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Angle-multiplexed optically encrypted metasurfaces fabricated by
ultrafast laser induced spatially selective-modified
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Abstract: The optical encrypted metasurface based on one-dimensional grating diffraction requires the pro-
cessing of mask or unit structure one by one, resulting in low efficiency. In addition, the poor uniformity of
the structure formed by conventional ablated LIPSS can also affect device performance. Aming at the above
problems, an optical metasurfaces processing method is proposed based on modified structures obtained by
picosecond laser direct writing phase-change material Ge,Sh,Tes. Firstly, the dispersion properties of the pre-
pared GST-modified gratings are first characterized, and the angle-multiplexed information encryption
metasurfaces are designed by combining the polarization dependence of the modified grating, and the metas-
urface prepared by the proposed method is further demonstrated. In addition, the performance of encryption
under natural light conditions and selective decryption reading and dynamic display under strong light condi-
tions has been achieved. Compared to the conventional processing method, the proposed method can gener-
ate a series of grating structures in the form of simultaneous printing in a direct writing process, which im-
proves the processing efficiency. At the same time, the grating structure obtained by processing has good uni-
formity and consistency, which improves the color rendering effect. A modified grating with an orientation
angle difference of 16° is used to realize selective information reading without crosstalk resulting in uniform
and bright structural colors. The processing strategy proposed in this paper has a profound application pro-
spect in the fields of anti-counterfeiting, information encryption storage and wearable flexible display

devices.
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1 Introduction

Image information encryption can hide the en-
crypted information among redundant information,
which is very important in the field of information
security and anti-counterfeiting™. Optical metasur-
face consisting of periodically arranged artificial
units (such as grating™, nano rod®, nano ring®,
nano block®, etc.) on the surface can change the
amplitude, phase, and polarization of incident elec-
tromagnetic waves, causing reflection, diffraction,
and scattering of incident light ¥, thus producing
gorgeous structural colors and are widely used in
image information encryption. Compared with dyes
and pigments, metasurface imaging is widely used
in different images of storage and encryption due to
its long-term stability and high resolution!”. Most
structural color metasurface uses a fixed shape and
size sub-wavelength structure, and are designed in a
single form, which can only produce static colors.
The demand for dynamic color displays is increas-

ing in order to achieve functional expansion. Struc-
tured color metasurfaces have been developed for
anisotropic functional multiplexing, and the unique
optical properties of a specific functional metasur-
face can be achieved by tuning the subwavelength
structure of the surfacel®. Due to their flexible and
designable optical properties, they are widely used
for anti-counterfeiting and information hiding. By
modulating the spectral and polarization response,
metasurface imaging has been successfully applied
in operations where different information is written
to different angular® and polarization®*®*? channels.
The most classic application is to store, hide and
encrypted image information by using interleav-
ed anisotropic antennas (such as grating™, nano
block®, cross-shaped protrusion®®, etc.). Among
them, due to its sensitivity to polarization in re-
sponse, one-dimensional gratings can easily arrange
their grating orientation to cause angular deflection
of dispersion, providing a solution for multiplexed
information encryption metasurface devices.
Although the development of advanced pro-
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cessing technologies such as photolithography™ and
electron beam etching®™ has provided more design
space for on-demand structured color metasurfaces,
this method that requires masks or individual print-
ing greatly limits the processing efficiency of
devices. Due to its ultra fast and ultra strong cha-
racteristics and flexible control methods, ultrafast
lasers have unique advantages in precision ma-
nufacturing of structural color metasurfaces on de-
mand. Laser Induced Periodic Surface Structures
(LIPSS)"™ is a unique method of obtaining grating
structures on various materials such as metals, semi-
conductors, and ceramics through direct laser writ-
ing. Due to the ability to process large area sub
wavelength structures in one step, this structure has
been widely used in metasurface devices. By utiliz-
ing the sensitivity and dispersion effects of LIPSS
on laser polarization, various metasurface devices
based on modified or ablated gratings have been de-
veloped, achieving dynamic color display ®®. The
LIPSS structure is formed at the interface between
the material and air by excitation of Surface Plas-
mon Polaritons (SPP) resulting from incident laser
irradiation®®®, Periodic electromagnetic fields are
generated on the surface of the material, resulting in
the formation of periodic structures. Although the
surface roughness of the material can promote the
excitation of SPPE the severe material ejection
during the processing of the ablated grating seri-
ously affects the coupling between SPP and light,
leading to the problem of poor grating quality,
thereby affecting the color rendering performance of
this type of information encryption metasurface for
reading pattern information and the anti-crosstalk
performance between different information. Al-
though modified gratings can avoid the problems of
ablating gratings, they require subsequent chemical
etching operationst®, which greatly reduces the con-
venience of using LIPSS processing method. There-
fore, there is an urgent need for a high-quality and
multiplexed grating structure processing method.

As a widely studied phase-change material,

Ge,Sh,Tes can undergo rapid phase switching un-
der the action of laser, which has been extensively
studied in the field of tunable devices?*®!. GST can
undergo a phase-change from the amorphous (a-
GST) to the crystalline (c-GST) state under ultrafast
laser multi-pulse irradiation, during which its re-
flectivity increases®?”. More importantly, the re-
arrangement of the lattice at the microscopic level
leads to a change in the macroscopic volume™!, In
addtion, as a narrow bandgap semiconductor, GST
can excite free carriers into metallic states under ul-
trafast laser irradiation and form modified LIPSS
under the action of surface SPP. For periodically al-
ternating crystalline and amorphous stripes. Due to
the absence of material spluttering and subsequent
operations, this modified grating structure can
achieve uniform and consistent processing effects
while maintaining high processing efficiency. In ad-
dition, the combination of reflectivity changes and
volume shrinkage effects within the visible
wavelength of GST provides a new possibility for
the design of multiplexed metasurfaces.

This paper presents a method for nested pro-
cessing of angle-multiplexed structural color metas-
urfaces. This method uses modified structures (i.e.,
modified gratings and crystallized stripes) obtained
by direct writing of the GST surface of the phase-
change material at different picosecond laser para-
meters to form encrypted different patterns and
background patterns, respectively, and the resulting
modified gratings have high orientation uniformity
compared to conventional ablated gratings. The
macroscopic pattern information used for encryp-
tion is divided into multiple parallel slices, and each
slice is processed using a modified grating structure
obtained by single-step direct scanning with a pico-
second laser. The two encrypted patterns overlap
macroscopically, while the slices forming the two
patterns at the subwavelength scale are nested with
each other. The background pattern after slicing is
filled with pure crystalline stripes in the peripheral
unprocessed area of the pattern information to
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achieve information hiding under natural light irra-
diation conditions. Based on the polarization multi-
plexing and grating dispersion capability of the
metasurface device, the pattern information com-
posed of two sets of gratings with 16° difference can
be selectively read and dynamically displayed un-
der the decryption conditions of different combina-
tions of observation pitch and rotation angles under
the condition of strong light incidence. The pro-
posed processing method achieves the angular mul-
tiplexing effect with good color rendering effect
while ensuring the processing efficiency, and has a
wide application prospect in information hiding,
multidimensional storage and flexible wearable dis-
play devices.

2 Experimental conditions and sys-
tem design

2.1 Experimental conditions

A picosecond laser (Atlantic 355-20) from EK-
SPLA is used as the processing light output source
with a laser wavelength of 1064 nm, a pulse width
of 13 ps, and a Repeat frequency setting of 1 kHz.
The pulse energy is adjusted through a continuous
neutral density attenuator, and a half-wave plate is
used to adjust the polarization direction of the lin-
early polarized picosecond laser. The half-wave
plate angle is fixed during the processing. The pico-
second laser with a spot diameter of 5 mm is fo-
cused on the sample surface by a planoconvex lens
with a focal length of 100 mm. 100-nm thick amor-
phous GST is deposited on a 1 mm thick flexible
polydimethylsiloxane (PDMS) substrate by a mag-
netron sputtering device (JINSHENGWEINA MSP-
620). The sample is fixed on a high-precision six-di-
mensional translation stage (Pl H-811.12), and the
laser processing position needed to be adjusted by
controlling the translation stage during the scanning
process, with the translation speed of 0.5 mm/s.

The surface phase properties, structural fea-
tures and reflectivity information of the prepared

samples are characterized by SEM (SU9000), AFM
(Bruker Corporation, Dimension Icon) and optical
microscopy (BX53, Olympus). The optical proper-
ties are characterized by optical images taken by a
smartphone with a digital camera fixed on a three-
dimensional translation stage, illuminated by a halo-
gen lamp (SCHOTT KL 1500 electronic) treated
with near-parallel light, and this optical observation
experiment is performed in the dark.
2.2 System design

The overall schematic diagram of the designed
angle multiplexed information encryption metasur-
face is shown in Figure 1 (color online), and the en-
tire processing process is completed by picosecond
laser direct writing. As shown in Figure 1(a), the pi-
cosecond laser can induce the modification of the
surface of the GST material at the appropriate power
density, leading to a phase transition from a-GST to
c-GST. The crystal lattice changes from disordered
to ordered, showing an increase in surface reflectiv-
ity at the macro level and a shrinkage in volume at
the same time. By simply changing the direction of
laser polarization, picosecond laser direct writing
GST produces a modified structure with three fea-
tures, as shown in Figure 1(b). Two of them are
modified grating structures with opposite orienta-
tions, and one is a pure crystalline strip, each of
which will be used for the corresponding single pat-
tern processing on the right side. The three patterns
are sliced separately and divided into parallel slices
with equal spacing. At the macroscopic level, the
processing takes place in the same area, while at the
grating scale, it is nested with each other. To better
understand this methods, the last step of processing
of three patterns is used as a demonstration, with
slice locations marked in yellow, red, and purple on
the patterns. In the magnified surface structure dia-
gram in Figure 1(c), the yellow, red, and purple dot-
ted boxes represent the processing position relation-
ships of the three pattern slices. Figure 1(c) shows
the metasurface functional effect obtained in this
way, which exhibits an overall increase in reflectiv-
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ity under natural light and effectively hides the nes-
ted pattern information. Under the condition of

strong light illumination different pattern informa-
tion can be selectively decoded at a specific angle.

Reflectivity
improvement

Pattern 1

i

Pattern 2

- BN
R [0,

Pattern 3

i Volume
shrinkage

Fig. 1 Schematic diagram of an information-encrypting metasurface. (a) The properties of GST after direct laser writing;
(b) the three characteristic structures of laser direct writing GST correspond to the processing patterns; (c) the effect of
the information encryption metasurface under natural light and strong light, respectively

1 @) GST
(©)

3 Results and discussion

3.1 Performance characterization

For the convenience of description, the co-
ordinate axes in Fig. 1(a) are defined, and the pro-
cessing direction is constant along the x direction.
The angle between the laser polarization and the x-
axis is defined as the polarization angle, and the
angle between the modified structure orientation and
the y-axis is defined as the grating orientation angle.
Under the conditions set in this experiment, when
the polarization angle is 0° and the laser power is
between 45 yW and 60 pW, the LIPSS with altern-
ating light and dark under the light microscope can

be processed in direct writing, as shown in Figure 2(a)

(b) GST

(color online). The light microscope diagram shows
that this laser-induced GST-modified grating meth-
od is free of material sputtering, thus enabling the
formation of a highly uniform grating structure with
high consistency. Numerous studies on the crystal-
lization properties of GST have demonstrated that
surface reflectance enhancement is an important
judgment factor for amorphous GST crystalliza-
tion®, As shown in Figures 2(b), 2(c) (color
online), the ripple structure with periodic distrib-
uted stripes are also presented in the SEM results.
The generation of this ripple structure is widely be-
lieved to be due to the interaction of incident light
with the surface SPP®, Kolobov et al. found that
the interatomic potential in amorphous GST is an-
harmonic, thus leading to an increase in bond length
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in the disordered state. During crystallization, the
disorder within the GST decreases, leading to
volume contraction and density increase of the ma-
terial®®?, and this anomaly has also been experiment-
ally observed®!. As shown in Figure 2(d) (color on-
line), the modified ripple structure was subjected to
AFM tests, and the obtained three-dimensional plots
show that they are accompanied by periodically dis-
tributed variations in height. The cross-sectional
height profile is plotted in Fig. 2(e) (color online). It

can be seen that more intuitive information about its
period height distribution can be obtained with a
period of about 1 um and a height difference close
to 8 nm due to the crystallization shrinkage effect,
so that the modified grating structure can be pro-
cessed by picosecond laser direct writing GST un-
der this condition. This one-step printing-like meth-
od simplifies the steps and improves the efficiency
compared to the conventional mask-based grating
structures.

Fig. 2 Characterization of modified grating structures. (a) Modified grating under 100x optical microscope; (b)(c) SEM im-
age of modified grating; (d) AFM results of modified grating; (e) the graph corresponding to (d)

2 (2)100
(d)

The laser power is kept constant at 60 W and
the effect of laser polarization on the processed
structure is investigated. The laser polarization is
varied in steps of 10° between —90° and 90° by ro-
tating the half-wave plate. The grating linewidths
obtained under positive and negative polarization
conditions are the same but the orientation angles
are symmetric to each other. The linewidths and
grating orientation angles of the modified structures
after direct-write processing under 0° to 90° polariz-
ation are shown in Fig.3(a) (color online), and two
representative schematic diagrams of the modified
structures are indicated in the figure. The effect of

(b)(c) SEM  (d) AFM ©)

laser polarization on the modified grating can be di-
vided into two stages. At laser polarization angles
between 10° and 30°, the grating linewidth de-
creases slightly, but the grating orientation angle re-
mains at 8°. When the polarization angle is greater
than 30°, the processed structure is a pure crystal-
line strip, at which time there is no grating structure
and the line width of the pure crystalline strip is ba-
sically unchanged. The relevant optical microscope
images are shown in Fig.3(b)-3(e) (color online),
with laser polarization of 0°, 10°, 30° and 40°, re-
spectively. It is noteworthy that the orientation angle
of the conventional ablative grating shows an ap-
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proximately linear relationship with the laser polar-
ization, while the GST surface-modified grating ex-
hibits a peculiar phenomenon with a constant orient-
ation angle of 8°. Although this phenomenon has
not been reported, it can be tentatively explained by
the fact that the SPP propagation direction is ortho-
gonal to the laser polarization due to the constant
laser direct writing direction along the positive dir-
ection of the x-axis®®. When the polarization direc-

tion is 0°, the SPP propagation direction is the same
as the laser direct writing direction, and the joint ac-
tion of SPP and subsequent pulses leads to the con-
tinuous induction of the ripple structure. When the
polarization angle gradually increases, the angle
between the SPP propagation direction and the dir-
ect writing direction also increases, and the SPP
propagation direction has no subsequent pulse, thus
the ripple structure cannot be formed.

Fig. 3 Characterization of the dispersion properties of GST-modified gratings. (a) Relationship between polarization and mod-
ified structure; (b)-(e) modified structure under laser polarization conditions of 0°, 10°, 30°, and 40°, respectively;
(f) schematic diagram of the device used to characterize the dispersion capability; (g)—(i) real shot display of RGB col-

or; (j) the dispersion results obtained at different angles

3 GST (@)

(b)-(e) 0° 10° 30° 40°

» () (9)-()RGB 0)

The dispersion effect of the grating on the in-
cident light is related to the grating orientation, irra-
diation angle and viewing angle, so a device is de-
signed to characterize the color rendering perform-
ance of the grating. The experimental configuration
consists of a smartphone with digital camera capab-
ility, a halogen light source and a sample holder. As
shown in Fig. 3(f) (color online). When a white light
source is irradiated to the surface of a periodic grat-

ing structure at an angle of incidence a, the central
wavelength of diffracted light A at angle b is given
by the diffraction equation: mA = A(sinazsinb),
where A is the grating period and m is the diffrac-
tion level®. In this experiment, the modified grat-
ing orientation angle is oriented along the x-direc-
tion and the sample is fixed; a white light source is
used for illumination, and the incident light emitted
through a planoconvex lens converges to an approx-
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imately parallel light, which is incident at an angle
of —27¢ to the z-axis in the yoz plane, i.e., a = 27°.
The incident light passes through the dispersion of
the grating structure on the surface of the sample to
produce colorful colors. The color information of
the dispersion region throughout the visible range
is captured by moving the phone to different posi-
tions in a plane 10 cm high from the sample. As the
viewing angle changes within the plane of capture,
the pattern can show rich structural colors
throughout the visible range. The cell phone lens is
panned in a plane 10 cm directly above the sample
and photographed sequentially at 0.4 cm intervals.
Figures 3(g)—3(i) (color online) show the RGB col-
ors of the processed samples, and the captured pic-
ture information is pure and vivid in color, which re-
flects the high orientation consistency of the modi-
fied grating from the side. It is worth noting that
since the spot size does not cover the whole pro-
cessed area, the color information at the same loca-
tion on the sample (see Fig. 3(i) at the position of
the white circle) is extracted to fill the squares and
displayed as shown in Fig. 3(j) (color online). The
color information collected at different tilt angles b
in the range of —2.5° to 19° is displayed horizont-
ally, showing the whole visible color from red to vi-
olet, respectively. More colors will be obtained if
the interval when collecting colors is reduced. In ad-
dition, the brightness information is also shown ver-
tically at different pitch angles. It can be seen that
the brightestness of color collected directly above
the sample is the strongest. As the pitch angle be-
comes larger, the color brightness becomes pro-
gressively weaker, and the information is visible for
pitch angles ranging from —2° to 2°. This large
viewing range at the tilt angle with very small in-
formation leakage effect at the pitch angle has
unique advantages in terms of crosstalk-free dynam-
ic display of structural colors, and in addition, the
color uniformity indicates a high degree of consist-
ency in the orientation angle of the processed modi-
fied grating.

3.2 Nested processing information encryption me-
tasurface based on GST modified structure
Inspired by the color rendering properties of

the above-mentioned modified gratings observed at

different angles, their potential for information hid-
ing is further explored, and the preparation of in-
formation encryption metasurfaces is achieved by
smart design. As shown in Fig. 4(a) (color online),
pattern 1 “city wall", pattern 2 "palace" and pattern
3 (background pattern) are designed for image in-
formation hiding, and each pattern is divided into
parallel slices spaced 25 ym apart, and the slices of
different patterns are nested with each other so that
their information is recorded in the same macro-
scopic region on the sample without crosstalk. The
laser power is fixed at 50 yW, and the line width of
the modified grating obtained under this condition is

9 pym. This processing accuracy is higher than the

resolution of the human eye, thus ensuring the con-

tinuity of the patterns, increasing the information
density, and matching the spacing of the processing
lines to facilitate the nesting of the two patterns.

Each slice of the two patterns to be encrypted is pro-

cessed by modified gratings with orientation angles

of 8° and -8° obtained by the picosecond laser at
+30° polarization, respectively, while the slice of

pattern 3 used as a background is processed by a

pure crystalline stripe obtained by the picosecond

laser at 90° polarization, corresponding to the three
modified structures shown in the lower right corner
of Figure 1(a). The reason for filling pattern 3 out-
side the encrypted image information is that the
modified area has the effect of enhanced reflectivity
when observed under natural light and the partial
contours of the pattern can still be identified under
macroscopic conditions. Figure 4(b) (color online)
shows the macroscopic results of the information
encryption metasurface processed on the GST sur-
face of the flexible substrate under natural light con-
ditions. Since the reflectivity of the crystalline GST
is higher than that of the amorphous GST, square re-
gions with hidden pattern information can be seen.
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Under natural light conditions, the pattern informa-
tion is hidden in the background and cannot be read
due to the small depth of the grating and the weak
dispersion effect on natural light. Figure 4(c)

(8) [ - -

1|
ol

(color online) shows a modified grating with 16°
difference in orientation angle for encrypted pat-
terns, and Figure 4(d) (color online) shows a pure

crystalline strip for background patterns.

Fig. 4 Information encryption metasurfaces for nested processing. (a) Design diagrams of three different modified structure
arrangements on the device surface. (b) Photograph of the processed area under natural light conditions. (c) and (d) are
optical microscopy images of the nested and background regions, respectively. (e) Pattern information decoded from

different views
4 (@

(c), (d) (e)

The above shows the information hiding func-
tion of the prepared metasurface, however, under
the condition of strong light incidence, the grating
structures with different orientations perform a dis-
persion effect on the incident light in different direc-
tions without crosstalk to each other, which leads to
the selective reading of different patterns under
strong light incidence in fixed directions, as shown
in Figure 4(e) (color online). The corresponding in-
formation was decrypted and read at different pitch
and tilt angles, respectively. For example, when the
rotation angle a’ = +8°, pattern 1 and pattern 2 can
be observed separately without crosstalk with each
other, while when the rotation angle is fixed and the
tilt angle b’ is from —2.5° to 19°, the dynamic dis-
play of individual pattern information can be
achieved again. The results show that the metasur-
face can achieve dual image information encryption,
crosstalk-free and dynamic information display.

4 Conclusion

This paper addresses the urgent need for effi-

(b)

cient processing of multiplexed metasurfaces and
addresses the challenges of low efficiency and poor
color rendering in conventional LIPSS processing.
We propose a method for encryption metasurfaces
by using different modified structures of ultra-fast
laser induced phase-change material GST. By com-
bining nested design with grating dispersion effect,
a pure crystalline strip, and a modified grating with
an orientation angle difference of 16° are formed on
the surface of GST using picosecond laser, and a
double encrypted pattern with angle multiplexing is
prepared. Firstly, the dispersion properties of the
prepared GST-modified gratings are first character-
ized, and the angle-multiplexed information encryp-
tion metasurfaces are designed by combining the
polarization dependence of the modified grating,
and the metasurface prepared by the proposed meth-
od is further demonstrated. In addition, the perform-
ance of encryption under natural light conditions
and selective decryption reading and dynamic dis-
play under strong light conditions has been
achieved. By cleverly utilizing the characteristics of
this one-step GST modified structure in terms of
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phase and structure, the shortcomings of conven-
tional pattern encryption metasurface efficiency and
poor color rendering effect are solved. In addition,
as a reconfigurable phase-change material, GST will

[t
[41 [5] )

[6]

[71

(8l

[9] [10-12]

( [13] [14-15] [16]

[41 [5]

7 Laser-Induced Periodic
Surface Structures, LIPSS

play an increasingly important role in various fields
such as anti-counterfeiting, multi-dimensional in-
formation storage, flexible wearable display

devices, and reconfigurable devices.
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