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Abstract: Plasmonic structural color originates from the scattering and absorption of visible light
by metallic nanostructures. Stacks consisting of thin, disordered semicontinuous metal films are
attractive plasmonic color media, as they can be mass-produced using industry-proven physical
vapor deposition techniques. These films are comprised of random nano-island structures of various
sizes and shapes resonating at different wavelengths. When irradiated with short-pulse lasers,
the nanostructures are locally restructured, and their optical response is altered in a spectrally
selective manner. Therefore, various colors are obtained. We demonstrate the generation of structural
plasmonic colors through femtosecond laser modification of a thin aluminum film—isolator—metal
mirror (TAFIM) structure. Laser-induced structuring of TAFIM’s top aluminum film significantly
alters the sample’s specular and diffuse reflectance depending on the fluence value and the number of
times a region is scanned. A “negative image” effect is possible, where a dark field observation mode
image is a negative of a bright field mode image. This effect is visible using an optical microscope,
the naked eye, and a digital camera. The use of self-passivating aluminum results in a long-lasting,
non-fading coloration effect. The reported technique could be used in anti-counterfeiting and security
applications, as well as in plasmonic color printing and macroscopic and microscopic marking for
personalized fine arts and aesthetic products such as jewelry.

Keywords: plasmon resonance; plasmonic color; aluminum film; femtosecond laser modification;
anti-counterfeiting; diffuse reflectance; metal-isolator-metal

1. Introduction

Colors of the surrounding world originate from dyes and pigments, which absorb
part of the visible spectrum and thus modify the reflected light reaching the eyes of the
observer. In contrast, structural color originates from a spectrally selective light scattering
from micro- and nanostructured surfaces made from often nonabsorbing materials [1].
The vibrant colors of butterflies [2] or beetles [3] are beautiful examples of structural color
in nature. Recently, with advances in micro and nanofabrication techniques, there has
been increased interest in color generated by engineered dielectric and metallic structures,
such as metastructures [4-17] and photonic crystals [18], thin film coatings [19-28], and

Coatings 2024, 14, 1298. https:/ /doi.org/10.3390/ coatings14101298

https:/ /www.mdpi.com/journal/coatings


https://doi.org/10.3390/coatings14101298
https://doi.org/10.3390/coatings14101298
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/coatings
https://www.mdpi.com
https://orcid.org/0000-0002-9251-9314
https://orcid.org/0000-0002-3414-7479
https://orcid.org/0000-0002-6849-1980
https://orcid.org/0000-0001-9919-4447
https://orcid.org/0000-0002-6424-988X
https://orcid.org/0000-0002-8053-6563
https://orcid.org/0000-0001-8875-4605
https://orcid.org/0000-0001-9157-6627
https://orcid.org/0000-0001-9853-7946
https://orcid.org/0000-0002-7591-7142
https://doi.org/10.3390/coatings14101298
https://www.mdpi.com/journal/coatings
https://www.mdpi.com/article/10.3390/coatings14101298?type=check_update&version=2

Coatings 2024, 14, 1298

20f12

metal-dielectric composites [29,30]. Most of the above-referred articles discuss the use of
plasmonic structural color, where the color is a function of dimensions and arrangement
of plasmonic nanostructures and dielectric counterparts. Several review articles present a
wide span of fabrication techniques and applications of plasmonic structural color [31-33].

Plasmonic structural color is considered for fine and applied visual arts [7,22-24,27]
and security and anti-counterfeiting [11,29,30], as structures can be designed to exhibit
different colors dependent on light polarization [8,11,17,26,27,34-36] and angle of incidence
(AQI) [27,37]. Image multiplexing has been demonstrated using polarization, wavelength,
mode of observation in transmittance, reflectance [29,30], luminescence [38—40], and upcon-
version [41].

Especially plasmonic structural color using thin, disordered random metal films is
attractive, as they can be mass-produced using industry-proven, scalable physical vapor
deposition (PVD) processes [21,22,42—46]. Such structures are natively disordered and
random nano-island-type films composed of nanoparticles of various sizes and shapes
that resonate at different wavelengths. Thus, they often absorb in a broad spectral range.
When exposed to laser radiation, the nanoparticles can be locally modified. Highly spatially
localized restructuring originates from light absorption in hotspots [43,44,47], regions of
a high local electric field that form when the film is illuminated with light [48]. Thus,
the optical response of the film can be altered, and hence, locally, a different color is
obtained. Recently, gold and silver thin semicontinuous films deposited on dielectric
substrates [45] and placed on top of a metallic mirror with a thin isolator spacer (utilizing
gap plasmon modes [49,50]) [12,21,22,25,26], and Fabry—Perot-type structures [27,51,52]
have been studied for laser-induced plasmonic structural color printing, and beautiful,
polarization-sensitive colors. Studies have also been conducted on the laser coloration
of bulk gold and silver samples [53,54]. However, gold is relatively expensive and has
an interband transition in the visible spectral range. Therefore, it allows for a limited
range of colors. Silver nanostructures, on the other hand, can be chemically unstable and
often require a protective layer to achieve long-term stability [22,25]. Thus, aluminum
could be an alternative to other plasmonic metals [55], especially for mass-production
type applications, due to its low price, CMOS compatibility [56], and self-passivation of
the surface [24,57,58]. Aluminum has been extensively used for ordered, lithography-
defined structures and metasurface-based plasmonic color [9,10,13-15,17,56,59,60] and also
in diffraction control [12]. However, there is limited research on the use of thin, disordered,
semicontinuous aluminum films in this area. In our previous study, we investigated laser
modification of aluminum-based structures for plasmonic color applications [23].

In this work, we demonstrate femtosecond laser control of color and diffuse reflectance
of a thin aluminum film-isolator-metal mirror (TAFIM) structure fabricated using an
electron-beam PVD technique. The structure consists of a thin aluminum film deposited on
an aluminum mirror coated with a few tens of nanometers thick titanium dioxide (TiO5)
layer. The initial structure is highly reflective and has a gold mirror-like color. Herein,
the effects of laser fluence and the dependence of the number of scans on the final color
and diffuse reflectance are explored in detail. We report that, for a specific set of laser
modification parameters, it is possible to decrease the specular reflectance in the visible
spectral range, which results in the “darkening” of the sample when observed in the bright
field mode. At the same time, the diffuse reflectance component increases from nearly
zero to a few percent, which results in a high signal observed in the dark field mode.
This results in a “negative image” effect between the bright and dark field observation
modes. Printed images have been stable in both bright and dark field modes for at least
28 months. Our findings could help to realize economically viable laser marking technology
and environmentally stable aluminum-based structures for anti-counterfeiting, information
encryption, hidden marking, and plasmonic color applications. Furthermore, compared to
the state-of-the-art, we present a broader range of colors and stability studies over a much
longer time.
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2. Materials and Methods
2.1. Fabrication

The TAFIM structure (see Figure 1a) consists of a top thin aluminum film, a TiO,
spacer, and an aluminum mirror deposited on a glass substrate. The glass substrate was
cleaned with ethanol and dried with nitrogen gas shortly before being loaded into a vacuum
chamber. The sample was fabricated using an electron beam PVD system (Syrus III 1100,
Biihler Leybold Optics, Alzenau, Germany) on substrates at near room temperature. All
layers were deposited in a single process without breaking the vacuum. The base pressure
of the deposition system was lower than 3 x 107® mbar. The aluminum mirror was
deposited at a 0.4 nm s~ ! rate. The top aluminum layer was deposited at a 0.04 nm s~ rate.
The titanium dioxide spacer was deposited at a 0.18 nm s~ ! rate. During the deposition
of TiO,, oxygen gas was supplied to maintain pressure at 2 x 10~* mbar to ensure proper
oxidation of the deposited film. Layer thickness and deposition rates were monitored with
a quartz crystal microbalance.

Specular and diffuse reflectance
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Figure 1. Characteristics of the fabricated TAFIM sample. (a) Sketch of a structure of the TAFIM
sample. The three-layer stack, deposited on a 1 mm glass substrate, consists of, from the top, a 13 nm
thick aluminum film, a 30 nm thick TiO, spacer, and a 130 nm thick aluminum mirror. The thickness
of the glass substrate is off the scale. (b) SEM image of the top Al film. (c) Specular and diffuse
reflectance of the sample.

2.2. Laser Modification

Laser modification was performed using a linearly polarized, 1030 nm, 300 fs fiber
laser (Jasper 20, Fluence Sp. z 0.0., Warsaw, Poland). The laser beam was applied to the
workpiece through a galvanometric scanner (intelliSCAN 10, Scanlab GmbH, Puchheim,
Germany). The beam diameter at 1/e? was 60 um. The laser fluence was adjusted by a built-
in acousto-optic modulator. We used 0.3 m s~! scan speed and 300 kHz pulse repetition
rate, which resulted in a distance of 1 um between the centers of consecutive pulses. To
uniformly modify extended areas, we used a raster scan mode, and the distance between
lines was equal to 2 pm. The angle between the scanning direction and the polarization axis
was set to 25°. The chosen scanning parameters result in a writing speed of 0.36 cm? min.

2.3. Characterization

The total and diffuse reflectance of the fabricated and laser-modified structures
were measured in the 350-800 nm wavelength range using a UV-VIS spectrophotometer
(PerkinElmer, Waltham, MA, USA, Lambda 650) with an integrating sphere (150 mm)
module (8° AOI) and unpolarized light. Spectralon was used as a reference sample for
reflectance measurements. Specular reflectance was calculated as the difference between
total and diffuse reflectance. Additionally, to obtain sample absorption at the laser wave-
length (1030 nm), the specular reflectance of the fabricated sample was measured in the
350-1100 nm wavelength range using an Agilent Carry7000 spectrometer (Agilent, Santa
Clara, CA, USA) equipped with Universal Measurement Accessory (6° AOI). The mor-
phology of initial and laser-modified samples was examined with a scanning electron
microscope (SEM, Auriga, Carl Zeiss, Jena, Germany). We collected cross-sectional SEM
images to verify the layer thickness of test samples. We used an optical microscope (Nikon,
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Hongkong, China, Eclipse LV150, Nikon T Plan 2.5x /0.075 co/0 EPI objective lens) and a
digital camera (Nikon, DS-Fil) to capture printed images in bright and dark field modes.
The picture stitching process was performed to acquire images of extended areas. Opti-
cal parameters (refractive index, extinction coefficient) and thickness of titanium dioxide
and aluminum test samples were determined using a variable angle spectroscopic ellip-
someter (Sentech, Berlin, Germany, SE850). To fit the measured data, we used Drude and
Tauc-Lorentz models for aluminum and TiO,, respectively.

2.4. Electromagnetic Simulations and Color Coordinates Calculation

The specular reflectance spectra of the unmodified TAFIM sample were simulated
using the Transfer Matrix Method [61], employing the refractive index of aluminum and
titanium dioxide retrieved from ellipsometric measurements. For direct comparison with
the measurement data, we calculated the reflectance for a 6° AOI. We used a home-written
MATLAB script to calculate the CIE 1931 Chromaticity Diagram color coordinates from
reflectance spectra assuming spectrally uniform illumination [6,62].

3. Results and Discussion
3.1. Laser Printing

The TAFIM structure (see Figure 1a for a sketch) consists of a three-layer stack com-
prising, from the top, a 13 nm thick aluminum film, a 30 nm thick TiO, spacer, and a 130 nm
thick aluminum mirror. All layers were deposited in a single process (see Section 2.1 for
details). The top thin aluminum film has a form of densely packed semicontinuous layer
(see the SEM image in Figure 1b). Specular and diffuse reflectances (measured for an 8°
AQI) of the as-fabricated TAFIM structure are presented in Figure 1c (solid and dashed
lines, respectively).

When observed with the naked eye, the TAFIM sample has a high specular reflectance
and a gold mirror-like color. However, the color could be adjusted by dielectric spacer
thickness, refractive index, and top metallic film thickness [25,51,52]. Supplementary
Material Figure S1 presents simulation results of specular reflectance and attainable colors
when the TiO; spacer layer varies from 30 nm (sample reported in this study) to 100 nm.
Due to substantial specular reflectance throughout the visible range, the fabricated TAFIM
sample appears bright when observed under an optical microscope in a bright field mode
(unmodified regions in the bottom part of Figure 2a). The sample has low diffuse reflectance
and thus appears dark/black when observed in dark field mode (unmodified regions in the
bottom part of Figure 2b), as in this observation mode, only the scattered light is collected,
and the non-scattered beam is blocked from the detector.

The TAFIM sample has about 33% absorptance at the 1030 nm wavelength of the
femtosecond laser used for modification (absorptance calculated as 100% minus total
reflectance, as the sample has no transmittance due to the thick aluminum mirror). A
comparison of measured and simulated specular reflectances, both at a 6° AQ], is presented
in Supplementary Material Figure S2.

To test the possibility of laser-induced plasmonic color printing, we investigated how
laser fluence impacts the visual appearance of the TAFIM sample, both in specular and
diffuse reflectance. We also tested the dependence on the number of times the sample
was scanned (overscans) with the laser beam of constant fluence. We modified the TAFIM
sample using the femtosecond laser with fluence in the range of about 1-50 mJ cm 2 and
the number of times a region was scanned (1 to 100 times). Pictures in bright and dark
field acquisition mode (collected using an optical microscope; see Section 2.3 for details)
of a matrix of squares modified with different laser scanning parameters are presented in
Figure 2a,b, respectively. The visual appearance of the TAFIM sample changes significantly
due to the laser modification. As fluence or the number of scans increases, the initial
darkening of the sample in the bright field mode appears. In contrast, the sample observed
in the dark field mode “lights up” and becomes blueish. Sample damage, layers peeling off,
is visible in the top right corner of the matrix of squares for the 48 mJ cm~2 and the number
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of scans of 20 and above. The top aluminum layer modified by laser pulses is present up to
a fluence of 37 mJ cm 2 and the maximum tested number of overscans (100), as revealed
by SEM (Figure 2c and Supplementary Material Figure 54).

(a) Number of scans (b) Number of scans
x5 x10 x20 x50 x100

Fluence (mJ cm™2)

initial

Figure 2. Optical appearance and top Al film nanostructure of fabricated and laser-modified TAFIM
structure. (a,b) Photos taken with an optical microscope of a matrix of squares modified with different
laser fluence (vertical direction) and the number of scans repeated on the same area (horizontal
direction). Acquisition (a) in bright and (b) dark field mode. (c) SEM images of selected areas of the
TAFIM sample before modification (initial; the same image as in Figure 1b) and after raster scanning
20 times with femtosecond laser beam (with fluences: 1.8, 2.4, 10, 21, and 37 mJ cm™~2).

The lower-level modification threshold, defined as the fluence for which the alteration
of the appearance of the sample becomes visible, is on the order of 1 mJ cm 2. However,
tens of scans are necessary to notice changes with the naked eye (see the two bottom
rows of squares in Figure 2a,b). Changes in the appearance of the sample in the three
bottom rows, corresponding to the lowest fluence range, demonstrate that the low fluence
modification results from the accumulation of slight changes in each scan. For laser marking
applications, an easy-to-apply approach would be to change one parameter of the scanning
setup, e.g., laser fluence. However, Figure 2 shows that high contrast changes can also be
achieved by varying only the number of scans. Exploration of space of two parameters,
namely the fluence and the number of times a region is scanned with the laser beam, grants
a much broader range of colors.
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To better illustrate the types of changes induced by laser modification of the TAFIM
sample in Figure 3a,b, we present spectral characteristics of specular and diffuse reflectance
of unmodified (solid black line, label “initial”) and modified regions scanned 20 times with
different fluences. Specular and diffuse reflectance spectral characteristics for a fixed fluence
of 1.8 mJ cm 2 and various scans are presented in Supplementary Material Figure S3. The
specular reflectance decreases as the laser fluence increases to 3.5 mJ cm~2. However, with
a further increase of fluence, the specular reflectance increases, especially in the red part of
the spectrum, and the sample becomes progressively yellowish. The unmodified sample
has almost no diffuse reflectance, and laser modification increases it. For the fluence of
3.5-10 mJ cm~2, maximum diffuse reflectance is achieved with a spectral peak greater
than 8% located at 500-550 nm. Further increase of laser fluence decreases the diffuse
reflectance and shifts the peak to shorter wavelengths. The dependence of the spectral
shape of the diffuse reflectance of the modified regions of the TAFIM sample resembles the
corresponding absorptance, which could be estimated as inverted specular reflectance (or
rigorously calculated as 100% minus the total reflectance).

(@) (b)

Specular reflectance

Diffuse reflectance

60 f
7
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Figure 3. Spectral characteristics of specular (a) and diffuse (b) reflectance of unmodified (labeled
“initial”) and modified (scanned 20 times with fluences: 1.8, 2.4, 3.5, 10, and 37 mJ cm‘z) regions of
the TAFIM sample. The International Commission on Illumination (CIE) 1931 chromaticity diagrams
presenting calculated colors using D65 illuminant of (¢) specular and (d) diffuse reflectance.

Modification with low fluence (1.8 mJ cm~2) decreases specular reflectance as the num-
ber of scans increases (see Supplementary Material Figure S3); thus, the darkening is visible
in the second bottom row of squares in Figure 2a. The corresponding diffuse reflectance
increases with the number of scans. Figure 3c,d show the International Commission on
Mumination (CIE) 1931 chromaticity diagrams (using CIE standard illuminant D65 [63],
which represents average daylight having a correlated color temperature of approximately
6500 K) with color coordinates (see magnified insets for coordinates corresponding to
specific fluence). Specular colors are in the red—yellow part of the CIE diagram, and the
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diffuse colors are in the blue-white part of the CIE diagram. The colors of unmodified and
laser-modified regions of the TAFIM sample are highly reproducible between realizations
on the same sample and for samples from different fabrication processes.

The laser scanning alters the morphology of the top aluminum film (see the SEM im-
ages in Figure 2 for different fluence and 20 scans, and Figure S3 for fluence of 1.8 m] cm 2
and the different number of scans). With the increase of the laser fluence or the number of
scans, the restructuring of the top thin aluminum film of the TAFIM sample became more
pronounced. Transformation of the top densely packed Al film into separated nanostruc-
tures produces more structures resonating in the visible spectral range, thus increasing
the absorption of the sample. This results in the darkening of the TAFIM sample in the
bright field mode. A similar effect has previously been reported for Au and Ag-based
samples [22,25,27]. At the same time, the modified structures scatter more light than the
initial sample; thus, modified regions become clearly visible when observed in the dark
field mode, in which the diffuse reflectance signal is detected.

To illustrate the applicability for anti-counterfeiting, laser marking, and plasmonic
color printing applications, we printed a sketch of Nicolaus Copernicus and the solar system
(open source image [64]) and a logo of the Institute of Optoelectronics, Military University
of Technology (Figure 4). Images were captured using the bright field (Figure 4a,c) and the
dark field (Figure 4b,d) mode optical microscope using a 2.5x objective lens. The regions
were modified with different fluence (from 1.8 to 21 mJ cm~2) using 20 scans. As expected
from the data reported above, the images change when the observation mode changes
from bright to dark. The modified regions become darker (appear as red /brown) than the
initial structure when observed in the bright field mode. When observed in the dark field
mode, they “light up” and appear blueish. The negative image effect showing up when
changing illumination and observation from bright to dark field mode is a new method
that could be used for printing anti-counterfeiting and security features. Qualitatively,
the same negative image effect is visible with the naked eye or a generic digital camera
(Supplementary Material Figure S5).

(b)

\\ L/
/I|\\

oe

Figure 4. Laser-written images on the TAFIM sample. Images were collected using an optical

microscope in (a,c) bright field and (b,d) dark field mode. (a,b) Sketch of Nicolaus Copernicus and
the solar system (modified open source image [64]). (c,d) The logo of the Institute of Optoelectronics
of the Military University of Technology. Modified regions were scanned 20 times with fluence in
the 1.8-21 mJ cm 2 range. The Copernicus image size is 8.7 x 6.6 mm, while the logo image size is
5.9 x 3.7 mm.
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The palette of attainable colors could be expanded through changes in the fabrication
process, e.g., spacer thickness and refractive index (Figure S1), as it was reported in [25] that
the range of attainable colors through laser modification of metal-isolator-metal samples
depends on the initial color of the sample. In addition, the sample color could be changed
by adding a dielectric layer on top of the modified structure [25].

3.2. Time Stability

To verify the stability of the sample, we measured its specular and diffuse reflectance
shortly after deposition and laser modification with a laser fluence of 1.8 and 3.5 mJ cm 2
(solid lines in Figure 5), and after 8 (dotted lines in Figure 5), 18 (dashed lines in Figure 5)
and 28 (dash-dotted lines in Figure 5) months of storage in the ambient atmosphere at
room temperature. Both the unmodified and modified regions show excellent stability
for 8 months and good stability for at least 28 months. There is a slight decrease in
specular reflectance of the initial region, and an even smaller change is observed for the
region modified with 1.8 mJ cm~2. However, no deterioration of the region modified at
3.5 mJ cm~2 was observed. The reason for the stability of aluminum nanostructures is
their self-passivation [58], and probably, the laser modification of the top thin aluminum
film induces additional passivation as compared to the effect observed for the initial
structure [65,66]. The observed stability proves the applicability of TAFIM structures for
long-lasting plasmonic color-based products.

(a) (b)

Specular reflectance

Diffuse reflectance
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Figure 5. Time stability of the reflectance of the TAFIM sample. Specular (a) and diffuse (b) re-
flectances of unmodified (initial) and laser-modified regions of the TAFIM sample were measured
shortly after the fabrication (solid lines) and after storing in an ambient atmosphere for 8 (dotted
lines), 18 (dashed lines), and 28 (dash-dotted lines) months. The modified regions were scanned
20 times with fluence of 1.8 (blue lines) and 3.5 mJ cm 2 (red lines).

4. Conclusions

Our results demonstrate that femtosecond laser modification of semicontinuous alu-
minum films can be used for rapid plasmonic color printing. Aluminum films are an
excellent alternative to silver and gold-based plasmonic random films in plasmonic struc-
tural color applications, as the self-passivation of aluminum results in a long-lasting,
non-fading coloration effect. Thus, it is crucial that no protective layer for environmental
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stability is necessary. Laser-induced structuring of the semicontinuous aluminum film—
isolator-metal mirror structure can significantly alter the specular and diffuse reflectance
of the sample. The modification fluence threshold is on the order of one mJ cm~2. The
“negative image” effect is possible, where a dark field observation mode image is a negative
of a bright field observation mode image. Multiplexing of images, for example, hidden
images visible in diffuse reflectance observation mode, is possible. The presented technique
opens a new cost-effective avenue for color printing and macroscopic and microscopic
marking for fine arts, aesthetics, security, and anti-counterfeiting applications. Furthermore,
control of the diffuse reflectance component of plasmonic multilayer structures could be
beneficial for plasmon-enhanced sensing applications.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/ coatings14101298 /s1: Figure S1. Simulated reflectance and color
of the TAFIM sample for TiO, spacer layer ranging from 30 nm to 100 nm; Figure S2. Comparison
of experimental and simulated reflectances of the TAFIM sample; Figures S3 and S4. Specular and
diffuse reflectance and SEM images of the initial TAFIM sample and after modification with a different
number of scans by femtosecond laser with 1.8 mJ cm~?2 fluence; Figure S5. Optical camera pictures
of laser-written images on the TAFIM sample.
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