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Abstract: 
Printed image multiplexing based on the design of metasurfaces has attracted much interest in 
the past decade. Optical switching between different images displayed directly on the 
metasurface is performed by altering parameters of the incident light such as polarization, 
wavelength or incidence angle. When using white light, only two-image multiplexing is 
implemented with polarization switching. Such metasurfaces are made of nanostructures 
perfectly controlled individually, which provide high-resolution pixels but small images and 
involve long fabrication processes. Here, we demonstrate that laser processing of 
nanocomposites offers a versatile low-cost, high-speed method with large area processing 
capabilities for controlling the statistical properties of random metasurfaces, allowing up to 
three-image multiplexing under white light illumination. By controlling independently 
absorption and interference effects, colors in reflection and transmission can be varied 
independently yielding two-image multiplexing under white light. Using anisotropy of 
plasmonic nanoparticles a third image can be multiplexed and revealed through polarization 
changes. The design strategy, the fundamental properties and the versatility of implementation 
of these laser-empowered random metasurfaces are discussed. The technique, applied on 
flexible substrate, can find applications in information encryption or functional switchable 
optical devices, and offers many advantages for visual security and anticounterfeiting. 
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Manuscript: 
 
Image multiplexing is the concept of combining the information of several images into one 
image that is recorded on a support, which displays the different images independently from 
each other when changing the illumination or observation conditions.[1] The image can be 
formed away from the support in a hologram form[2]  or can be displayed directly on the support 
itself like a printed image.[3] The design of the multiplexed images differs in the two cases: 
while in a holographic image, each pixel has no direct correspondence with the corresponding 
pixel of the multiplexed image, in a printed image, each pixel of the multiplexed image displays 
the information contained for the different modes.  
 
The development of metasurfaces,[4] i.e. nanostructured photonic layers that generate strong 
interaction with light, has recently enabled the emergence of various strategies for 
implementing image multiplexing. Multiplexed holograms often result from metasurfaces with 
interleaved or multilayer design,[2,5] where each subunit of a pixel can realize independent phase 
manipulation of optical waves at different wavelengths providing wavelength-controlled 
switching.[6-9] Anisotropic metasurfaces are used for the design of polarization-controlled 
holograms[10-13] and can be combined with a wavelength-selective design,[14-15] or position-
selective design,[16] enabling full color holography.[17-18] Non-interference angular momentum 
multiplexing,[19] incident-angle multiplexed holograms,[20] and interleaved diffraction 
gratings[21] also give multiple images projected out of the metasurface plane. For security 
applications, polarization-selective or wavelength-selective holograms can be combined with a 
printed color image.[22-25] 
 
For the case of printed image multiplexing, the design of the corresponding metasurfaces relies 
on the control of the electric field amplitude with non-interleaved pixels, where each pixel 
contains the information of different images that must be displayed under different optical 
conditions. A first approach, based on wavelength-selective switching[1,26-30] can provide a high 
number of multiplexed images when combined with polarization selectivity and multilayer 
design[1] or incident-angle-selectivity.[26]  In a second approach, the metasurfaces are designed 
to display different multicolor images under white light illumination and the best outcomes 
show two-image multiplexing based on polarization selectivity.[3,31-32] The use of white light 
printed image multiplexing makes the observation of the different images easy by any non-
trained person who can look at the printed support under natural light or a standard commercial 
white lamp. This approach of multiplexing broadens the range of applications. 
 
White light image multiplexing involves anisotropic plasmonic metasurfaces where individual 
nanostructures are accurately shaped, sized and positioned to ensure a perfect control of the 
metasurface optical properties in the selected modes of observation. Plasmonic nanostructures 
with pre-designed properties can be generated by electron beam[33-36] or focused ion beam 
lithography,[37] but at relatively high cost and low throughput thus preventing a transfer to 
industrial processes where the cost must be affordable, large area processing is required and the 
fabrication needs to be versatile and completely customized. Although not yet used for 
implementing white light image multiplexing, laser processing provides a powerful alternative 
fabrication technology compatible with low-cost, high versatility and large area processing 
capabilities, enabling customized large color image printing inside a material (embedded 
nanoparticles) and the tuning of dichroic plasmonic colors.[1,38-40] The laser beam controls the 
statistical geometrical properties of nanoparticle assemblies and can induce self-organization 
processes with subwavelength features, related to the laser wavelength and polarization, 
yielding a strong dichroism.[38-39,41-43] Contrary to top-down techniques that form nanostructures 
one-by-one, laser processing triggers mechanisms that modify several parameters of the 



     

3 
 

nanostructures simultaneously, forming what can be considered as a random metasurface. This 
term pays tribute to the fact that its optical behavior corresponds to that of a metasurface but 
consists of randomly placed anisotropic elements with certain size, density and orientation 
distributions, rather than of well-ordered elements with a single size, density and orientation.[44] 
This complexity makes the research for orthogonal parameters (parameters that act on the 
optical properties of the metasurface in one mode but not in the other ones) more problematic. 
 
Here, the challenges of implementing white light three-image multiplexing are overcome by 
proposing a concept to find out logical trees of colors from experimental sets of structural 
dichroic colors. A two-step methodology is introduced where two-image multiplexing is 
achieved in reflection and transmission modes, and where an anisotropic effective medium 
model demonstrates that polarization necessarily opens the way to three-image multiplexing 
and predicts the nanostructure orientations that are solutions for multiplexing. The colors are 
produced by laser processing of random metasurfaces desposited on flexible substrates. They 
result from a combination of absorption, interference and diffraction phenomena enabled by 
laser-controlled shaping and self-organization of metallic nanoparticles, in a high index thin 
film of mesoporous TiO2. This work highlights the great potential of such a technique for 
applications in optical document security since the multiplexed images are difficult to copy, 
easy to authenticate and impossible to alter without destroying the multiplexing effect.   
 
White light image multiplexing is usually achieved by using light polarization as a switching 
parameter. Anisotropic metallic nanoparticles, or nanoholes in a metallic film, exhibit several 
dipolar (or multipolar) localized surface plasmon resonances that can be excited independently 
when using a linearly polarized incident electric field. The spectral positions of these resonances, 
which mostly vary with the length of the nanostructures along the electric field direction, can 
be tuned nearly independently for two perpendicular incident electric fields by altering the 
nanostructure size and shape. This property was used to implement two-image multiplexing on 
multicolor printing supports, with various shapes of nanostructures.[3,31-32] Here, using both 
interference and absorption effects present in a high index thin film including anisotropic 
metallic nanostructures, a method to control independently (for a specific range of parameters), 
the reflection and the polarized transmission of the random metasurface is proposed. The 
reflection spectrum is mainly governed by interference effects that depend on the film optical 
thickness. The polarized transmission spectrum is partly related to the reflection spectrum, but 
it can be tuned separately by controlling the nanostructures dichroism through their shape, size 
and density. This autonomy opens the route for two-image multiplexing using reflection and 
polarized transmission as display modes. Moreover, by manipulating anisotropic metallic 
nanostructures, the use of two polarized modes in transmission leads to three-image 
multiplexing, as demonstrated in the following sections. 
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Figure 1: Conditions for multiplexing. The figure illustrates how two (a) or three (d) bicolor images 
are combined together to create a multiplexed image that can be printed by laser on the metasurface. 
The latter displays independently one image in each mode provided that the nanostructured pixels (NS) 
used for printing exhibit the specific two (b) or three-dimensional (e) colors that are ordered in the 
logical trees. Here, the number of different types of nanostructured pixels, or of random plasmonic 
metasurfaces within the spatial extent of a pixel, required to print two bicolor multiplexed images is 2 x 
2 = 4, and is 2 x 2 x 2 = 8 for three bicolor images. Ordering these nanostructured pixels in a matrix 
form (c,f) offers a visual guide to easily identify whether all the required nanostructures for 
implementing multiplexing are present. Note that the order chosen in this figure is arbitrary and 
corresponds to the experimental results shown in Figure 3 and Figure 4. 
For the sake of clarity, the methodology implemented for two and three-image multiplexing is 
demonstrated with specific optical modes. The samples are observed under white light, in 
reflection (mode 1), and in transmission between two polarizers with an angle β between their 
respective axes. By rotating the sample in its plane, two different modes (modes 2 and 3) 
characterized by two azimuthal angles α1 and α2 of the sample are set (Figure S1). Other modes 
such as polarized reflection, non-polarized transmission, or scattering and various combinations 
of them could be used as well. A sampling of 740 kinds of metasurfaces measured in eleven 
different modes is illustrated in Figure S2.  
 
Each laser-processed Ag:TiO2 metasurface is characterized by a multidimensional color 
composed of the ordered colors exhibited in the selected modes 1, 2 and 3 (Figure 1b and 1e). 
The methodology described hereinafter for implementing multiplexing relies on the fact that 
some laser parameters can affect the laser-induced metasurface color in one optical mode and 
not in the others. Considering two colors per mode (bi-color images), the conditions required 
to implement two- and three-image multiplexing are illustrated in Figure 1. For two-image 
multiplexing (Figure 1a), images A and B are combined in the multiplexed image C. For three-
image multiplexing (Figure 1d), images D, E, F are combined in the multiplexed image G. In 
both cases, printing the multiplexed image requires using a set of nanostructured pixels, each 
corresponding to a kind of metasurface, whose colors in the different optical modes 
(multidimensional colors) can be arranged in a logical tree of colors, as shown in Figure 1b and 
1e, where all possible combinations of the two colors selected in each mode are present. More 
generally, the number of specific nanostructured pixels required for implementing multiplexing 
is the product of the number of colors selected in each optical mode. For the sake of illustration, 
Figure S3 shows an example where five colors are used in mode 1, and two colors are used in 
mode 2 and 3, respectively. Thus, the number of nanostructured pixels forming the logical tree 
in this case is equal to 5 x 2 x 2 = 20. 
Identifying sets of metasurfaces that satisfy such logical trees of colors remains the corner stone 
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of this approach. For this purpose, ordering the nanostructured pixels in a matrix form (Figure 
1c and 1f and in Figure S3c), appears as a useful indication for selecting orthogonal laser 
parameters for multiplexing and simultaneously finding out set of nanostructures that satisfy 
complete logical trees of colors. For two-image multiplexing with two colors per mode, the 
color of the four nanostructures are equal two-by-two in each mode (Figure 1c); for three-image 
multiplexing with two colors per mode, the color of the eight nanostructures are equal four-by-
four in each mode (Figure 1f). The next sections demonstrate that two laser parameters are 
sufficient to create these kinds of matrices or logical trees for two and three-image multiplexing. 
 

 
Figure 2: Nanostructured pixels. a) Pictures in white light reflection and polarized transmission of a 
laser processed random metasurface with varying laser fluence and polarization angle. b-d) Top view 
and cross-section HAADF STEM micrographs of three areas, laser processed at a fluence of b) 354, c) 
307, and d) 249 mJ/cm2 respectively. The double side yellow arrow indicates the laser polarization 
direction. 
 
Varying a single parameter of the laser printing process of Ag:TiO2 nanocomposite thin films 
usually leads to alter several opto-geometrical parameters of the films simultaneously. This 
includes the size distribution of nanoparticles, their depth, their organization, or the film 
thickness and refractive index (densification of the initial amorphous mesoporous TiO2 film), 
as already reported in our previous works.[21,38-39] Therefore, relating the laser parameters to a 
change of color can hardly be based on a simple physical model. The present study only uses 
the assessment of experimental color variations in the three selected modes. Figure 2a shows 
pictures in modes 1 and 2 of a matrix of nanostructured pixels where the fluence increases along 
the vertical direction and the laser polarization rotates from 0° to 150° along the horizontal 
direction. These pictures demonstrate that the laser polarization has nearly no effect on the 
reflected color (mode 1), whereas the laser fluence barely influences the color in mode 2, at 
least in a certain range. Movie M1 in Supporting Information shows the color variations of this 
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sample when rotating its azimuthal angle α between two polarizers crossed at an angle β of 80°. 
All the squares along horizontal lines successively exhibit the same series of colors from yellow 
to blue, demonstrating a very similar dichroism, with the neutral axes rotating with the laser 
polarization. This laser-induced nanostructured film was investigated by annular dark field 
scanning transmission electron microscopy (ADF-STEM) for three fluences. At a fluence of 
249 mJ/cm2 (Figure 2d), Ag nanoparticles are mainly below 10 nm in diameter with a high 
density inside the TiO2 film that is still porous. The film thickness (154 ± 20 nm) is smaller 
than the initial film without any laser processing (220 ± 20 nm). At 307 mJ/cm2 (Figure 2c), 
the nanoparticle size increases near the top surface while the overall density of nanoparticles 
decreases, altering the overall film thickness to around 129 ± 20 nm. For higher fluence at 354 
mJ/cm2 (Figure 2b), the nanoparticles tend to self-organize inside the TiO2 film (111 ± 20 nm 
thick) along grating lines, with a period close to 340 nm ± 20 nm, as also shown in the 
Supporting Information (scanning electron microscopy -SEM- pictures in Figure S4) for a 
better perspective. Such embedded self-organized gratings were thoroughly investigated in our 
previous works and result from the excitation of guided modes in the film that interfere with 
the incident light during laser irradiation.[38-39] They contribute to the sample dichroism, 
together with a shape anisotropy observed in Figure 2b.[42-43] The dichroism occurring at lower 
fluence results most probably from the shape anisotropy of the nanoparticles, even though the 
high density and the small size of nanoparticles make its geometrical characterization difficult. 
It is to be well noted that the self-organized grating and the elongated axis of nanoparticles align 
along the polarization of the fs laser, as already described and explained in the literature.[38-39,42-

43] The color changes produced by either the laser fluence or the laser polarization allows 
printing straightforward colored images that appear in all modes, as shown in Figure S5 in the 
Supporting Information. 
 
Selecting a proper combination of these two laser parameters allows implementing two-image 
multiplexing (Figure 3a). The image to be displayed in mode 1 is encoded using a variation of 
fluence in the range [226 ; 284] mJ/cm², while the image to be displayed in mode 2 is encoded 
with the laser polarization angle varying between 0° and 90° (Figure 3b), each of these 
parameters being fixed independently in each pixel. When visualizing the printed image in 
transmission between the two fixed polarizers (Figure 3c), varying the azimuthal angle α 
changes the color distribution in the image without changing the gamut of colors, while varying 
angle β between the two polarizers changes the color gamut (Figure 3d). With such an encoding, 
the same picture appears in the polarized transmission mode regardless the values of chosen 
angles α and β. Another illustration of a two-image multiplexing is given in Figure S6 based on 
the color gamuts shown in Figure S2. They show that reducing the number of colors by 
multiplexed images allows to identify other solutions for multiplexing with potentially a higher 
contrast in both the images. These examples also illustrate the high versatility of the technology 
both in the choice of the modes that can be used to display the images independently and in the 
color combinations in each mode. 
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Figure 3: Two-image multiplexing. a) Encoding principle of the printed image. Two grey level images 
(8 bits) are combined together and stored as a 16 bits image, where each kind of pixel (80 m x 80 m) 
is printed over 256 power levels and 256 polarization orientations within the selected ranges. b) 
Photographs of the color gamuts produced in each mode within the selected fluence and polarization 
ranges and of the printed images in the respective two modes. c) Visualizing scheme for the two selected 
modes, where the source is a white light screen, the two grey circular elements are polarizers crossed at 
angle β on each side of the sample, which can be rotated in its plane by an angle α. In the reflection 
mode (mode 1), the polarizer between the light source and the sample is removed. d) Photographs of the 
printed multiplexed image in mode 2 (polarized transmission) for various values of angles α and β. The 
white line illustrating the scale bar in image b) corresponds to 4 mm. 
 
Implementing three-image multiplexing requires finding out a larger set of nanostructured 
pixels whose multidimensional colors satisfy the logical tree of colors depicted in Figure 1e or 
more generally in Figure S3b. The corresponding matrices of colors depicted in these figures 
for modes 2 and 3 can be found out in movie M1, Supporting Information, for two specific 
azimuthal angles α1 and α2 of the sample, provided that laser polarization angles with the values 
of 30°, 60°, 120° and 150° are selected. Figure 4 gathers the nanostructured pixels selected for 
three-image multiplexing and shows their colors in the three selected modes as well as the 
results of three-image multiplexing implemented with a gradient of colors in mode 1 and bicolor 
images in modes 2 and 3. Movie M2, Supporting Information, recorded in polarized 
transmission mode better demonstrates the morphing that occurs between the images displayed 
in modes 2 and 3 when rotating the sample in its plane. Pictures of modes 2 and 3 in Figure 4d 
display the sample under the angles α1 and α2 in which the two images appear separately for β 
= 80°. Figure 4e and Movie M3 show another sample where the contrast in reflection has been 
optimized. As previously, the selected pictures display one image in reflection whatever the 
azimuthal angle α of the sample and two different images for two specific values of α in 
polarized transmission. All the images are observed in the different modes using a wide white 
light source. A sketch of the setup is given in Supporting Information (Figure S7).   
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Figure 4: Three-image multiplexing. a) Encoding principle of the printed image. b) Selection of laser 
parameters that allow three-image multiplexing. c) Photographs of the printed multiplexed image taken 
in the three modes. d) Visualizing scheme for three selected modes under white light illumination. In 
reflection (mode 1), the polarizer between the light source and the sample is removed. e) Another sample 
observed in reflection (mode 1) and polarized transmission (mode 2 and 3) with the same values of α1 
and α2 showing that the image in reflection is unchanged when rotating the sample. The image contrast 
is optimized in reflection compared to Figure 4c. The scale bar illustrated by white line corresponds to 
4 mm for both the cases in image c) and e). 
 
The colors observed in the polarized transmission mode for a given set of laser parameters are 
very dependent on the film initial composition (Ag content, mesopore size, quantity of 
crystallized TiO2 nanocrystals) and thickness, and on the substrate nature. Producing the same 
gamut for specific combinations of angles is therefore very tricky without any prior knowledge 
about the sample. As the laser processing completely changes several physical properties of the 
initial films, it is impossible to measure a posteriori the initial state of the sample. This 
flexibility to get two- and three-image multiplexing with specific color gamuts makes such a 
printing very secured for authentication applications. It has also to be noticed that any post-
processing of a multiplexed image necessarily cancels the very specific combinations of colors 
in the different modes and then the multiplexing effect. Thus, any alteration attempt by laser 
would appear in all modes and could be easily detected. 
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The existence of two solutions for multiplexing in the polarized transmission mode can be 
predicted by considering the sample as a birefringent thin film with neutral axes (x,y) parallel 
and perpendicular to the laser polarization used to print the pixels (Figure 5). Assuming 
different complex refractive indices along x and y, the complex transmission coefficient of the 
film can be written as 	  and 	  along x and y directions respectively, leading to 
the following intensity transmitted through the sample and the two polarizers:  

,β,         (1) 
where  is the amplitude of the incident electric field. After some calculations detailed in 
Supporting Information, the spectral transmittance , , 	of the system composed of the 
sample and polarizers can be deduced for any value of α, and a given β, from the spectra 
measured at three values of α. For the sake of simplicity, the values of α = 0,  and  were 

chosen and lead to: 
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²
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Experimental spectra measured for different values of α are compared to those calculated with 
Equation (2) in Figure S8 of the Supporting information. These spectra can then be used to 
calculate the CIE 1931 xy chromaticity coordinates as a function of α, β being fixed. When 
rotating the laser polarization angle θ during laser printing, the sample anisotropy is maintained 
but its neutral axis is rotated by the same angle. Equation (2) can thus be used to simulate the 
transmittance spectra of all pixels printed with various polarization angles θ provided that α is 
replaced by α- θ in the equation. Figure 5 shows the variations of the CIE 1931 xy values as a 
function of α for four pixels printed with laser polarization angles 30°, 60°, 120° and 150° and 
placed between two polarizers with β = 68°. These curves intersect two by two for four different 
values of α. There are two values of α ( 	and ) where the color of pixel 30° matches the 
one of pixel 60° and the color of pixel 120° matches the color of pixel 150°. While, two other 
values of α ( 	and ) exist where the pairs of colors that match together are 60° - 120° and 
30° - 150° respectively. The presence of ( 	or ) and ( 	and ) values enables two-image 
multiplexing. Other pairs of laser polarization angles are also suitable for three-image 
multiplexing. These ones were selected to provide a high contrast in the two transmission modes. 
This modeling can apply to any kind of metasurface and requires a simple rotation of the 
anisotropic elements in each pixel. It demonstrates that polarization-controlled two-image 
multiplexing is possible for any kind of metasurface provided that proper pairs of rotation 
angles are selected for printing the elementary plasmonic nanostructures. 
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Figure 5: Predicting azimuthal angles suitable for multiplexing. The figure shows various 
projections of the CIE 1931 xy chromaticity coordinates of four nanostructured pixels printed with laser 
polarization angles of 30°, 60° 120° and 160° observed in polarized transmission mode (β=68°) as a 
function of the azimuthal angle α. Measured and calculated spectra can be found in Figure S5 of the 
Supporting Information. These curves cross each other, two by two, for four values of α (dashed black 
lines on the left-end side graph), illustrating that two-image multiplexing is possible in the polarized 
transmission mode using different particular couples of the sample rotation. Adding to the control of 
colors in reflection through variation of laser fluence provides the possibility to encode three-image 
multiplexing. 
 
In summary, the technology reported herein demonstrates that laser processing of plasmonic 
random metasurfaces made of silver nanoparticles embedded in a subwavelength film of 
mesoporous TiO2 enables the printing of multiplexed images that can display two or three 
pictures under white light by switching the angle of observation and polarization. A generic 
model that can be applied to any kind of metasurface establishes that solutions for two-image 
multiplexing are always reachable provided that a rotation of the shape or distribution 
anisotropy is implemented at the pixel size. With such a laser printing technology, the laser-
induced shape or distribution anisotropy is controlled by the orientation of laser polarization 
and can be easily rotated. The paper also demonstrates that the laser fluence is a parameter that 
allows controlling the pixel color independently in reflection and polarized transmission. This 
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enables finding logical color trees for three-image multiplexing under white light illumination. 
Since laser processing is rapid, cost-effective, flexible and suitable for large scale printing, this 
technology offers an innovative route to industrialize a new generation of security features for 
anticounterfeiting as well as optical data storage, pattern recognition or optical encryption. 
 
Methods  
Fabrication of the random metasurfaces. The films are elaborated by sol-gel process, using 
titanium tetra-isoproxyde (TTIP, Aldrich; 97%), acetylacetone (AcAc, Aldrich; 99%), 
hydrochloric acid (HCl, Roth; 37%), ethanol (EtOH, Carlo Erba; absolute), Pluronic P123 
((PEO)20(PPO)70(PEO)20 (Aldrich; MW: 5000), and deionized water (DI) with the following 
molar ratios: TTIP:P123:EtOH:HCl:DI:AcAc :: 1:0.025:28.5:0.015:29.97:0.5. The sol is stirred 
for 7 hours for stabilization and spin-coated at 2000 rpm/30s on circular flexible glass coupon 
provided by SCHOTT (100 µm thick). The films are annealed at 340°C with 1°C/min 
temperature rise, to obtain mesoporous amorphous titania thin films. The mesoporous films are 
soaked in a silver nitrate solution (0.85 M) for 30 min then rinsed with DI and dried with N2 
flow. The ions are partly converted into silver atoms and small silver nanoparticles under UV 
light (254 nm, 6 mW/cm²) for 5 minutes. After which, a process of bleaching the films with 
solar lamp (LCS-100, Newport solar simulator for 3 hours with a long-pass filter at 495 nm) is 
followed.[45] Such a UV / visible cycle is repeated twice to have nearly transparent and stable 
films at the end giving reproducible results over time. The film spectra before laser irradiation 
are given in Figure S9, Supporting Information. 
Laser irradiation. The laser setup comprises of a single unit integrated Pharos laser with a pulse 
duration of 190 fs at a fundamental wavelength of 1030 nm and at 610 kHz repetition rate. 
Frequency doubling to obtain a wavelength of 515 nm is achieved with a BBO crystal, which 
is required in order to excite the localized surface plasmon resonance of Ag nanoparticles in the 
composite films. The pulse energy of the laser is tuned with a half-wave plate followed by a 
polarizer, which are followed by another half-wave plate for controlling the laser polarization 
with the help of an external LABVIEW software. The laser beam is then focused on the sample 
with a 10 cm focal length lens where sample scanning is implemented with motorized 
translation stages (PI Micos) in two different directions. The scan speed is 7 mm/s, the interline 
spacing 15 µm and the pixel size in all images 80 µm.  
ADF STEM characterizations were carried out with a FEI Titan ETEM G2 80-300, operated at 
300 kV on cross-section and top view FIB lamella prepared with a FIB-FEI Helios 600i 
instrument. 
UV-visible spectra were measured with a Cary 5000 spectrophotometer from Agilent using an 
additional polarizer after the sample.  
Pictures and movies of the colored samples were taken with a custom acquisition bench 
comprising a color camera (Basler ac2500-14gc), a custom telecentric lens and an LED light 
source placed either in reflection (16°) or in transmission configuration . The sample can be 
rotated both in the plane of incidence/observation and in its azimuth plane. Two polarizers can 
be placed between the source and the sample and between the sample and the camera; they can 
be rotated independently.  
Supporting Information  
Supporting Information includes information on the visualization geometries, conditions to 
fulfill for three-image multiplexing for a more general case as the ones shown in Figure 1, 
scanning electron microscopy measurements of laser induced nanostructured pixels, printing of 
a single color image observed in various modes, spectra, calculation details of Equation (2), 
movies of two samples recorded for varying angle α in the polarized transmission mode.  
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1. Multidimensional color 

 
 

Figure S1: Multidimensional color. Three modes of illumination/observation are depicted in 
this figure. A single laser-induced nanostructured pixel is observed with white light in reflection 
(mode 1), and in transmission between two polarizers with an angle β between them. By rotating 
the sample in its plane, two different modes (modes 2 and 3) are set, which are characterized 
by two azimuthal angles α1 and α2 of the sample. The pixel is characterized by a three-
dimensional color composed of the ordered colors in modes 1, 2 and 3. With the proposed 
technology, as is explained in the article, all the nanoparticles contained in each pixel contribute 
simultaneously to the information of each channel. The minimum pixel size is the focused laser 
beam diameter (28 µm). However, as our images are drawn to be observed by eye without 
optical magnification, we found a compromise between spatial resolution and writing time, and 
used a pixel size of 80 µm. 
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2. Examples of color gamuts in 11 different modes 

 
Figure S2: Larger color gamut measured in 11 different modes. a) shows a sampling of 180 
squares, representing 180 kinds of metasurfaces, produced by varying the laser power from 99 
to 123 mW by step of 3 mW, using laser scan speeds of 2.5, 4, 6, 8 and 10 mm/s and laser 
polarizations of 90° (top), 0°, -10° and 80° (bottom). The laser wavelength is 515 nm, with a 
repetition rate of 610 kHz. The laser beam is focused by means of a convex lens of 100 mm 
focal length and the distance between two scanned lines is 10 µm. b) shows the colors of the 
sample measured in 5 different modes, all are associated with the front reflection configuration 
depicted on the left-end side, where the light source is a 15 cm wide homogeneous white LED 
screen. Three parameters characterize the respective mode: (polarization of incident light; 
polarization filtering between the sample and the detector; sample orientation in its plane). They 
vary as follows for the modes in reflection: M1 (non-polarized; non-polarized; 0°), M2 (p-
polarized, unpolarized, 0°), M3 (p-polarized, polarized at 80° compared with p-polarization; 
60°), M4 (p-polarized, polarized at 90° compared with p-polarization; 90°), M11 (p-polarized, 
polarized at 90° compared with p-polarization; 60°). c) is similar to b) but the sample is now 
illuminated on the substrate side and we talk about the back side reflection. M5 (non-polarized; 
non-polarized; 0°), M6 (p-polarized, polarized at 80° compared with p-polarization; 120°), M7 
(p-polarized, polarized at 85° compared with p-polarization; 150°). In d), the sample is 
measured in transmission under normal incidence. M8 (non-polarized; non-polarized; 0°), M9 
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(p-polarized, polarized at 85° compared with p-polarization; 120°), M10 (p-polarized, polarized 
at 85° compared with p-polarization; 90°). e) displays the colors of 740 kinds of nanostructures 
(one by line) measured in these 11 modes.  

  

 
3. Conditions for three-image multiplexing with five colors in mode 1 and two 

colors in mode 2 and 3 

 
 

Figure S3: Conditions for three-image multiplexing with five colors in mode 1 and two 
colors in modes 2 and 3 respectively. (a) illustrates how three images containing 5, 2 and 2 
colors respectively are combined together to create a multiplexed image that can be printed by 
laser on the metasurface. The later then displays independently a single image in each mode 
provided that the nanostructured pixels (NS) used for printing exhibit the specific three-
dimensional colors that are ordered in the logical tree (c). The number of different types of 
nanostructured pixels required to print two bicolor multiplexed images equals the product of 
the color numbers per mode, which are 5 x 2 x 2 = 20. Ordering these nanostructured pixels in 
a matrix form (b) offers a visual guide to easily identify if all the required nanostructures for 
implementing multiplexing are present.  
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4. Scanning electron microscopy characterizations of the nanostructured pixels 

 

Figures S4: SEM pictures of the nanostructures. a) Pictures in reflection and polarized 
transmission of a laser processed sample with varying laser fluence and polarization angle. b-
d) Scanning electron microscopy pictures at two different magnifications of three areas laser 
processed at fluence values of a) 354, b) 307, and c) 249 mJ/cm2. The double side yellow arrow 
depicts the laser polarization direction. A FEI Nova nanoSEM 200 microscope was used in a 
low vacuum mode using a helix detector to measure the surface morphology of samples without 
conductive coating. 
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5. Single image printing 

 
Figures S5: Single image printing. a) The laser fluence is used to encode the 256 grey levels 
of the image. b) Pictures of the printed image taken in reflection (mode 1), polarized 
transmission (mode 2) with an angle between the polarizers β = 80°, or β = 90° and in a 
scattering configuration out of the specular reflection. The scale bar in the image corresponds 
to 4 mm. The fluence scale was optimized to get the better contrast in reflection. The fluence 
range is from 215 to 307 mJ/cm2 with a laser polarization parallel to the laser writing direction 
(horizontal on the image). The same image can be observed in all modes, with only different 
color gamuts. It is to be noted that the image in the scattering mode appears to the human brain 
as a negative image, which can be a way to authenticate the picture.  
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6. Other examples of two-image multiplexing 

 

Figures S6: Versatility of two-image multiplexing. a) is the picture of a flexible glass 
substrate in a metallic holder after laser printing observed in transmission with polarized light. 
All the pictures of this figure are taken with a smartphone b) illustrates two-image multiplexing 
with a greyscale image (portrait of Jean Monnet one of the fathers of Europe, who gave his 
name to our university, UJM) observed in polarized transmission and a bicolor image (European 
flag) observed in reflection. In transmission (with non-polarized light), a third blank image 
appears (which could almost allow talking about three-image multiplexing). The two pictures 
(image of Jean Monnet) recorded in polarized transmission modes on the left-end side were 
taken under two different observation angles, around 0° and 45° respectively and exhibit only 
hue variations. In c) four other nanostructures were selected to implement two-image 
multiplexing with bicolor images (logos of CNRS and UJM), both observed in polarized 
transmission but under different observation angles (around 0° and 45°, respectively). In these 
examples, only the laser power and the scanning speeds are varied to create the nanostructures 
useful for multiplexing. These results and the ones presented in the main text of the article give 
an idea of the high flexibility in the choice of the modes and colors provided by the 
implementation of laser processing on this kind of random plasmonics metasurfaces. 
  



     

21 
 

7. Predicting spectra in polarized transmission from three measured spectra 

From Equation (1), the transmittance spectrum ,β,   for the sample placed between the 
two polarizers can be written  as: 

,β,                  (S1) 
Or, 

,β,  	 	 	

	 2 2 2 cos                    (S2) 

Now, putting the values  = 0, ,
	

 individually in the Equation (S)2 we get, 

0,β,  	           (S3) 

,β,  	 	 	 2 cos

              (S4) 

	
,β,              (S5) 

Using Equantion (S3) and (S5) respectively:  
,β,  	             (S6) 

	
,β,  

		             (S7) 

From Equations (S6), (S7) and (S4): 

cos ,β,  
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            (S8) 

Now using Equation (S6), Equation (S7), and Equation (S8) in Equation (S2), the values of 
transmittance spectrum becomes: 

, , 0, , ² ²

²

²

² 	

, ,
	

, , ² ²

²

²

² 	
   (S9) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



     

22 
 

 
 
 
 

8. Sketch for the setup used for observing the printed image in different modes of 
observation 

 
Figure S7: Sketch of the setup used for observing the printed images of Figure 3 and 
Figure 4 in different modes of observation. a) Reflection (Mode 1) or b) Polarized 
transmission (Mode 2 and 3) using a camera with a telecentric objective. The light source is a 
15 cm wide white LED light source. 
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9. Comparison of the Spectra measured for a single pixel with the simulated results 

 
Figure S8: Spectra in polarized transmission. Spectra measured (Truth) and calculated with 
Equation 2 (Simulated) for a single pixel when observed at different values of azimuthal angle 
α. The angle between the two polarizers β is 68°. All simulated spectra are calculated from the 
spectra measured at α = 0°, 45° and 90°. The noise present in those spectra is amplified for 
values of α greater than 90°. 

 
 
 
 
 
 
 

 

10. Film spectra before laser irradiation 

 
Figure S9 : Spectra of the film before laser irradiation. Transmittance (T) and reflectance 
(R) spectra taken at 6° incidence angle for the initial Ag:TiO2 nanocomposite films. The losses 
including absorption and scattering were calculated as (1-R-T). ⊥ and ∥ refers to the probe 
polarization, respective to the laser polarization in all spectra. 
 
 
 


