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Abstract: Nano-patterned colloidal plasmonic meta-
surfaces are capable of manipulation of light at the
subwavelength scale. However, achieving controllable
lithography-free nano-patterning for colloidal metasur-
faces still remains a major challenge, limiting their full
potential in building advanced plasmonic devices. Here,
we demonstrate plasmonic field guided patterning (PFGP)
of ordered colloidal metallic nano-patterns using orthogo-
nal laser standing evanescent wave (LSEW) fields. We
achieved colloidal silver nano-patterns with a large area of
30 mm? in <10 min by using orthogonal LSEW fields with
a non-focused ultralow fluence irradiation of 0.25 W cm=.
The underlying mechanism of the formation of the nano-
patterns is the light-induced polarization of the nano-
particles (NPs), which leads to a dipole-dipole interaction
for stabilizing the nano-pattern formation, as confirmed
by polarization-dependent surface-enhanced Raman
spectroscopy. This optical field-directed self-assembly
of NPs opens an avenue for designing and fabricating
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reconfigurable colloidal nano-patterned metasurfaces in
large areas.
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1 Introduction

Plasmonic metasurfaces are metallic patterned subwave-
length arrays exhibiting unique macroscopic electro-
magnetic properties due to the collective response of the
individual nanostructures [1-4]. Plasmonic metasurfaces
[5-8] are capable of manipulating the phase, amplitude
[9], and polarization [10] of light on the subwavelength
scale, which may have many applications in advanced
photonic devices. Thus far, most plasmonic metasurfaces
are fabricated using expensive and time-consuming top-
down techniques, such as electron beam lithography and
focused ion beam lithography, which set a severe con-
straint to their practical applications. Meanwhile, bot-
tom-up approaches, such as colloidal metasurfaces, are
promising for mass production. They can be designed to
display interesting and tunable optical functionalities by
tuning the in-plane [11] or out-plane [12] electromagnetic
coupling through changing the size, shape of the individ-
ual nanoparticles (NPs), and their assemblies [13]. Thus
far, there are several methods for fabricating colloidal
metasurfaces, such as self-assembly [14], optical printing
[15], and optical binding [16], with each method having
specific advantages and disadvantages. Self-assembly is a
scalable, robust, and tunable method [14]; however, the
presence of assembly defects and the typical poor repro-
ducibility limit the uniformity and bandwidth of metas-
urface performance [17]. Optical printing by focused laser
beams can fabricate ordered colloidal arrays with NPs in
solution [15]; however, the accuracy and stability of fab-
rication are influenced by photothermal effects, which
hinder the fabrication of complex nanostructured colloidal
patterns. Comparing with optical trapping [18-20], optical
binding [16] can improve the spatiotemporal stability of
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the bound colloidal arrays through enhancing the light
intensity of the laser beam. Furthermore, a hybrid method
was proposed to fabricate solid nano-patterned plasmonic
metasurfaces; however, this method is highly complicated
as it involves both top-down lithographic techniques and
bottom-up self-assembly [11, 21-23]. Therefore, fabrication
of solid nano-patterned colloidal metasurfaces of large
areas via a simple and controllable process is highly desir-
able. Optically mediated interaction between assembled
NPs in laser standing waves can cause optical forces and
dramatically influence the way they assemble themselves
[24-26], enabling to stabilize the near- and far-field inter-
action among the NPs during the assembly process. This
may enlighten a way for trapping and assembling a large
number of NPs to solid nano-patterns with a large area.

In this work, we propose and demonstrate plasmonic
field guided patterning (PFGP) as a rapid fabrication route
for creating large-area nano-patterned colloidal structures,
by utilizing orthogonal laser standing evanescent wave
(LSEW) fields. The combination of three-dimensional (3D)
confined optical tweezers array and ultra-strong optical
binding between NPs facilitates assembly of solid nano-
patterns on a large scale. Moreover, the 3D optical poten-
tial well array induced by the orthogonal (LSEW) fields
leads to the stable trapping of NPs. To reduce the photo-
thermal effect, we use a flat-top laser beam with a lower
power density (0.25 W cm™?) and specific wavelength
(532 nm), deviated but still close to the plasmon resonance
wavelength of colloidal Ag NPs (~500 nm). Thus, the coop-
erative dynamic interplay between the optical driving force
and the near-field binding force on the colloidal silver NPs
leads to directed assembly of solid nano-patterned metas-
urfaces in the surface-enhanced orthogonal LSEW fields.
Using PFGP, we are able to fabricate diverse colloidal metal-
lic metasurfaces consisting of ordered nano-patterns over
a large area of 30 mm? via tuning the interference patterns.
This PFGP system not only provides a lithography-free and
versatile nano-fabrication platform for obtaining metasur-
faces with highly hierarchical structures from nanometer
to macroscopic scale, but also allows for localized, quanti-
tative investigation of the complex dynamic interaction of
polarized colloidal metallic NPs.

2 Results and discussion

2.1 Plasmonic field guided patterning

The ordered colloidal silver nano-patterns are fabricated
using the PFGP method. The optical setup of PFGP is
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illustrated in Figure 1A. The orthogonal LSEW optical
fields are constructed at the suspension-glass interface
with four s-polarized synchronous laser beams of dia-
meter ~5 mm, as shown in Figure 1B. Four collimated
flat-top beams are incident normally onto the lateral
sides of the quad-frustum prism, and reach the top
surface at the same angle with 6>6_=arcsin (n,/n,), sat-
isfying the total internal reflection at the border between
prism and suspension. In this case, four evanescent
waves emerge on the prism surface with a propagating

wave vector of k, =k n, sin 6 and a decaying constant of

k. = jkn,.n sint‘)/ n’—1 in the direction normal to the

interface, leading to formation of LSEW [27-29]. By super-
imposing the four laser beams together, the orthogonal
LSEW fields E2” can be constructed at the prism surface
[see Egs. (S2) and (S3) in Supplementary Information I].
These LSEW fields are given by
k2 (s —jo° . .

E’ =—2Ae"(je " )[ysin(k, y)e, +sin(k,x)e |, )

where the time dependence factor is omitted, A=2E_

cos Ofcos O_is the electric field of the evanescent
wave with a s-polarized incident plain wave E,

(Sszarctan(«/sinzt‘)—nm2 /nzfcose) is the phase change

angle at the interface, and y is the optical power inten-
sity tuning factor, which denotes the electric field ampli-
tude ratio along x- and y-axis. The combination of field
enhancement and confinement in the orthogonal LSEW
fields plays a very important role for the formation of NP
PFGP on the prism surface [27-29].

The colloidal silver metasurfaces with ordered nano-
patterns were fabricated using the PFGP method in the
orthogonal LSEW fields. The as-prepared silver colloidal
suspension was injected into the enclosed cell on the top
surface of a quad-frustum prism. As four laser beams
with equal power intensity of 0.25 W cm impinge nor-
mally onto the four lateral sides of the prism at an angle
of 50° (slightly larger than the critical angle), the orthogo-
nal LSEW fields were constructed on the surface of the
prism. After irradiation of a few minutes, the colloidal
silver metasurface was developed on the prism surface.
The size of the metasurface was determined by the laser
illumination area and could reach >30 mm?. Figure 1C
shows a typical robust square array of silver NP-based
nano-mounds. The nano-mound array extends along
the two polarization directions. Especially, the magni-
fied scanning electron microscopy (SEM) image shows
that the pattern has a uniform period of 180 nm, which
exactly fits with that calculated based on the incident
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Figure 1: Illustration of the optical setup for PFGP and the SEM images of the patterned colloidal silver nanostructures with anisotropic

spectral responses.

(A) The optical setup for PFGP. The light source is an SLM DPSS laser. The optical components of beam expander (BE), power dividing prism
(PDP), polarizing beam splitters (PBS), half wave plates (HWP), and neutral density filters (NDF) are used to tune the power and polarizations
of the laser beams. A quad-frustum prism enclosed with a glass spacer and a coverslip is used as the PFGP cell. (B) The optical potential
array created by orthogonal LSEW fields in the PFGP cell. (C-E) SEM images of the patterned colloidal silver nanostructures fabricated

in orthogonal LSEW illumination with power density ratio of 0.25 W cm=2to 0.25 W cm~2, 0.25 W cm=2to 0.125 W cm~2, and single LSEW
illumination with power density of 0.25 W cm™, respectively. The arrows p, and p, denote the polarization of the LSEW. The scale bar in
(C)-(E) is 1.0 um. The insets in (C)—(E) are the FFT maps of the corresponding nano-patterns. (F-H) The p-SERS spectra of rhodamine 6G

adsorbed on different patterned colloidal silver nanostructures.

laser wavelength, incident angle, and the glass refractive
index. The size of the nano-mounds is tens of nanome-
ters, and the coverage can be tailored flexibly by the laser
intensity, irradiation time, and the concentration of silver
colloids. Moreover, the fast Fourier transformation (FFT)
pattern in the inset of Figure 1C shows a very regular
square array structure of the nanostructured pattern. By
varying the relative optical intensities of the two orthog-
onal pairs of beams, in-plane anisotropy of the pattern
can be realized. As shown in Figure 1D, when the inten-
sity of one pair of beam is reduced to 0.125 mW, the peri-
odic modulation of the pattern along the corresponding

direction is weakened, as shown by the FFT pattern in
the inset. Further reducing the intensity of the same pair
of beam to zero leads to the formation of a 1D nanow-
ire array pattern, as shown in Figure 1E. To further look
into the anisotropic spectral response of the patterned
colloidal silver nanostructures, the morphology cor-
relation of polarization-dependent surface-enhanced
Raman spectroscopy (p-SERS) was characterized in
three major directions, as shown in Figure 1F-H. As
shown in Figure 1F, the maximum SERS signal intensities
were collected at ¢ =45°, whereas much weaker Raman
signals were detected for the 0° and 90° polarization
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directions (see Supplementary Information II). Mean-
while, Figure 1G,H shows that the maximum SERS signal
intensities were obtained at ¢ =35° and 0°, respectively,
for the transitional formation of colloidal silver nano-
patterns. Therefore, the anisotropic structures in the
colloidal metallic nano-patterns leads to the anisotropic
electromagnetic enhancement of the SERS signal [30].
Moreover, the scattering spots and the corresponding
colored rainbow belt diffracted by the nanostructured
silver gratings show good anisotropic optical responses
(see Supplementary Information III).

2.2 Analysis of optical forces

The ordered colloidal nanostructures are formed by the
directed self-assembly of NPs with the combining exer-
tions of optical forces. To study the cooperative optical
forces acting on the colloidal metallic NPs (radius a <)
in orthogonal LSEW fields E*”, we divide the total optical
force into optical gradient force and binding force [26].
The optical gradient force acts on individual NPs placed in
an incident field with intensity gradient, and the binding
force arises between the NPs mediated by the plasmonic
field [26, 31-33]. The time-averaged optical gradient force
acting on a colloidal silver NP can be approximated as
follows [see Supplementary Eq. (S12)]:

_ 4a’-e’" -E] cos’ 0
cos’ 6,
+2cos(k, x)sin(k, y)le, +’k, [sin(2k, x)

F

g

{k, Isin(2k, x)
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where E_is the electric filed component of the s-polarized
incident plain wave, and k,_ and k,_ are the wave vectors
of the orthogonal LSEW fields. As both dipoles in the two
neighboring particles orient along their relative displace-
ment vector r, the local electric field E.” is parallel to the
same direction with the maximum optical binding force
given by [26]

€)

where the objects are taken to be identical isotropic polar-
ized spherical NPs.

Based on Egs. (1) and (2), the maximum optical force
versus the beam power density, for a fixed spot size of the
incident beam at 5 mm, can be obtained in Figure 2A. More
specifically, we achieve a very strong optical gradient
force on a 20-nm silver NP at the incident power density
of 0.25 W cm2, which is much stronger than the values for
focused Gaussian beam trapping and plasmonic trapping
[20, 34] at the same optical power density. This means that
our PFGP provides strong enough optical gradient force
with the ultralow irradiation of 0.25 W cm™. At the near-
field zone, we can use Eq. (3) to calculate the binding force
strength on the assembly of the square array of nano-
patterned metasurface, which is shown in Figure 2A. It
is observed that the dipolar binding forces increase with
decreasing separation between the two silver NPs. In
comparison, when the NP separation is near 0.1 nm, the
induced dipolar binding force is 10 times higher than the
optical gradient force. For much larger NP separation, e.g.
20.0 nm, the dipolar binding force is about the same as the
maximum gradient optical force. As such, for very small

. a'jk, _z)—,pp X . . .
+2cos(ktxy)sm(ktxx)]ey}+T‘zEst e, (2) NP separation (<20.0 nm), the near-field dipole-dipole
A, I B
F o 200} ¥
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Figure 2: Optical force calculations and dipolar coupling in the orthogonal LSEW fields.
(A) Optical forces exerted on the colloidal silver NPs with different diameters at an illuminating laser intensity of 0.25 W cm~2.
(B) Dipole-dipole coupling pattern of the polarized NPs in the orthogonal LSEW fields.
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binding force dominates the assembly mechanism (see
Supplementary Figure S2). The dipole-dipole coupling of
the polarized silver NPs in the orthogonal LSEW fields can
be visualized through simulation, as shown in Figure 2B.
The simulated result shows very strong coupling at the
hot-spot area, whereas the coupling gets gradually weaker
when the NPs approach the darker regions. This periodic
modulation of the binding force leads to the formation of
a square array of nano-patterned metasurface observed in
the experiment.

To obtain a deeper understanding of PFGP for the
nano-patterned metasurfaces, the distribution of the
optical gradient forces exerted on the colloidal silver NPs
in the orthogonal LSEW fields is further investigated in
simulation. Figure 3A shows a periodic distribution of
the calculated orthogonal LSEW fields when y=1, which
form a square lattice array (see Supplementary Figure S3).
The spatial distribution of the instantaneous electric field
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vectors of orthogonal LSEW fields is shown in Figure 3B.
As a result of dipolar interaction between the colloidal
silver NPs in the orthogonal LSEW fields, a local optical
intensity gradient is formed, and the NPs tend to be
attracted toward the high field area of the anti-nodes.
Figure 3Cillustrates the total optical gradient force exerted
on NPs in the orthogonal LSEWSs. The distribution, mag-
nitude, and direction of the force vectors determine the
motion tendency of the colloidal NPs, which shows strong
dependence on the spatial distribution of the orthogonal
LSEW fields (see Figure S3). Interestingly, from Eq. (1),
the z-component of the optical gradient force (last term
on the right hand side) proportional to ‘Eis‘z is directed
toward the prism surface because of the pure imaginary
index k . As a result, the z-component of the optical gradi-
ent force together with the lateral optical gradient force is
responsible for the directed motion and assembly of the
colloidal NPs on the prism surface. As for the asymmetric

&

—200 -100

b a! .
—200 -100 0

X (nm)

100

Figure 3: Electric field amplitude ratio, field vector distribution on the intensity background, and 3D distribution of optical gradient force
acting on the colloidal silver NPs (radius a=10 nm) in the orthogonal LSEW fields with different optical power intensity tuning factors.

(A-0y=1,(0-PHy=+2/2,and (G- y=0.
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case of y=\/5 / 2 shown in Figure 3D,E, the electric fields
and optical gradient force fields show anisotropic in-
plane distribution. As the orthogonal LSEW approaches
a 1D configuration (y=0), the electric fields, the distribu-
tion of electric fields, and the optical gradient force fields
are shown in Figure 3G-I. With the exertion of the various
configurations of optical forces presented above, the NPs
are directed and aggregated toward the hot-spot areas,
which leads to diverse shapes of ordered nano-patterned
colloidal metasurfaces.

3 Conclusion

We have proposed a light-controlled rapid fabrication pro-
cedure of PFGP, which can produce large-area nano-pat-
terned colloidal silver metasurfaces, using a low fluence
irradiation of orthogonal LSEW within several minutes.
The pattern orientation, nano-mound size, height, and
spacing can be tuned as desired, by varying the intensity
ratio of the incident laser beams, which provides a mul-
tidimensional parameter space to manipulate the nano-
patterned metasurfaces. We have unveiled that the key
contribution to the PFGP of nano-patterned colloidal meta-
surfaces arises from the cooperative exertion of optical
forces on colloidal NPs in orthogonal LSEW fields. The
morphology-correlated p-SERS characterizations and the
numerical simulations further substantiate the interpreta-
tion of dynamical driving and binding processes of PFGP,
which confirm the binding and polarization-stabilizing
behavior of the NPs during the formation of nano-pat-
terned metasurfaces. Such understanding of controllable
dipolar coupling in the nano-patterned array by the nano-
structured optical fields provides an important foundation
for designing reconfigurable metasurfaces to manipulate
light field polarizations at the nanoscale. It constitutes the
fundamental step for the fabrication of complex functional
nanostructures based on assembled NPs, which provides a
new way for optical patterning and offers new perspectives
on the rapidly emerging area of nano-photonics.

4 Materials and methods

4.1 Materials and sample fabrication

The spherical silver NP colloids were prepared by the
widely used photochemical reduction method [28], which
is a relatively simple and easy method for the fabrication
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of uniform colloidal silver NPs. AgNO, was dissolved in
purified water and mixed with citrate in a 1:1 ratio (initial
concentration, 1 mm). The solution was illuminated with
ultraviolet light (A=350 nm, P=20 mW) for 2 h. Thus,
the aqueous solution containing Ag ions and a reducing
agent results in the growth of the silver NPs through pho-
tochemical reduction. By using transmission electronic
microscopy characterization, the silver colloid NPs are
uniform, roughly spherical, and the average size is about
20 nm.

A quad-frustum prism (high refractive index glass n,
0f 1.90 at 532 nm; side length of the top square face: 3 cm;
thickness: 1 cm; angle between the top and side faces:
50°) enclosed with a glass spacer (thickness ~0.50 mm)
and a coverslip (thickness ~0.20 mm) is used as the
PFGP cell. The silver colloids dispersed in purified water
(refractive index n,: 1.33; NP diameter: ~20 nm) were
placed in the deposition cell and covered by a coverslip
(thickness ~0.20 mm). Finally, the ordered nano-pat-
terns were formed on the top surface of the prism by
the exertion of the orthogonal LSEW fields constructed
with four s-polarized synchronous laser beams from a
single longitudinal mode (SLM) laser [SLM diode pump
solid state (DPSS) laser, diameter ~ 5 mm, wavelength
532 nm, output power 250 mW; Elforlight Co. Ltd., UK] for
several minutes. The original samples were rinsed with
purified water and then dried with slight blow of high-
purity N, gas (99.99%) for several minutes for further
characterization.

4.2 Sample characterizations

The fabricated colloidal silver nano-patterns were char-
acterized using a field-emission scanning electron
microscope (FE-SEM, HITACHI, SU8010, Japan). The
polarization nature of the grating patterns was studied
via p-SERS spectroscopy. The p-SERS spectra of a 10 ul of
10 mM rhodamine 6G (99%, Aladdin, Shanghai, China)
solution in isopropyl alcohol adsorbed on the colloidal
silver nano-patterns were observed at different polariza-
tion directions of incident light with a confocal Raman
microscope (alpha300R, WITec GmbH. Ltd, Germany).
All spectra were detected by excitation with a linearly
polarized incident laser (laser wavelength, 532 nm; laser
power, ~1 mW; laser focal diameter, ~2 um; accumula-
tion time, 10 s on the sample). The angle ¢ is taken as
the difference between the polarization direction of the
incident excitation laser and one array direction, which
can be varied by rotating the sample horizontally.
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4.3 Numerical simulations and calculations

To obtain further insight into the polarization and dipolar
interaction of colloidal silver NPs as employed in the
PFGP experiments, the electric field distribution around
the NPs in s-polarized orthogonal LSEW was simulated
by a 3D finite-difference time-domain (FDTD) method. All
simulation parameters were chosen to match the experi-
mental conditions. The four s-polarized plane wave input
laser beams were used to construct the orthogonal LSEW
in the FDTD simulation. A real relative dielectric constant
e (e, =n*=177) is considered for water, and the relative
permittivity for silver NP is €,=- 9.15+0.81j in the LSEW
field for =532 nm. One layer of silver NPs is distributed as
a square array with a spacing of 20 nm in the orthogonal
LSEW fields. The diameter of the spherical NP is 20 nm, and
the grid size is uniform with 1 nm. The vectorized Matlab
code is written for the calculation of the optical forces
exerted on the silver NPs in the orthogonal LSEW fields.
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