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Planar optics constructed from subwavelength
artificial atoms have been suggested as a route to the physical
realization of steganography with controlled intrinsic redun- ;
dancy at single-pixel levels. Unfortunately, two-dimensional = —
geometries with uniform flat profiles offer limited structural J v .
redundancy and make it difficult to create advanced crypto- & =
information in multiplexed physical divisions. Here, we reveal . ~
that splashing three-dimensional (3D) plasmonic nanovolca- SiNi pg” /
noes could allow for a steganographic strategy in angular Si KEginues
anisotropy, with high resolution, full coloration, and transient Encrypted
control of structural profiles. Highly reproducible 3D
morphologies of volcanic nanosplashes are demonstrated by creating a standardized recipe of laser parameters. Such
single nanovolcanoes can be well controlled individually at different splashing stages and thus provide a lithography-free
fashion to access various spectral responses of angularly coordinated transverse and vertical modes, leading to the full-
range coloration. This chip-scale demonstration of steganographic color images in angular anisotropy unfolds a long-
ignored scheme for structured metasurfaces and thereby provides a paradigm for information security and
anticounterfeiting.
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mage steganography hides secret information among other redundancy to encrypt hidden information in the physical

visible images,l holding great interest for information properties such as polarizations'z’ZI’B and frequencies.m’24

security and anticounterfeiting applications. Generally, its With broad applications widely featured (eg, directional
practice relies on a level of intrinsic redundancy of the color routers,””® optical sensing,”’ and information encryp-
constituent pixels forming an image where the redundant pixels tion15’27’28), the in-plane interferences between neighboring

can be altered to encrypt hidden information without the
alternation being adversely perceptible." On-chip realization of
such steganographic strategies requires reducing the dimen-
sionality of constituent pixels down to nanoscales. Although
optical resonances of planar plasmonic nanostructures could be
optimized to yield various functionalities of interest’” and
have impelled substantial progress in flat optics such as
metasurfaces,”**~'% color prints at the optical diffraction

nanoantennas for unidirectional scattering” or between
. . . - 20
aperiodic plasmonic gratings for directional color sorters
are perceived as the “must have”, resulting in inevitably large
footprints and unwanted cross-coupling. On-chip steganog-
raphy based on single nanostructures exhibiting the desired
intrinsic redundancy with full coloration and angle-sensitive

limit"”"' =" and color filters,"”~* such as subwavelength May 26, 2018
nanostructures with uniform flat profiles (or limited stepwise August 31, 2018
heights), set up a fundamental limit for possible intrinsic August 31, 2018
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responses remains an elusive goal. Nevertheless, this
captivation is built upon the intrinsic knowledge in the
absence of exquisite 3D profile control.

By introducing and manipulating a long-ignored degree of
freedom (i, vertical profiles of nano-objects), we report in
this work an on-chip steganographic strategy in angular
anisotropy by laser-printed three-dimensional (3D) plasmonic
nanovolcanoes with various splashing morphologies. Single
nanovolcanoes with varying subwavelength heights and
volcanic profiles are printed by tightly focused femtosecond
pulsed beams, in a highly deterministic way. The dexterity to
control the 3D morphologies of single nanostructures allows
angular encryption of different full-color images discernible at
corresponding low and high incident angles, respectively. Our
work may find applications in robust light control, color
displays, multidimensional optical multiplexing, and anticoun-
terfeiting,

RESULTS AND DISCUSSION

The concept of our angularly anisotropic steganography is
illustrated in Figure 1. Single-layer architectures, consisting of
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Figure 1. On-chip steganography in angular anisotropy by
femtosecond pulse laser printed nanovolcanoes. (a) Schematic
illustration of printed nanovolcanoes by a fs pulse and scattered
color under oblique illuminations. The thicknesses of the silver,
silicon nitride, and titanium layers are 80, 126, and 40 nm,
respectively. (b) Scanning electron microscope image of nano-
volcanoes with morphology evolution at different stages: bubbling
crescents, cone-shaped, and well-like nanovolcanoes and nano-
craters were obtained at fluences of ~135, ~144, ~180, ~225, and
~384 mJ/cm?”. Scale bars: 1 gm. (c,d) Schematic illustration of on-
chip image steganography encrypting and decrypting at small and
large incident angles, respectively.
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nanostructures resembling the splashing morphologies of
volcanoes, are printed by a femtosecond (fs) pulsed laser.”
Each of the individual plasmonic nanovolcanoes can exhibit a
deterministic color and angle-sensitive spectral response, which
are illustrated in Figure la. At a given illumination angle, the
plasmonic nanovolcanoes can scatter colors ranging from blue
to red depending on their morphologies. A metal—insulator—
metal (MIM) configuration without any prepatterning is
adopted to boost the splashing effects by quickly building up
the localized fields. As titanium exhibits an absorption smaller
than that of aluminum in the visible region,31 a thin titanium
film of 40 nm thickness is chosen as the top metal layer to
guarantee high color saturation. In addition, the formation of a
thin (2—3 nm) oxide layer natively prevents the degradation
and enhances the shelf life and durability of the printed
plasmonic pixels.”” An 80 nm thick silver layer is chosen as the
grounding because the silver film has the largest reflectance in
the visible wavelength. A highly transparent layer of silicon
nitride with a numerically optimized thickness of 126 nm is
chosen as the spacer to facilitate the precise manipulation of
the transient photothermal effects.

The MIM configuration forms a Fabry—Perot (FP)
resonator and ensures a sufficient absorption of the incident
pulse energy (Figure S1). Upon illumination of a single fs laser
pulse (40 fs at 800 nm), the instantaneous energy goes
sufficiently high enough to transiently heat the top titanium
layer above its melting temperature, in the vicinity of the focal
region. By exciting the FP mode with localized electric field
confinement, the electromagnetic energy and hence the
photothermal effect are dominantly concentrated in the top
metal layer (Figure S2), allowing the fine control of the
morphology and height of the printed nanovolcanoes through
the translative or even ablative mass redistribution of the
titanium thin film.>*** Consequently, the printing of nano-
volcanoes with variant morphologies and heights correspond-
ing to different resonant frequencies or scattering colors
becomes possible by precisely controlling the laser parameters
in the focal profiles and pulse fluences (Figure 1b). A full
library of nanovolcanoes by the continuous tuning of scattering
colors across the entire visible spectrum is obtained with
different laser parameters (Figure S3). Such subwavelength-
scale nanostructures with different volcanic morphologies and
heights can support angularly coordinated transverse and
vertical modes at different resonances, allowing angularly
anisotropic color appearances for encrypting hidden color
images at different incident angles under white light
illumination. Consequently, a school badge made of corre-
sponding nanovolcanoes could contain embedded encrypted
information only discernible at the prefixed decoding angle
(Figure 1d,e).

By precisely modulating the laser energy density, the
sophisticated profile of volcano-shaped nanostructures can be
continuously tuned in a controllable means. Depending on the
single-pulse irradiation, the redistribution of the molten
titanium thin film can evolve from a bubbling crescent to
cone-shaped to well-like nanovolcanoes. Further increased
laser dose will lead to a rapid ablation, forming size-
controllable nanocraters. Figure 2a,b shows the scanning
electron microscopy (SEM) images of printed nanovolcanoes
with representative morphologies. Interestingly, scattering
colors from the blue, green, and red tones (indicating a full-
color generation) can be achieved, as shown in Figure 2c and
the corresponding insets. The simulated spectra based on the
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Figure 2. Splashing morphologies of nanovolcanoes and scattering spectra. (a,b) Top and side view SEM images of nanovolcanoes at
different splashing stages (bubbling crescents (i,ii), cone-shaped (iii), and well-like (iv) nanovolcanoes, and nanocraters (v)). Scale bars: 500
nm. (c) Experimental scattering spectra from the nanovolcanoes shown in (a,b). The experimental spectra are acquired from single
nanostructures in a home-built dark-field microscope employing a supercontinuum laser source as the illumination. The incident angle is set
at approximately 27° through an objective lens with a large back aperture (UPlanSApo, 20%/0.75, Olympus Co.). The insets show the
scattering images of single nanostructures taken when measuring the spectra. (d) Morphology evolution of the nanovolcanoes as a function
of energy fluences (NA = 0.4), revealing three regions of splashing morphologies. (e) Evolution of the radius of the nanocraters against the
energy fluence fabricated with an objective lens of NA = 0.75. For small fluences, the generated nanostructures have no distinct scattering
features in the visible region. Consequently, only nanostructures produced by fluences larger than 307 mJ/cm? are investigated.

measured 3D profiles are presented in Figure S4, exhibiting
good congruence with the experimental observation of
morphology-dependent scattering.

Even though the formation of splashing morphologies is
generally perceived as a non-equilibrium process, the dynamics
can be further elucidated in a simplified two-stage physical
model based on analytical two-temperature (2T) calcula-
tions”>**> and a nanoscale hydrodynamic motion.>** This
model is built upon recent theoretical developments separating
slow and fast physical processes (see the supporting
discussions). The transient absorbed electromagnetic energy
density can be expressed as*®

q(x, 9,2z, t) = %e "(w, %, y, )&, |E(w, x, y, z, )
(1)

where @ is the center frequency, ¢” is the imaginary part of the
relative permittivity, &, is the permittivity of vacuum, and |
E(wxy,zt)l is the envelope of the Gaussian-shaped time-
varying electric field. The absorbed electromagnetic energy can
be converted into a concentrated and transient heat effect
through a 2T relaxation procedure and dissipates quickly into
the continuous titanjum thin film. Initially, the heating of
electrons and subsequent thermalization of the lattices by an
intense electron—lattice interaction normally takes place within
the first few picoseconds (Figure S2). The heating effect is
dominantly concentrated in the vicinity of the focal spot with a
size of 1.2 um, considering an objective with a numerical
aperture (NA) of 0.4.

The separation of the molten film from the substrate starts
as a consequence of expansion waves generated by the
isochoric laser heating of the metal film.*>** The separation
velocity can be estimated by’
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where p(r) is the time-average pressure within the titanium
film over the sonic time scale (supporting discussion), r is the
radius to the center of the focal spot, and Z; and Z; are acoustic
impedances of the underneath layer and the titanium film,
respectively. The vertical separation velocity is maximized at
the center and approaches zero at the edge of the irradiated
region. After a separation velocity was acquired, the molten
film starts to fly outward. Next, the surface tension slows down
the moving titanium film. The heat dissipation to the
surroundings happens simultaneously and is responsible for
immobilizing the morphologies of the splashing films, giving
rise to the formation of nanovolcanoes with controlled
geometries and heights.

Figure 2d shows the evolution of the nanovolcanoes as a
function of energy fluences given by an objective lens with NA
0.4. It is revealed that there are three major stages of
morphology engineering. At low energies (fluence of ~135 to
157 mJ/cm?), the rapid dissipation of heat leads to a quick
recrystallization of the molten titanium film, resulting in the
formation of bubbling crescents. If the pulse energy exceeds a
fluence threshold of ~157 mJ/cm? then the center of the
irradiated film acquires a considerably large velocity. In
contrast, the outer area separates from the substrate in a
slow manner and undergoes a quick recrystallization due to
heat transfer to the surrounding titanium film. This mismatch
results in the rupture of the central zone from the film, forming
cone-shaped nanovolcanoes. If the deposited energy is even
higher, then a well-like volcanic morphology is formed due to
the residual heat on the nanovolcano that softens the wall and
makes it lower, thicker, and smoother. From the height and
radius of the nanostructures, it can be seen that the height
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Figure 3. Enhanced color saturation and up-scalable lithography-free printing. (a) Simulated scattering power from a bubbling crescent
(with a height of 122 nm and diameter of 600 nm) with and without a grounding silver layer. The Fano-like resonance-induced asymmetric
line shape and spectral narrowing effect are clearly revealed. (b) Electric field distribution in the y = 0 plane for the three wavelengths
marked in (a), where the white arrows represent the displacement current flows. The modes at A = 450 nm and A = 792 nm are the second
and first order of FP resonances, respectively, resembling the narrow band subradiant modes (top and middle rows, with Ag), whereas the
plasmonic resonance at A = 591 nm offers the wide band super-radiant mode (bottom row, without Ag). (c) Chromaticity coordinates
(CIE1931 color space) of the achieved colors (black boxes), indicating a large range. (d—m) Collection of images printed by fs laser beams
in continuous tone (d—g) and half-tone modes (h—m), showing the capability of high-resolution printing with high color fidelity. Scale bars:

200 pm (d,e,g—j,1), 50 pm (f), and 20 pm (m).

increases along the pulse energy and reaches the maximum in
the cone-shaped volcanic section, and then, it decreases and
approaches approximately 100 nm, such as in the well-like
regime. For even larger deposition fluence obtained with an
objective lens of NA = 0.75, the titanium film is quickly
ablated, forming nanocraters, whose radius increases with the
energy fluence (Figure 2e). The fine control of the
morphologies and heights of such nanovolcanoes can thus be
accomplished reliably by the focal profile and laser energy
density.

It is found that the top plasmonic volcanic nanostructures
can support current-driven vertical modes along the axis of
symmetry of the nanovolcano and transverse modes, with
charges oscillating upon the curvature of the metal rim
resonant at different frequencies, similar to plasmonic
nanoparticles with a reduced symmetry’”*® (Figure S5). As
mentioned before, the MIM configuration supports FP
resonant modes depending on the thickness of the spacer
(Figure S6), coupled with the plasmonic resonances of the
nanovolcanoes atop it. Ultimately, this coupling results in
complex current-driven modes which are responsible for the
full-range visible light scattering in the printed architecture, as
illustrated in Figure 2.

It is noteworthy that such coupling can further lead to a
Fano-like®~*' asymmetric scattering spectrum once their
fields can form a destructive interference in the far-field
(Figure 3a,b). This Fano-like line shape can significantly

narrow the plasmonic resonances, resulting in a color palette
with enhanced saturation. Figure 3d shows the chromaticity
coordinates of achievable colors, calculated based on the
scattering spectra. It reveals that primary colors used in
traditional printing from blue, green, and red can all be
achieved. By synergistically moving the laser focus (Figure
5$7),%° monochrome and color images scaling from hundreds of
micrometers to several millimeters can be demonstrated with a
high fidelity (Figure 3d—m and Figure S8).

The high spatial resolution of the pixel is one of the most
notable advantages of laser printing. Figure 3d illustrates a
color butterfly 1 mm wide with a resolution of 12700 dpi
(pixel-to-pixel distance of 2 pm) printed at different laser
parameters. The SEM image of the whole sample and the
selected region within the white dashed box in Figure 3d are
shown in Figure 3e,f, respectively. High-resolution chip-scale
printings up to 20 000 dpi can also be achieved using the facile
laser printing (Figure S8). To show the capability of up-
scalable printing, a subcentimeter portrait was printed with a
high resolution and high fidelity (Figure 3k—m and Figure S9).

The nanovolcanic structure alone can support both p-
polarization vertical modes stemming from electroinductive
plasmonic responses and polarization-insensitive transverse
modes due to the rotational symmetry. Consequently, a
prominent angular mode coordination effect from transverse-
mode-dominant to vertical-mode-dominant can be achieved
when increasing the incident angles of p-polarized illumination
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Figure 4. Angularly anisotropic color appearance and on-chip image steganography. (a) Simulated and experimental scattering spectral
variation as a function of the incident angle from a single nanovolcano. The dashed lines are a guide for the eyes. The insets illustrate the
dominant modes corresponding to the longer wavelength scattering peak at illumination angles of 27 and 52°, respectively, revealing that the
transverse current-driven modes are dominant at low incident angles and the vertical current-driven modes are dominant at large incident
angles. The red arrows represent the displacement currents supported in the nanovolcano. (b) Angularly anisotropic color appearances of
the five representative nanovolcanoes in Figure 2 as a function of the incident angle. (c) CIE1931 chromaticity coordinates of colors from
the library nanostructures under incident angles of approximately 27 and 52°. (d,e) Cartoon image that changes color appearances viewed at
low and high incident angles. (f,g) Sketch of the color variation of the nanovolcano and nanocrater under dark-field objective lenses with
different incident angles. (h—j) SEM images of a school badge composed of these two kinds of printed nanostructures: the cone-shaped
nanovolcano (g) and the nanocrater (h). (k1) Image steganography in angular anisotropy achieved depending on the variation of color
appearances in (f,g). Logo used with permission from Jinan University. The images are viewed under incident angles of approximately 27°
(MPlanFL N, 5%/0.15 BD, Olympus Co.) and 52° (MPlanFL N, 20%X/0.45 BD, Olympus Co.). Scale bars: 100 um (e,h,I) and 200 nm (i,j).

(Figure S10). In addition, such mode competition can also
introduce a shift in the relative phase to modify the
interference of the Fano-like spectrum,’™*' as illustrated in
simulated and measured spectral variation from single cone-
shaped nanovolcanoes (Figure 4a). The inset clearly reveals
that vertical current-driven modes dominate at the large
oblique angle, whereas the transverse current-driven modes are
more pronounced at the low incident angle. The experimental
results qualitatively agree with the simulation. The discrepancy
in the peak resonant wavelength could be attributed to the
geometrical imperfection of laser fabrication.

Figure 4b depicts the evolution of the color palettes from
these five representative nanovolcanoes as a function of the
incident angle. It can be seen that scattering colors from these
low-profile nanostructures exhibit little or even negligible
variations when the incident angle increases from 27 to 52°
(Figure 4b, rows i and ii). However, for bubbling crescents
with sufficient height to support the enlarged amplitudes of

vertical modes, a color change from yellow to orange and dark
orange is observed (Figure 4b, row iii). Figure 4b row iv
showcases a prominent case of color variation occurring on a
cone-shaped nanovolcano with a height of 230 nm. When this
sample is illuminated with white light at incident angles from
27 to 52°, the scattering color metamorphoses drastically from
pink to cyan-green. A full library of the angle-anisotropic colors
in these nanostructures with varying volcanic profiles and
heights are given in Figure S10. The angular color tunability
can be directly visualized in the CIE1931 chromaticity
coordinates of the scattering colors at incident angles of 27
and 52° simulated in Figure 4c. Figure 4d,e presents a color
print with angularly anisotropic appearances, viewed at low and
large incident angles.

The angle-steerable coloration of such nanovolcanoes offers
a route to image steganography in angular anisotropy. As a
proof of concept, a chip-scale badge of “Jinan University” was
printed with position-dependent laser energy doses exhibiting
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angle-insensitive and drastic angle-tunable colors, as shown in
the SEM images in Figure 4h—j. At a small incident angle of
27°, the encrypted characters are hidden in the pink
background (Figure 4k). At the incident angle of 52°, the
encrypted characters displaying a cyan-green color clearly arise
from the pink background (Figure 41). Comprehensive
angularly multiplexed color printing is further explored with
four categories of pixels, and a bee and a flower can be
distinctly viewed at 27 and 52°, respectively (Figure SI11).

CONCLUSIONS

In conclusion, we have presented fs laser-printed nano-
volcanoes exploiting subwavelength and 3D morphologies,
which allow the experimental demonstration of on-chip
steganography from angular anisotropy. The proposed method
is implemented by precisely controlling the transient local heat
and subsequent translative mass redistributions of molten
metal films by the pulsed laser interaction with MIM
configurations. The method avoids the nanofabrication
technologies that are usually resorted to in such cases, such
as e-beam lithography or nanoimprinting. Such a laser printing
technique can thus be ready for the scalable production of
imprints on the order of millimeters and even larger areas. It
can dramatically push the state-of-the-art and enrich the
emergin% knowledge base of plasmonic color genera-
tion.”'"">'* Furthermore, the coordination between vertical
and transverse modes of the nanovolcanoes induces an angle-
anisotropic spectral response (also known as color generation)
and enables angularly anisotropic image steganography. It
provides a viable recording scheme for multidimensional
optical multiplexing with additional physical properties,"”
information encryption,">'***** and anticounterfeiting””**
with ultrasecurity.

METHODS

Sample Preparation. The multilayers were prepared using a
heat/electron beam evaporator at a working pressure of about ~2 X
107" Pa. An 80 nm thick layer of silver was deposited onto the silicon
substrate using heat evaporation at a rate of 2.97 A s™'. Next, a 126
nm thick layer of silicon nitride was deposited onto the silver layer
using electron beam evaporation at a rate of 1.3 A s™. Finally, a 40
nm thick titanium layer was coated onto the silicon nitride layer using
electron beam evaporation at a rate of 1.7 A s™'. During the
evaporation process, the sample chamber was kept at a constant
temperature of 30 °C, and the sample holder was rotated at 40 rpm to
maintain uniform deposition.

Laser Printing. The sample was mounted to a 3D translation
stage that was controlled by the computer (Figure S7). The 40 fs laser
pulse was attenuated and focused onto the sample by an objective
lens. The attenuator was used to tune the pulse energy to the required
values. A camera was used to collect the image reflected back from the
sample surface. The desired image was printed by synergistic
movement between the focal spot and the 3D stage.

Sample Characterization and Optical Measurements. Dark-
field optical images and scattering spectra of the color pixels were
obtained to investigate the optical responses of the fabricated
structures. Optical images were captured using a conventional upright
dark-field scattering microscope (Olympus, BXS3, Olympus Co.).
Images of the samples were acquired by a dark-field objective lens. An
objective lens of low NA (MPlanFL N, 5X/0.1S BD, Olympus Co.)
provided an incident angle of approximately 27°, and another two
objective lenses of high NA (MPlanFL N, 10%/0.3 BD, Olympus Co.
and MPlanFL N, 20X/0.45 BD, Olympus Co.) yielded incident angles
of approximately 40 and 52°, respectively. The scattering spectra from
a single nanostructure were measured by a home-built dark-field
microscope, where a supercontinuum laser source (SC-PRO, YSL
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Photonics Co.) was used as the illumination and a fiber spectrometer
(USB4000, Ocean Optics Co.) was employed to acquire the
scattering spectrum (Figure S12).

Numerical Simulations. The optical response of the color pixels
were modeled using FDTD (Lumerical FDTD Solutions). The
complex refractive indices of silicon, silver, and titanium were taken
from Palik,®' and the index of silicon nitride was set as 2.05. A total-
field/scattered-field source was illuminated onto the nanostructure
from the left side at an oblique angle. Perfectly matched layer
boundary conditions were defined around the nanostructure at a
minimal of half a wavelength away. Then, the scattering power
collected by the objective lens was calculated by evaluating the near-
to far-field projection over a cone defined by the NA of the objective
lens.
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