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Tuning Dichroic Plasmon Resonance Modes 
of Gold Nanoparticles in Optical Thin Films
 A simple method is presented to tune the gold surface plasmon resonance 
(SPR) modes by growing anisotropic nanoparticles into transparent SiO 2  thin 
fi lms prepared by glancing angle deposition. In this type of composite fi lm, 
the anisotropy of the gold nanoparticles, proved by gracing incidence small 
angle X-ray scattering, is determined by the tilted nanocolumnar structure of 
the SiO 2  host and yields a strong fi lm dichroism evidenced by a change from 
an intense colored to a nearly transparent aspect depending on light polariza-
tion and/or sample orientation. The formation in these fi lms of lithographic 
non-dichroic SPR patterns by nanosecond laser writing demonstrates the 
potentialities of this procedure to develop novel optical encryption or 
anti-counterfeiting structures either at micrometer- or macroscales. 
  1. Introduction 

 Surface plasmon resonance (SPR) is a confi ned electromag-
netic wave at the surface of a nanometric conductor charac-
terized by a wavelength dependence which is affected by the 
size, shape, dielectric environment and nature of the metal 
nanostructure. [  1–3  ]  The growth of anisotropic metal assemblies 
or nanoparticles (NPs) with high aspect ratio geometries is a 
perfect example of the importance of shape to tune the SPR. 
Electromagnetic waves propagating along the surface of these 
nanostructures present different resonances depending on the 
orientation of the light electrical fi eld vector with respect to 
their longest axis. This dependence has been exploited for the 
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fabrication of dichroic fi lters, [  4  ]  polarized 
light nanosources, [  5  ]  and materials with 
second-order nonlinearities. [  6  ]  A typical 
feature of these nanostructures is a macro-
scopic optical dichroism resulting from 
the excitation of two distinct SPR modes, 
one along their longest dimension (longi-
tudinal mode, LonSPR) and another per-
pendicular to it (transverse mode, TrSPR). 

 A generalized method for the nanoscale 
fabrication of SPR structures involves a 
soft lithography induced by light or elec-
tron beams. Although this type of methods 
do provide an accurate control over the 
nanostructrure of metal assemblies, [  7–11  ]  
its use is hampered by their high cost and 
the long times required for manufacturing large areas. These 
limitations are circumvented in part by template-assisted syn-
thesis methods using, for example, nanoporous alumina mem-
branes to grow nanorods or nanotubes of metals with SPR. [  12  ]  
Related works have also reported alternative methods consisting 
of embedding in polymers arranged strips of spherical metal 
NPs [  13  ]  or elongated metal NPs [  14  ]  for the fabrication of optically 
anisotropic thin fi lm fi lters. 

 Glancing angle deposited (GLAD) thin fi lms prepared by 
evaporation present a highly porous nanostructure formed by 
tilted nanocolumns [  15–18  ]  which, depending on the material, 
can aggregate in the form of linear “bundles” along the direc-
tion perpendicular to the incoming material fl ux. [  19  ]  In previous 
works, we took advantage of this peculiar surface structure to 
prepare percolated silver nano-stripes on the surface of SiO 2  
GLAD thin fi lms by a combined silver evaporation and laser 
treatment procedure. [  20  ,  21  ]  However, although these unique 
porous characteristics make GLAD thin fi lms good candidates 
as hosts for the template synthesis of composite materials, 
no systematic attempts have been reported about this applica-
tion, except for their use to infi ltrate active components of dye-
sensitized or hybrid solar cells. [  22  ,  23  ]  In the the present work, 
we present a completely new template procedure using poly-
mers and chemically driven routes for the tailored synthesis 
of isolated gold nanoparticles (NPs) in the bulk of GLAD thin 
fi lms acting as hosts. The method is simple, can be scaled up to 
large substrates and provides the possibility of tuning the SPR 
modes of gold NPs and their optical anisotropy. A peculiarity of 
the obtained fi lms is that they present dichroism around both 
their azimuthal and polar axis, a feature that goes far beyond 
the current capabilities offered by the aforementioned proce-
dures of NPs template synthesis [  7–12  ]  or polymeric embedment 
1655wileyonlinelibrary.comm

http://doi.wiley.com/10.1002/adfm.201201900


FU
LL

 P
A
P
ER

1656

www.afm-journal.de
www.MaterialsViews.com
aproaches. [  13,14  ]  To assess the asymmetry and tilted arrangement 
of the gold NPs we use scanning electron microscopy (SEM) 
and grazing-incidence small-angle X-ray scattering (GISAXS). 
This latter technique, not utilized previously for the characteri-
zation of anisotropic composite thin fi lms, has recently revealed 
as a powerful characterization method of thin fi lms with tilted 
nanocolumns. [  24  ]  Meanwhile, to clearly prove that the optical 
dichroism is due to the formation in the fi lms of tilted and any-
sotropic gold NPs, optical simulations of the spectra have been 
carried out to clearly establish the dependence between optical 
properties and particle characteristics. 

 Besides the development of new synthesis and characteriza-
tion approaches for preparing dichroic gold NPs, in the fi nal 
part of this paper we prove that laser irradiation of the Au/SiO 2  
fi lms removes their dichroism in the illuminated zones. Relying 
on this result, we also show that a systematic application of 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G

     Figure  1 .     a) Scheme of the synthesis method to prepare anisotropic gold 
together with PMMA on the fi lm surface. 2. Infi ltration of PMMA and pre
particles and removal of PMMA. 4. Growth of gold nanoparticles. 5. Cleani
thin fi lms deposited at a) 60 °  and b) 85 ° . Micrographs along the  x - z  and  y
ondary (top) and backscattered (bottom) electron images. 2D models with
experimental results. d) Schematic representation of a NP along the  y - and  x
f) Idem for SiO 2 -85 °  thin fi lms.  
this technique in combination with a patterned deposition of 
the anisotropic GLAD fi lms offers unprecedented possibilities 
for optical encryption or anti-counterfeiting applications not 
achievable with the current approaches using laser treatment of 
polymers with embedded NPs. [  14  ]    

 2. Results and Discussion 

  2.1. Tailored Formation of Gold Nanoparticles 

 The preparation procedure of the gold NPs implies their molding 
in the intercolumnar space of the GLAD fi lms. According to the 
scheme in  Figure    1  a, the experiment consists of the infi ltra-
tion and reduction of a gold compound while it is dragged into 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 1655–1663

nanoparticles in SiO 2  GLAD thin fi lms: 1. Deposition of a gold precursor 
cursor within the intercolumnar pores of the fi lms. 3. Nucleation of gold 
ng of the surface. b,c) Cross sectional SEM micrographs of Au/SiO 2  GLAD 
 - z  orientation planes are reported in the fi gure as indicated, including sec-
 inserted coordinate axis are presented for a better understanding of the 
 -directions in the SiO 2 -60 °  thin fi lms with indication of its axis dimensions. 
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the pores by diffusion of PMMA. To tailor the shape, size, and 
orientation of gold NPs, we controlled the tilting angle of the 
host fi lm by selecting their deposition angles ( α ) as reported 
in the Experimental Section and further discussed in ref.  [   25   ]  
and in the Supporting Information. The infi ltrated amount of 
gold determined by Rutherford back scattering was around 2  ×  
10 16  cm  − 2  with a similar in-depth distribution irrespective of 
the type of fi lm (see Figure S1 and Table S1 in the Supporting 
Information).  

 The size, shape, and orientation of the gold NPs were tightly 
dependent on the tilting angle and distance among the nano-
columns which, in turn, depend on the evaporation angle of the 
host SiO 2  thin fi lms. This is illustrated in Figure  1 b,c showing 
the nanostructure of Au/SiO 2  thin fi lms for hosts deposited at 
 α   =  60 °  and 85 ° , respectively. In these images it is apparent that 
the angle formed by the nanocolumns and the normal to the 
substrate ( θ ) increases with the deposition angle ( α ) from 18 °  to 
35 °  for  α   =  60 °  and 85 °  (see exact values for the other samples 
in Table S1 of the Supporting Information). [  15–18  ,  25  ]  This effect 
is controlled by the shadowing effects appearing along the fl ux 
direction ( y ) of the incoming SiO 2  material and is responsible 
for the optical birefringence of this type of thin fi lms. [  26  ]  Mean-
while, in the perpendicular direction ( x ), nanocolumns appear 
less separated due to a “bundling” effect that yields long void 
channels among successive lines of partially associated col-
umns. [  19  ]  Molding of the gold NPs (bright spots in Figure  1 ) in 
this intercolumnar space is clearly the reason for their tilting 
by the angle  θ  and their shaping control. Thus, from the two 
examples reported in Figure  1 , it appears that the smaller 
average intercolumnar distance along the  y -direction in the 60 °  
SiO 2  fi lms constrains the gold NPs in a narrower space, so that 
© 2013 WILEY-VCH Verlag GAdv. Funct. Mater. 2013, 23, 1655–1663

     Figure  2 .     a) GISAXS patterns for Au/SiO 2  GLAD thin fi lms deposited at  α
maxima appear in equivalent SiO 2  thin fi lms without gold, while the white l
when going from the 60 °  to the 85 °  samples. b) In situ GISAXS measureme
processing of Au/SiO 2  60 °  GLAD thin fi lms according to steps 3 and 4 in F
samples than in (b).  
they develop an elliptical shape in the  y - z  plane and an aspect 
ratio close to unity along the  x - z  plane (Figure  1 b). This less 
restricted NP growth in the  x - z  plane must be associated with 
the long percolated channels produced by the “bundling” associ-
ation of nanocolumns. By contrast, the much higher separation 
between adjacent nanocolumns in the  y -direction (Figure  1 c) in 
sample SiO 2 -85 °  releases the growth restrictions in this and in 
the  x - (also in  z -) directions, resulting in a quasispherical shape 
for the gold NPs. It is also apparent in Figure  1  that the longest 
dimension of the NPs decreases slightly when moving from the 
SiO 2 -60 °  to the SiO 2 -85 °  thin fi lms. These changes in particle 
size and shape are schematically represented in Figure  1 d,f, 
including a defi nition of the axis dimensions (a,b,c) of the NPs. 
According to this scheme, in sample SiO 2 -60 °  a  ≈  c  >  >  b, while 
in sample SiO 2 -85 °  the three dimensions have similar values. 
In the former sample, the SEM images in Figure  1  also suggest 
that the a and c axis dimensions are slightly larger than in the 
latter. This fi rst assessment of particle shapes is confi rmed by 
simulation of the SPR reported in Sections 2.3 and 2.4.   

 2.2. Proving the Asymmetry and Long Range Order of Gold 
NPS with GISAXS 

 To confi rm over large areas the anisotropic and tilted geometry 
of the gold NPs, their similar shape and size and their homo-
geneous distribution, we characterized the Au/SiO 2  fi lms by 
GISAXS. In a recent publication, [  24  ]  we have evidenced that 
the tilted microstructure of GLAD thin fi lms renders a charac-
teristic asymmetric pattern when the nanocolumns are placed 
perpendicular to the incident X-ray beam.  Figure    2  a shows the 
1657wileyonlinelibrary.commbH & Co. KGaA, Weinheim

   =  60 ° , 70 ° , 80 ° , and 85 ° . The red arrows point to the position where the 
ines indicate the evolution in the position of the maximum in the patterns 
nts after heating at increasing temperatures reproducing the manufacture 
igure  1 a. c)  x - and  y -polarized UV-vis light transmittance spectra of similar 
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GISAXS patterns of the investigated Au/SiO 2  composite thin 
fi lms. By comparison with the patterns of bare SiO 2  GLAD 
thin fi lms (see Figure S2 in the Supporting Information and 
the position of red arrows in Figure  2  signaling the maxima in 
equivalent patterns of SiO 2 ) it is apparent that the host mate-
rial does not contribute to the diagrams, an effect that can be 
attributed to the much higher scattering cross-section of gold 
with respect to SiO 2 . [  27  ]  By discarding this contribution, the 
obtained asymmetric GISAXS patterns clearly confi rm that 
the gold NPs are tilted and that therefore they have grown in the 
intercolumnar voids of the host. Furthermore, the development 
in the diagrams of well defi ned maxima proves that the distri-
bution of gold NPs is homogenous, while the observed shift of 
the maxima towards the center of the patterns (see the white 
line pointing out the position of the maxima for the different 
diagrams) indicates that the correlation distance between par-
ticles increases with the deposition angle. In this regard, the 
decrease in pattern asymmetry with this parameter sustains a 
progressive equalization of particle dimensions when moving 
from sample SiO 2 -60 °  to sample SiO 2 -85 ° . Although an insuf-
fi cient defi nition of the maxima position precludes an accurate 
determination of geometrical dimensions, roughly calculated 
correlation distances were around 100 nm, i.e., of the order 
of magnitude of the interparticular distances estimated when 
modeling the optical properties of the composite fi lms (see 
Section 2.4).  

 On the other hand, GISAXS also proved to be an useful tool 
to monitor the formation of gold NPs during the preparation 
of the Au/SiO 2  thin fi lms. Figure  2 b reports a series of selected 
GISAXS patterns obtained at the indicated temperatures by 
heating “in situ” the Au/SiO 2 -60 °  precursor sample (i.e., steps 
2 to 5 in Figure  1 a). The optical changes occuring in parallel 
are reported in Figure  2 c showing the polarized UV-vis trans-
mittance spectra of equivalent samples subjected to similar 
heat treatments and then cooled down to room temperature for 
recording. GISAXS patterns do not depict any maximum for 
temperatures lower than 50  ° C, not even those expected for the 
SiO 2  host (see Figure S2 in the Supporting Information) which 
must be disguised by the scattering effect of the gold atoms 
distributed within the PMMA. Consistently, the optical UV-vis 
spectrum of this sample does not depict any plasmon band, 
but an absorption peak at 450 nm attributed to molecularly dis-
tributed HAuCl 4 . A small difference in light transmission for 
both polarizations can be attributed to the inherent birefrin-
gence of the GLAD SiO 2  thin fi lms and the optical dispersive 
behavior of PMMA anisotropically distributed within the pores. 
The GISAXS patterns only developed an asymmetric maximum 
after heating at 150–250  ° C and subsequently at 350  ° C when it 
became quite intense. This experiment further supports that 
the asymmetric GISAXS patterns responds to the scattering 
of the X-rays in a quasi-periodic tilted arrangement formed by 
gold nanoellipsoids as previously observed by SEM. The devel-
opment at temperatures higher than 150  ° C, with a maximum 
at  ≈ 350  ° C, of a well defi ned SPR band in the UV-vis spectrum 
when recorded with  x -polarized light (Figure  2 c) confi rms the 
attribution of the GISAXS maxima to a quasi-periodic tilted 
arrangement of gold nanoellipsoids. In the course of these 
experiments, we also proved the thermal stability of the fi lms 
by performing heating experiments up to 500  ° C. After these 
8 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag Gm
heating experiments, neither the UV-vis nor the GISAXS 
spectra changed signifi cantly, a feature that must be attributed 
to the restrictions imposed by the SiO 2  nanocolumns to the dif-
fusion of gold.   

 2.3. Optical Anisotropy Around the Azimuthal Angle 

 An optical anisotropy as that progressively developed by the 
precursor sample Au/SiO 2 -60 °  heated at increasing tempera-
tures (Figure  2 c) was also observed for other composite thin 
fi lms fabricated by using hosts prepared at different evapora-
tion angles from 60 °  to 85 ° . The  x - and  y -polarized spectra in 
 Figure    3   clearly show that the different composite fi lms differ 
in the position of the LonSPR and TrSPR maxima of gold NPs. 
The difference between the position of the two SPR modes was 
maximum for sample Au/SiO 2 -60 °  (i.e., 505 to 635 nm for the 
LonSPR and TrSPR, respectively) and progressively decreased 
with the deposition angle to reach a minimum for sample 
Au/SiO 2 -85 °  (i.e., 525 to 550 nm for the LonSPR and TrSPR, 
respectively). Both in this sample and particularly in sample 
Au/SiO 2 -PN (a GLAD fi lm with perpendicular nanocolumns), 
the similar shape and position of the LonSPR and TrSPR bands 
indicate that the embedded gold NPs are quasi-spherical. As 
a consequence of the shift in the position of the SPR maxima 
for a given sample, by eye observation the Au/SiO 2  fi lms pre-
sented different colors when illuminated with  x - and  y -linearly 
polarized white light (Figure  3  (right)). Differences in color 
were maximum in sample Au/SiO 2 -60 °  presenting blue and 
pink colors for these two polarizations, while color differences 
attenuated with the deposition angle and were negligible for 
sample Au/SiO 2 -PN. Equivalent responses could be obtained by 
azimuthally rotating the samples when illuminated with a fi xed 
linearly polarized source of white light.    

 2.4. Simulation of the Optical Dichroism 

 The optical dichroism depicted by the composite Au/SiO 2  sam-
ples must be linked to the anisotropy of the gold NPs host-
synthesized in the bulk of the fi lms. To further assess this point, 
the optical behavior of the 60 °  and 85 °  samples was modeled 
with the discrete dipole approximation (DDA), [  28–31  ]  a numerical 
method to solve Maxwell equations that cannot be handled ana-
lytically. Among the different procedures proposed in literature, 
DDA is by far the most widely employed for metallic particles 
in complex surrounding environments. This method provides a 
mean to accurately determine the scattering and absorption of 
light by targets of arbitrary shape and complex dielectric media. 
To model the spectra we adopted the following assumptions 
i) a tilted arrangement of ellipsoidal gold NPs along the nano-
columns angle  θ ; ii) one particle dimension (b) equivalent to 
the nanocolumn separation and different than the two others 
(b  ≠  a  =  c); iii) an equivalent volume for the anisotropic NPs but 
a different effective refractive index in the different fi lms; iv) a 
repeated arrangement of NPs along the  x - y  plane and only one 
particle along the z direction. 

 Simulations of the extinction cross sections of gold nano-
ellipsoids with different geometries and orientations have been 
bH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 1655–1663
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     Figure  3 .     Full line: polarized UV-vis light transmittance spectra for Au/SiO 2  GLAD thin fi lms 
deposited at  α   =  60 ° , 70 ° , 80 ° , and 85 °  and a GLAD fi lm consisting of perpendicular nano-
columns. Dashed line: selected simulated spectra (see text). The vertical dashed lines indicate 
the peak positions for sample Au/SiO 2 -60 ° , while the associated arrows indicate the relative 
shift found in the two SPR peaks of each sample. Pictures of samples illuminated with  x - and 
 y -polarized white light are shown in the right side of the fi gure. The scheme at the top illustrates 
the orientation of the polarization vector of light with respect to a projection of the tilted NPs 
on the  x - y  plane.  
carried out by employing the code DDSCAT 7.1 developed by 
Draine and Flatau. [  30–32  ]  To take into consideration the interac-
tion with the surrounding NPs, in agreement with the SEM and 
GISAXS results, our model considers a periodic target of gold 
nanoellipsoids embedded in a medium with refractive index 
higher than that of the air.  Figure    4  a presents the geometrical 
model used for the DDA simulations where we have consid-
ered that gold nanoellipsoid geometry, orientation, periodicity, 
and dielectric environment are dependent on the SiO 2  thin fi lm 
© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, WeinAdv. Funct. Mater. 2013, 23, 1655–1663
deposition angle. The targets consist of N 
dipoles with their N  x  , N  y   and N  z   components 
aligned along the axes of nanoellipsoids that 
are surrounded by a medium with refractive 
index n med . A restriction of the DDA approxi-
mation is that the interdipole distance must 
satisfy the condition  |  m  |  ks   <  1, where  m  is 
the complex refractive index of gold. For all 
the simulations this condition was set to be 
 |  m  |  ks   <  0.1, fulfi lling by far the requirements 
of the method. It is important to note that the 
precision of the DDSCAT code increases with 
the number of dipoles, though at expenses 
of a signifi cant increase in the computa-
tional time. Further details about the specifi c 
calculation procedure and the utilized for-
mulations can be found in the Supporting 
information.  

 In the particular case of perpendicular col-
umns, the rotation of the substrates during 
deposition produces not only a perpendicular 
growth of the SiO 2  nanocolumns, but also 
that the intercolumnar separation is equal in 
the  x  and  y  directions. Because of that, the 
smallest axis of the nanoellipsoids (b) is not 
oriented anymore and these samples do not 
present optical dichroism. This situation was 
implemented in the simulations by using 
periodically arranged nanoellipsoids with the 
c-axis coincident with  z  direction ( θ   =  0), but 
with the b-axis randomly oriented in the  x - y  
plane. 

 The calculated transmittance spectra for 
both  x - and  y -polarizations are represented 
by dashed lines in Figure  3  where they are 
compared with the experimental results. This 
fi gure shows that under the assumptions of 
the calculations the simulated spectra were 
in good agreement with the experimental 
ones. Particle dimensions, tilting angles and 
NP separation in the x and y directions have 
been calculated for a big number of parti-
cles. Representative SEM pictures along  x - z  
and  y - z  planes for Au/SiO 2 -60 °  and  − 85 °  are 
presented in Figure S3 of supporting infor-
mation to assess the size, shape, tilting angle 
and separation between NPs. Average values 
calculated from these pictures are summa-
rized in  Table    1  , clearly evidencing that while 
the number of elemental dipoles within the 
NPs does not signifi cantly vary from one sample to another, 
their shape (differences between a/c and b) and dimensions 
(actual values of a, b, and c) do.    

 2.5. Optical Anisotropy Around the Polar Angles 

 Another striking optical feature of the investigated composite 
fi lms, particularly evident for sample Au/SiO 2 -60 ° , was an 
1659wileyonlinelibrary.comheim
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     Figure  4 .     a) Schematic views of the simulated gold NPs. The black dots in the nanoellipsoids represent every polarizable point (dipoles) in a cubic 
lattice used in the program DDSCAT. Projection of the individual ellipsoids onto the  y - z  and  x - z  planes are presented to identify the geometry of the 
particle. The simulations were performed with nanoellipsoids distributed in the  x - y  plane, and separated in the  x  (L  x  ) and  y  (L  y  ) axis as presented in 
the scheme. b)  y -polarized transmittance spectra of sample Au/SiO 2 -60 °  as a function of the angle of rotation around the  x -axis. The representation 
in the center shows how the rotation around  x -axis aligns the  long  nanoparticle axis (with a maximum in ca.  + 70 ° ) or the  short  nanoparticle axis (with 
a maximum in ca. –20 ° ) with the incoming electric fi eld light. As a result, turning the fi lms around the x-axis produces the selective excitation of the 
TrSPR and LonSPR modes at  − 20 °  and 70 °  orientation, respectively. c) Simulated  y -polarized transmittance spectra evidencing a good agreement with 
the experimental spectra recorded at equivalent angles.  
unusual change in transmittance upon rotation around their 
polar axis. For both  x - and  y - polarized lights, the position of the 
SPR peaks remained unaltered upon polar rotation around the 
 y -axis (only a small change in the SPR intensity was observed), 
but dramatically changed when using  y -polarized light and the 
sample was rotated around its  x -axis. For sample Au/SiO 2 -60 ° , 
this behavior is illustrated in Figure  4  showing that by  x -axis 
rotation to the left, the overall sample transmission for   λ    >  550 nm 
diminished and the peak at 505 nm sharpened. A maximum 
effect was found at approximately  − 20 ° , coinciding with the 
tilting angle of the nanocolumns. Meanwhile, the  x -axis rota-
tion to the right produced the development of a wide peak at 
 ≈ 635 nm, which reached its maximum intensity at approxi-
mately  + 70 ° . By visual inspection, this complete shift from 
the TrSPR (peak at 505 nm) to the LonSPR (peak at 635 nm) 
mode by 90 °   x -axis rotation rendered a pronounced change in 
0 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G

   Table  1.     Parameters used for the simulations of the optical properties. 

Sample N: N  x  , N  y  , N  z   a  =  c 
[nm]

b 
[nm]

Asp

Au/SiO 2  − 60 6303: 33, 33, 11 120 40

Au/SiO 2  − 85 6588: 25,25,20 90 72

Au/SiO 2 -PN 6588: 25,25,20 90 72
color, an effect that was not observed by rotating around the 
 y -axis. The schematic model in Figure  4 b explains graphically 
the observed effects. Furthermore, to account for the effect of 
rotation around the  x -axis while illuminating with  y -polarized 
light, DDA model simulations were carried out for sample Au/
SiO 2 -60 ° , taking from Table  1  the geometry and periodicity of 
gold nanoellipsoids as well as the dielectric characteristics 
of the medium (see further considerations in the Supporting 
Information). With respect to the previous calculations in Sec-
tion 2.3 a difference here was that the NPs c axis was aligned 
along the  z  direction ( θ   =  0). This situation corresponds to 
NPs aligned with the the incoming light ( z ), an orientation 
that is achieved experimentally by rotating the samples  − 20 ° . 
To account for additional rotational effects, the local coordinate 
system of the targets was turned from 0 to 90 °  (experimentally 
from  − 20 to 70) around the a axis of the NPs. The complete 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 1655–1663

ect ratio  θ  
[ ° ]

Lx 
[nm]

Ly 
[nm]

n media  

3.0 18 360 120 1.4

1.2 35 185 185 1.2

1.2 0 185 185 1.2
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     Figure  5 .     a) Pictures of a series of Au/SiO 2  samples deposited at  α   =  60, 70, 80, and 85 °  illu-
minated with  x - and  y -polarized light. Selected zones of these samples were treated with laser 
at powers ranging from 25 to 95% of the total output power (240 kW/cm  − 2 ) at 10% intervals 
(eight squares in the outer zone of each sample). The central “C S I C” characters have been 
written by using a laser power of 60%. b) Standard bar code written with the laser onto a Au/
SiO 2 -60 °  sample and monitored with  x - and  y -polarized lights. The zoom images show the 
presence of a secondary micrometric bar code engraved in one of the bars. c) Optical effects 
in an irradiated Au/SiO 2 -60 °  sample with three different orientations of the nanocolumns. The 
scheme illustrates the different orientations of the gold nanoparticles in the original sample 
and the contour of a fi gure written by laser irradiation. The photographs on the right correspond 
to the irradiated sample illuminated with  x - (top fi gures) and  y - (bottom images) polarized 
lights and turned by 90 °  around the axis perpendicular to the fi lm and by approximately  ± 45 °  
around the axis in the fi lm plane as defi ned in the scheme at the left side of the fi gure (L and 
M axis). The arrows at the right of this scheme indicate the incoming direction of the material 
fl ux during the preparation of each part of the sample. The scale bar included in the upper left 
picture corresponds to 1 cm.  
series of simulations as a function of rota-
tion angle is presented in Figure  4 c, where 
the labeled angles have been taken from the 
experiment. The good reproduction of the 
main features of the experimental spectra 
(i.e., peak position, shift, change in intensity) 
by the DDA simulations further supports that 
changes appearing upon polar angle rota-
tion are due to both the anisotropy of NPs 
and their tilting orientation within the SiO 2  
nanocolumns.   

 2.6. Laser Writing and Optical Encoding 

 When the Au/SiO 2 -60 °  samples were illumi-
nated with enough power of a diode-pumped 
Nd:YAG laser emitting at 1064 nm, their 
dichroism was removed and isotropic SPR 
bands could be seen in the spectra of the 
irradiated zones. This behavior suggests a 
reshaping of the gold nanoellipsoids and 
their transformation into spherical particles. 
Similar reshaping effects were reported by 
Liz-Marzan et al. [  14  ]  for elongated gold NPs 
embedded in a polymer matrix, although in 
our case the tilted arrangement of NPs offers 
quite new and unprecedented patterning pos-
sibilities to encode information. 

 In our experiment, an excellent optical 
contrast with the non-written areas was also 
apparent by visual inspection when using 
x-polarized white light. By contrast, no laser 
patterns could be easily differentiated when 
the samples were examined with  y -polarized 
light. An example of this effect is reported 
in  Figure    5  a showing the  x -polarized light 
laser patterns obtained with samples pre-
pared at different evaporation angles  α . It is 
apparent that the contrast is progressively 
lost as  α  increases. The possibility of fi ne 
tuning the pattern profi les is evidenced in 
Figure  5 b showing a patterned barcode on 
a Au/SiO 2 -60 °  sample that was only visible 
with x-polarized light. As evidenced by the 
enlarged images in Figure  5 b, bar codes at 
the micron scale can be also written with this 
technique. In addition, we demonstrated that 
the magnitude of the dichroic response can 
be effi ciently controlled by varying the laser 
output power. By modifying this parameter 
it was possible both to progressively control 
the magnitude of the changes in the UV-vis 
spectra recorded with  x - and  y -polarized 
lights (see the spectra of the irradiated Au/
SiO 2  samples in Figure S4 in the Supporting 
Information) and to induce signifi cant color 
changes as shown by the evolution of the 
written squares in Figure  5 a.  
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 Since the deposition of GLAD thin fi lms is fully compatible 
with the use of shadow masks, this technique can be used to 
deposit SiO 2  samples with oxide nanocolumns and gold nano-
ellipsoids tilted at different angles in selected areas of a given 
substrate, a situation that is not achievable with polymer host 
matrixes. [  14  ]  Upon gold infi ltration, this sample architecture 
yields multidirectional dichroic materials where distinct zones 
will respond differently to the polarization of light. An example 
of the encoding possibilities of laser patterning this type of 
multidirectional fi lms is shown in Figure  5 c. The written area 
extends over three sample zones, each one with a different 
tilting orientation of the nanocolumns as shown in the scheme. 
The sequence of pictures shows how the complete laser pat-
tern can only be recovered (picture framed with a red square, 
where the SPR is identical for the three sample zones) for a 
given combination of light polarization and sample orientation 
with respect to the white light beam. Owing to the micrometer-
scale drawing possibilities of the laser, similar effects could be 
obtained for micrometer and even sub-micrometer size fea-
tures. This methodology would enable the use of laser treated 
Au/SiO 2  GLAD samples for practical applications as optical 
encoding, engraving, data storage and for anti-counterfeiting 
protection. In relation with this latter application, written data 
or codes could only be retrieved if the deposition angle of the 
columns in every zone is known a priori. Lacking this informa-
tion, the optical patterns obtained would not correspond to the 
actually encoded data.    

 3. Conclusions 

 In this work we have developed a new template-assisted meth-
odology to grow a homogeneous distribution of anisotropic 
gold NPs in the bulk of optically transparent SiO 2  GLAD thin 
fi lms. Besides its relative simplicity, the method is quite reliable 
and scalable to large areas. The anisotropic metal NPs present 
well defi ned LonSPR and TrSPR modes that can be tuned by 
adjusting the deposition angle of the GLAD thin fi lms. The 
asymmetry and high aspect ratio of the metal NPs, together 
with their tilting along the direction of the SiO 2  nanocolumns 
give rise to a complex dichroic response when turning the sam-
ples around both their azimuthal and polar axis. Modeling this 
optical response with the DDA theory has proved that this com-
plex dichroic behavior is due to both the asymmetric shape of the 
NPs and their tilted orientation within the intercolumnar space 
of the SiO 2  fi lm. Reshaping the gold NPs by laser irradiation 
permits the fabrication of dichroic bar codes and, by combining 
in the same sample regions with different nanocolumns orien-
tation, opens the way to high level encryption processes where 
the patterned code would only be readable if knowing the exact 
geometry of nanocolumns in each zone of the the samples.   

 4. Experimental Section 
  Preparation and Characterization of Dichroic Thin Films : SiO 2  GLAD 

thin fi lms with different nanocolumns tilting angles were prepared by 
electron evaporation at different zenithal glancing angles,  α , from 60 °  to 
85 °  (see ref.  [   25   ] , the scheme in Figure  1  and Figure S5 in the Supporting 
Information for more details). SiO 2  thin fi lms with perpendicular 
2 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
nanocolumns (PN) were fabricated by rotating the substrate placed at a 
glancing angle during deposition. Gold NPs were grown along the pores 
of the nanocolumnar SiO 2  GLAD thin fi lms by spin-coating on their 
surface an acetone solution of PMMA containing HAuCl 4 . After drying, 
these precursor samples were subsequently heated up to 350  ° C. This 
treatment produced the reduction of the gold species in the precursor 
samples, the formation of gold NPs and the complete removal of PMMA. 
The different steps of the process are schematized in Figure  1 . 

  Sample Characterization : Laser treatment conditions to selectively 
remove the thin fi lm dichroism and experimental details about the 
characterization methodology of the samples by SEM, GISAXS, and 
UV-vis transmission are reported in detail in the Supporting Information. 
A linearly polarized light with the electrical vector parallel to the fi lm 
surface (i.e., a perpendicular impingement of the beam) was used for the 
UV-vis analysis. For convenience, to designate the relative orientation of 
this electrical vector with respect to the fi lm orientation, we have used 
the same axis frame that the one used to describe the geometrical 
features of the GLAD thin fi lms (c.f. Figure  1 ). Thus,  x ( y )-polarized light, 
as defi ned in Figure  3 , means that the electrical vector is oriented along 
the  x ( y ) coordinate defi ned for the fi lms in Figure  1 .   

 Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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