was estimated around 17 nm for Au and 20 nm for Ag
lms,35 which is in a good agreement with the metal thickness
estimated for [Au] ¼ 60 (Table 1). Therefore the hydrodynamic
ow from hot to cold region allows us to explain the morpho-
logical features described for the thickest sample that appears
in Fig. 2h. Furthermore, the presence of nanostructures on the
surface of the non-transformed regions could be related to the
metal liquid that ow from hot to cold regions that is detached
from the upper part of the rims and placed on the non-
transformed regions due to inertia of the rim.

Layer thickness and metal coverage determine also the ratio
between transformed and non-transformed regions. Briey, the
transformed regions correspond to areas whose temperature
reaches the melting threshold of the metals.36 Temperature of
the lm during the laser pulse depends on metal coverage and
thickness that is comparable to the penetration depth, 18 nm
for Ag and 8 nm for Au at l ¼ 193 nm. Thus, the amount of
transformed regions must increase with [Au] as shown in
Fig. 3b, where the percentage of transformed to non-
transformed region normalized to the period increase in the
range of 44–64% as [Au] increases. This result is in agreement
with the reported elsewhere for homogeneous37 and laser
interference38 laser irradiations in which the threshold uence
of transformation decreases as the metal thickness increases.
3.2 Morphology of 2D patterns

Le hand images in Fig. 4 show 2D patterns in the sample [Au]
¼ 32 produced by the accumulation of two (squares, diamonds
and rectangles) or three (triangles) laser pulses with different
phase mask orientations (see Table 2 for details). The images on
the right hand side correspond to high magnication images
centered in the motif. Patterns of Fig. 4a–f have been produced
with the projection optics that generates fringes with a period of
3 mm and different phase mask orientations and pulses
numbers. Areas of non-transformed regions are reduced for
each laser pulse, and thus, they are shaped like a square, dia-
mond or triangle that are periodically distributed. These motifs
RSC Adv., 2017, 7, 30118–30127 | 30121
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Fig. 4 SEM images of 2D patterns of the [Au]¼ 32 sample. SEM images
of the same column have the same magnification and images in the
same row refer to the same pattern. Insets in the left column images
show the diffraction pattern of the corresponding periodic structure.
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are well dened for these three cases. Moreover, the small angle
(40�) in the diamond (Fig. 4d) has been satisfactorily produced.
This high resolution is related with the quality of the border
between the transformed and non-transformed regions. All
these motifs have a sharp interface that is related to the negli-
gible mass transport from hot to cold region as discussed
previously in the case of fringes (Fig. 2a and b). Transformed
regions are covered by round NPs homogeneously distributed
despite some transformed regions have been irradiated two
times with uences above the transformation threshold due to
the geometric construction of the pattern. Shape and distribu-
tion of the NPs can be modied by accumulation of successive
laser pulses.39 In a similar work, the nanostructures evolve from
elongated to round in the regions irradiated with two pulses,
but this effect is negligible in the present work due to the initial
round shape of the NPs.38 Fig. 4i and e shows the patterns
produced by a sequence of three laser pulses with periods of 3.0
mm and 6.8 mm respectively and a relative angle of 60�, thus
a hexagonal lattice is formed. In this case the orientation of the
phase mask is a critical point and a misalignment <0.2�

produces that the motive evolves from triangles to hexagons in
a distance of ve hundred microns on the surface of the sample
for D ¼ 6.8 mm. This angular precision is lower than the
experimental resolution in this experiment and thus different
motifs from triangles to hexagons are formed along the
30122 | RSC Adv., 2017, 7, 30118–30127
irradiated region. Fig. 4i shows a motif formed by small and
large quasi-triangles. One of these large structures is magnied
in Fig. 4j, where the corners of these structures depend not only
on the mass transport or [Au] but mainly to the motif that is
periodically replicated, in this case large and small pseudo-
triangles. In addition, shape of the motifs can vary slightly in
few microns. For example, some quasi-hexagons surrounded by
triangles are distinguishable in Fig. 4e. The origin of this
slightly inhomogeneity in the shape of the motif in a short
range scale at this stage is unclear. It might be related to the
double frequency effects related to the Talbot effect.40 However,
these effects have not appreciable consequences in the diffrac-
tion patterns of these structures.

PMLI technique is a time-efficient and versatile technique
that allows patterns with different periods to be generated. The
pattern in Fig. 4g and h has been produced by two successive
laser pulses with periodicities of 6.8 mm and 1.7 mm, and
a relative phase mask orientation of 90�. Non-transformed
rectangles have an area of 5 � 0.8 mm2 and their corners are
rounded with a radius of�350 nm. Minimum period achievable
with this technique depends not only but mainly on the initial
morphology of the sample. Furthermore, rectangles as shown in
Fig. 4g and h and other motifs with a period of 1.7 mm have
a poor denition or vanish altogether for [Au] ¼ 60, since,
mainly in the case of thermally continuous layers, lateral heat
diffusion from hot to cold regions limits the period achievable
because the difference of threshold and full transformation
uence is reduced as period decreases.41

Fig. 5 shows a sequence of patterns produced with a xed
interfering conguration but different [Au]. The rst pulse has
a period of 6.8 mm and the second, with a relative phase mask
orientation of 90�, has a period of 3 mm. Right hand side images
in Fig. 5 show that the size of the non-transformed rectangle
decreases as [Au] increases, since the threshold uence of the
transformation decreases as [Au] increases as discussed previ-
ously. In addition, resolution of the rectangles is deteriorated as
[Au] increases. The long sides are well dened in all cases.
However, the short sides and the vertex become less resolved as
[Au] increases. Indeed, short sides present triangular shapes in
the case of [Au] ¼ 52 (Fig. 5f). This resolution loss must be
related to the increase of thermal conductivity as [Au] increase,
since the denition of the interface between transformed and
non-transformed regions is blurred as the thermal conductivity
increases.36,38 In the case of [Au] ¼ 60, big NPs are heteroge-
neously distributed in the transformed regions and there is
mass accumulation at the interface between the transformed
and non-transformed region. These processes also have been
identied and discussed previously in the case of fringes
(Fig. 2h).
3.3 Optical response of fringes

The insets images on the le column in Fig. 2 show the spectral
and angular distributions of the light diffracted by the corre-
sponding fringes illuminated by the three lasers beams. Zeroth-
order, at the bottom of the image, was attenuated within
a neutral density lter, and the positions of the diffraction
This journal is © The Royal Society of Chemistry 2017
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Fig. 5 SEM images of the same 2D pattern of the (a, b) [Au] ¼ 32, (c, d)
[Au] ¼ 40, (e, f) [Au] ¼ 52 and (g, h) [Au] ¼ 60 samples. SEM images of
the same column have the samemagnification and images in the same
row refer to the same pattern. Insets in the left column images show
the diffraction pattern of the corresponding periodic structure. Fig. 6 Spectra of light diffracted by the fringes shown in Fig. 2 of the

(a) [Au] ¼ 32, (b) [Au] ¼ 40, (c) [Au] ¼ 52 and (d) [Au] ¼ 60 samples.
Incident angle was set to 30� and the diffracted angle (q) refer to the
specular reflection.

Fig. 7 Relative maximum intensity of the diffracted spectra shown in
Fig. 6 normalized to 750 nm for the samples having ( ) [Au] ¼ 32, ( )
[Au] ¼ 40, ( ) [Au] ¼ 52 and ( ) [Au] ¼ 60.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
Ju

ne
 2

01
7.

 D
ow

nl
oa

de
d 

on
 4

/2
8/

20
26

 1
:3

8:
54

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
orders, m, are consistent with the grating period, D, angle of
incidence, qin, and scattering angle, qout, described by the
grating equation:

sin qout ¼ ml/D � sin qin (1)

In addition, the comparison of diffraction patterns clearly
shows that diffraction efficiency depends on [Au]. The brightest
diffraction orders appear for [Au] ¼ 52, (inset in Fig. 2e). For
instance, the third diffraction order (top of the images) is clearly
visible for [Au]¼ 60 (inset of Fig. 2g), but not for [Au]¼ 32 (inset
of Fig. 2a). In order to understand these dependences, the
diffraction efficiency of the rst diffraction order has been
thoroughly analyzed.

Spectral diffuse reectance measurements of these fringes
are shown in Fig. 6. They were done at different scattering
angles with respect to the zeroth-order direction, q, always
within the incidence plane, since the gratings were illuminated
perpendicularly to the lines. It is observed that the spectral
distribution moves toward longer wavelengths for higher scat-
tering angles, following the grating equation (eqn (1)). However,
there is denitively a difference in the intensity and trend of the
absolute value of these peaks, which is crucial for the diffraction
efficiency and colour produced by these gratings. The highest
signal in the range (550–750) nm is obtained for [Au]¼ 52, being
almost twice as high as [Au] ¼ 60 and [Au] ¼ 40 and four times
more than that [Au] ¼ 32. In addition, the spectral trends also
vary with [Au]. Fig. 7 shows the peak intensity for each spectrum
relative to the value at 750 nm. The plot clearly shows that the
This journal is © The Royal Society of Chemistry 2017
spectral trend of these peaks increases for [Au] ¼ 60, decreases
for [Au]¼ 32 while it keeps approximately constant for [Au]¼ 40
and [Au] ¼ 52 in the range (550–750) nm as the wavelength
increases.

The data represented in Fig. 6 and 7 reveal that the diffrac-
tion efficiency of the rst diffraction order and its spectral
dependence can be tuned in a broad range by varying [Au]. In
the case of periodic structures without topography, such as
patterns analyzed here, the ratio between transformed and non-
transformed regions and their optical properties determines the
RSC Adv., 2017, 7, 30118–30127 | 30123
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diffraction efficiency.21,42 The former can modify the relative
efficiency between different diffraction orders and the latter
denes the optical contrast between the fringes. This last
parameter is particularly relevant in these fringes since the
optical constants of the alloy NPs are very different from those
of as grown regions. In order to understand the relevance of the
contrast, we measured the optical transmittance at normal
incidence of those fringes with micrometric resolution using
the micro-hyper-spectral system. Fig. 8 shows the transmittance
of the non-transformed regions and the region transformed
into NPs in the fringes analyzed in the Fig. 2. The transmittance
spectra of non-transformed regions are consistent with the
morphological structure of the as grown regions since they
show a low transmittance band (absorption band) with
a minimum in the range (500–700) nm for [Au] ¼ 32, 40 and 52
associated to the percolation and the discontinuous character
of the lm (Fig. 1a–c), while they decrease quasi-linearly in the
range (475–750) nm for [Au] ¼ 60, consistently with the quasi-
continuous metallic lm (Fig. 1d). Transformed regions are
more transparent in the whole visible range, their spectra have
a high transmission in the IR and show a clear absorption peak
in the range (430–485) nm for [Au] # 52, which must be related
to SPR of the alloy NPs. The main changes in the SPR are
increases of the width and absorption peak intensity, and shi
to red as [Au] increases (see Fig. 3b). These results are consistent
with those reported elsewhere for alloy NPs, where the peak
evolves from blue to green and broads as [Au] increases.30,31,43,44
Fig. 8 Transmittance of the transformed (full lines) and non-trans-
formed region (dashed lines) of the fringes shown in Fig. 2 for the
samples having (a) [Au] ¼ 32, (b) [Au] ¼ 40, (c) [Au] ¼ 52 and (d) [Au] ¼
60.

30124 | RSC Adv., 2017, 7, 30118–30127
In addition, Ag is the metal exhibiting the best plasmonic
response, however the SPR for [Au] ¼ 32 is weaker than that for
[Au] ¼ 52. It might be most likely related to the fact that the
increase of [Au] in this work goes along with an increase of the
total layer thickness, and thus the amount of metal transformed
into NPs. In addition, absorption is not negligible for wave-
lengths higher than 500 nm in the case of [Au] ¼ 60. This is
consistent with the presence of close and small NPs in the
transformed regions (see inset in Fig. 2h). In this case, the SPR
changes and the plasmonic response is dominated by the
balance between the inter-band transitions onset of the alloy
NPs and the multipolar interaction among neighboring NPs.
This broadband plasmonic response has been identied for
similar NPs distributions produced by homogeneous laser
irradiation of noble metal thin lms.25,30

Difference between the transmittance at normal incidence of
the region transformed into NPs, TNPs, and the non-transformed
regions, TNonTr, in the fringes must be somehow related to the
diffraction efficiency measured in reection conguration. Simu-
lation of the diffraction efficiency by using the optical parameters
measured in the fringes requires complex algorithms45 and is
beyond the scope of this work. As a rough estimation, we assume
that the diffraction efficiency must be proportional to the optical
contrast between the fringes, C, dened as C ¼ (TNPs � TNonTr)/
(TNPs + TNonTr). In order to nd support of this hypothesis, the
optical contrasts are plot (le y-axis) in Fig. 9 and the peak intensity
of the diffuse reectance spectra shown as a function of wave-
length for the analyzed fringes in Fig. 7 (right y-axis). The relation
Fig. 9 Optical contrast of the transformed and non-transformed
regions of the fringes shown in Fig. 2. Dots indicate maximum intensity
of the diffracted spectra shown in Fig. 6 for the samples having (a) [Au]
¼ 32, (b) [Au] ¼ 40, (c) [Au] ¼ 52 and (d) [Au] ¼ 60. The ranges of y-
values are the same for all the images.

This journal is © The Royal Society of Chemistry 2017

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra02878d


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
Ju

ne
 2

01
7.

 D
ow

nl
oa

de
d 

on
 4

/2
8/

20
26

 1
:3

8:
54

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
factor between the two y-axes is the same for all the regions
analyzed. The observed correlation of these two parameters shows
a good agreement, especially in the case of [Au]¼ 32 and [Au]¼ 60.
Nevertheless, the absolute values and the spectral trends are
reasonably well estimated in the range (550–750) nm for all the
[Au] values. Therefore, we conclude that the diffraction efficiency
of the rst diffraction order is mainly determined by the optical
properties of the as grown region and regions transformed into
NPs, the latter being characterized by their plasmonic response.
This conclusion conrms the result obtained in a similar work of
Au NPs gratings produced by two-beam laser interference, where
the rst order diffraction efficiency was affected by the average
size, shape, and even the population distribution of Au NPs.46
3.4 Optical response of 2D patterns

Diffraction patterns of the bidimensional structures (insets in
Fig. 4 and 5) show a great number of diffraction orders, which
can be explained by using the Fraunhofer diffraction equations.
The positions of the diffraction orders depend, basically, on the
spatial distribution of the motifs. In a fast and precise way, the
diffraction pattern can be obtained by calculating the Fourier
transform of the images that shows the patterns.47 In some case
a simplied estimation is enough to obtain the spatial distri-
bution of the diffraction orders. For instance, in the case of
square or rectangular lattices with periods X and Y, the spatial
distributions of the motifs in the x,y plane can be described by
the next equation:

pðx; yÞ ¼ comb

�
x

X

�
comb

�
y

Y

�
(2)

where comb is the Dirac comb equation, that is a periodic
distribution constructed from Dirac delta functions, and thus,
the Fourier transform of a Dirac comb function is also a Dirac
comb. Therefore the diffraction orders of the structure
described by p(x,y) must be arranged in a square or rectangular
lattice, as is shown clearly in the inset of Fig. 4a.

In addition the diffraction efficiency of the 2D pattern
depends on the [Au] (as shown in the insets of Fig. 5). For
instance, the diffraction orders of the rectangles for [Au] ¼ 32
(Fig. 5a) are less intense than those for [Au]¼ 52. The agreement
between these results and the previous analysis of the optical
contrast, where the fringes of the [Au] ¼ 52 samples have the
highest diffraction efficiency, evidence that as a rst approxi-
mation the intensity of the diffraction bidimensional pattern
also is mainly determined by the morphology of the as grown
regions and the plasmonic response of the NPs, although the
shape and size of non-transformed region could modify the
relative intensity of the diffraction orders. Even some of the
diffraction orders can be completely attenuated depending on
the type of motif that is replicated as is shown in the insets of
Fig. 5, where some orders disappear, despite the motifs of
Fig. 5a–h are arranged within the same spatial distribution that
can be described by eqn (2).

Position and intensity of the diffraction patterns can be easily
controlled by the laser pulse sequence and the [Au]. Therefore,
a great variety of diffraction patterns can be produced by using this
This journal is © The Royal Society of Chemistry 2017
versatile technique. Customized and personalized diffraction
patterns have a high potential for applications related to personal
identication according with the quest of the enhanced police
security. In addition, the characterization of these patterns does
not require complex instrumentation for the surface analysis, since
a simple continuous laser and a camera are only needed for the
production, acquisition and identication of the unique diffrac-
tion pattern produced by the micrometric periodic structure. On
the other hand, the PMLI technique is a fast and cheap approach
having the capability to produce patterns over large areas in a time
efficient and single-step process for producing personalized colour
coatings through the unique associated diffraction pattern.

4. Conclusions

This work shows that a great variety of periodic structures with
customized diffraction efficiency can be fabricated in Au/Ag lms
by using the PMLI technique. The motif is formed by non-
transformed regions that preserve the initial as grown
morphology, placed at the minimum of interference, surrounded
by regions placed at the maximum of interference and trans-
formed into alloy NPs due to the laser induced dewetting process.
Mean diameter of the NPs and the percentage of transformed
region increase with the gold concentration, [Au]. However, the
thickest sample, with the highest [Au], shows a bimodal size
distribution. The transition between the transformed and non-
transformed regions is blurred for [Au] ¼ 60 by the hydrody-
namic ow and mass transport from hot to cold region. This
process limits the resolution of the non-transformed areas and the
minimum period achievable, which was in the range (3–1.7) mm
for the sample with the highest [Au]. On the other hand, well
dened fringes, squares and diamonds or rectangles with width of
only 800 nm have been sculpted for the lowest [Au], which has the
lowest thermal conductivity.

In all cases, the optical response of the transformed regions
is dominated by a plasmonic response associated to the alloy
NPs. The weak plasmonic peak is enhanced, broadened and
shied to red as [Au] increases according to the morphological
and alloy variations of the NPs in the transformed regions. In
the case of the highest [Au] the plasmonic response shows an
extra broadening in the IR region related with the multipolar
interaction between the close NPs.

All the periodic structures analyzed show a clear diffraction
pattern whose brightness can easily be varied by changing [Au].
In the case of fringes, the diffraction efficiency of the rst order,
for a given wavelength, can be magnied by a factor 4, or their
dependence on the wavelength can decrease or increase
depending on [Au]. Optical measurements demonstrate that
these effects are related to the optical contrast between the non-
transformed region and the region transformed into alloy NPs
characterized by their plasmonic response.
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22 S. Indrǐsiūnas, B. Voisiat, M. Gedvilas and G. Račiukaitis,
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