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Dynamic generation of plasmonic Moiré fringes using
phase-engineered optical vortex beam
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Dynamic generation of plasmonic Moiré fringes using a phase engineered optical vortex (OV) beam is experimen-
tally demonstrated. Owing to the unique helical phase carried by an OV beam, the initial phase of surface plasmon
polaritons (SPPs) emanating from a metallic grating can be adjusted dynamically by changing the phase hologram
displayed on a spatial light modulator. Plasmonic Moiré fringes are readily achieved by overlapping two SPP stand-
ing waves with certain angular misalignment, excited by the positive and negative topological charge components,
respectively, of a cogwheel-like OV beam. The near-field scanning optical microscopy measurement result of SPP

distributions has shown a good agreement with the numerical predictions.

OCIS codes: 240.6680, 080.4865, 120.4120.

Moiré fringe refers to an interference pattern created
when two grids are overlaid at an angle, or when they
have slightly different mesh sizes. In classical far-field
optics, the Moiré phenomenon has been extensively stu-
died in the past several decades, showing broad applica-
tions in displacement measurement, strain analysis, and
optical alignment due to its extreme sensitivity to slight
distortion [1-3]. However, in the near-field counterpart,
very few works have reported on Moiré fringes so far,
especially on plasmonic ones. By inserting a silver slab
between two subwavelength gratings to enhance the eva-
nescent field, the contrast improvement of surface plas-
mon polariton (SPP)—mediated Moiré fringes has been
studied, which shows potential for defect detection in
semiconductor devices and ultrahigh-resolution align-
ment in nanofabrication techniques [4,5]. SPPs are
charge-density waves that propagate along a metal/
dielectric interface, featuring a highly localized electro-
magnetic field and short effective wavelength. Therefore,
SPPs are served as a promising optical information car-
rier on plasmonic chips for interfacing with high-speed
photonic components and small-sized electronic circuits
and are widely applied for development of various
plasmonic devices [6,7].

It is interesting to further explore the near-field Moiré
effect by effective manipulation of SPPs with the help
of specially designed nanostructures and wavefront
modulated excitation beams, such as optical vortex (OV)
beams. OV beams are well known for their helical wave-
front characterized by a phase function of exp(ily),
where ¢ is the azimuthal angle and [ is the topological
charge [8,9]. The sign of ! determines handedness of
the helical wavefront. Due to their unique phase proper-
ties, OV beams provide a natural and simple phase
modulation method to effectively and dynamically ma-
nipulate SPPs. In our previous work, various plasmonic
phenomena based on OV beams have been demon-
strated. SPP standing waves were experimentally excited
by using linearly polarized OV beams for high-resolution
and wide-field fluorescence imaging [10]. SPP dynamic
focusing based on OV beams has also been proposed
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recently, which is beneficial for in-plane coupling and
routing of SPPs on photonic chips [11]. In this Letter,
we extend this phase modulation concept and experi-
mentally demonstrate the dynamic generation of two-
dimensional (2D) plasmonic Moiré fringes resulting from
the overlapping of two SPP standing waves with an an-
gular misalignment, excited by an OV beam with different
topological charges. The SPP distributions are recorded
by near-field scanning optical microscopy (NSOM),
which are consistent with by finite-difference time-
domain (FDTD) simulation results.

Figure 1(a) shows a schematic diagram of the experi-
mental setup. The OV beam is generated by illuminating
a collimated linearly polarized Gaussian beam (He-Ne
Laser, wavelength 633 nm) on a phase hologram dis-
played on a parallel-aligned nematic liquid crystal spatial
light modulator (SLM). Subsequently, the OV beam is
focused onto the nanostructures by a 10x microscope
objective. NSOM (NT-MDT, NTEGRA Solaris) with an
aluminum-coated fiber tip of 100 nm diameter opening
is used to obtain near-field distribution of the SPPs,
and the optical signal is amplified by using a photo multi-
plier tube (PMT). A half-wave plate is used to adjust the
polarization direction of the incident OV beam. In our ex-
periment, a conventional OV beam with single topologi-
cal charge and a cogwheel-like OV beam, which is the
superposition of two OV beams with opposite topological
charges, are used for dynamic modulation of SPPs. These
two OV beams are generated by the use of a fork phase
hologram and an entangled double-helix phase pattern
on an SLM, respectively [12]. The NSOM recorded inten-
sity profiles of the OV beam of [ = 6 (left) and [ = +6
(right) before incidence on the nanostructure are shown
in the inset of Fig. 1, where the doughnut shape and
cogwheel-like shape can readily be seen.

Figure 2(a) displays the scanning electron microscopy
(SEM) graph of a 30 yum long grating consisting of five
subwavelength slits with a period of 610 nm and a slit
width of 240 nm embedded in a 100 nm thick silver film
(&, = —15.89 4 1.08%). It was fabricated by using a stan-
dard electron beam lithography (EBL; Raith e_LiNE)
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Fig. 1. (Color online) Schematic configuration of the experi-
mental setup, where a phase hologram is coded on an spatial
light modulator (SLM) to generate OV beams with various
topological charges and NSOM is used to capture the SPP dis-
tributions. The inset shows the NSOM-measured intensity pro-
files of two types of incident OV beams: (left) a common OV
beam of [ = 6 and (right) a cogwheel-like OV beam of | = +6.

technique followed by thermal evaporation and a lift-off
process. An x-polarized OV beam of [ = 6 is utilized as
the incident beam. The inset of Fig. 2(b) shows its phase
distribution as six segments, linearly increasing from 0
(blue) to 2z (red) along the azimuthal direction in each
segment. Obviously, when the intensity maxima of such
an OV beam shine on the sub wavelength grating, there is
a positive phase accumulation from the bottom up along
the grating direction. Since the subwavelength slits sus-
tain only a fundamental mode, the beam experiences the
same phase delay after passing through the grating. The
helical phase of the incident OV beam is transferred to
the SPPs emanating from different parts of the grating.
Therefore, the excited SPP will propagate along the di-
rection indicated by the blue arrows with a positive tilt
angle of around 9.5 deg, as shown in Fig. 2(b). The fringes
around the grating are caused by interference between a
directly transmitted beam and leftward or rightward pro-
pagating SPPs. At the left side, in addition to the apparent
SPP fringes, some interesting phenomena are seen: there
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Fig. 2. (Color online) (a) Scanning electron microscopy image
of the metallic grating: length 30 um, period 610 nm, and slit
width 240 nm. The thickness of silver film is 100 nmy;
(b) NSOM-measured SPP distributions under the illumination
of an OV beam of I = 6. The inset shows the OV beam’s phase
profile after normalization to 2z. The blue arrows indicate the
propagating direction of SPPs with an angular displacement.

are no fringes at the beam center because of the definite
zero intensity of the OV beam, a fork fringe dislocation is
found between the top and bottom SPP fringes with a
number difference of 6, which is intrinsically determined
by the value of topological charge [. Moreover, the larger
the topological charge, the bigger the tilt angle. In this
way, the excited plasmonic field can dynamically be ma-
nipulated accordingly by changing the phase information
encoded on SLM in real time.

To further study the dynamic control capability and
generate plasmonic Moiré fringes, another nanostructure
consisting of four subwavelength gratings is fabricated
by EBL, and its SEM graph is depicted in Fig. 3(a). Here
the thickness of silver film is increased to 150 nm to
effectively block the direct transmission beam, and the
incident OV beam is polarized along the diagonal direc-
tion (black arrow) in order to excite SPPs at the four
gratings simultaneously. Based on the identical phase
modulation scheme illustrated in Fig. 2, the propagation
direction of SPPs emanating from the gratings in the cen-
tral region tilt clockwise (red solid arrows) and counter-
clockwise (blue dashed arrows) under the excitation of
positive and negative topologically charged OV beams,
respectively. These four SPPs interfere with each other
either constructively or destructively, resulting in the
formation of a 2D plasmonic spot array with a period of
425 nm and FWHM of 212 nm for each spot. Figures 3(b)
and 3(c) show the SPP distributions under OV illumina-
tions of [ =6 and [ = -6, respectively. In comparison
with 2D SPP standing waves generated by linearly polar-
ized Gaussian beam illumination [13,14], the use of OV
beams represents distinctive features: the standing
waves have an angular rotation, clockwise for positive

Fig. 3. (Color online) (a) SEM image of four metallic gratings
to generate plasmonic Moiré fringes. The central area is
12 pm x 12 ym. Black arrow shows the polarization direction
of incident OV beam. Red solid arrows and blue dashed arrows
show the propagation direction of SPP excited by positive and
negative topological charge OV beams, respectively. NSOM-
measured 2D SPP standing waves excited by an OV beam of
(b) I =6 and (c) | = -6; (d) NSOM-recorded plasmonic Moiré
fringes excited by a cogwheel-like OV beam of I = +£6.



Fig. 4. (Color online) FDTD calculated 2D SPP standing
waves excited by OV beams of (a) I = 6 and (b) I = -6, where
the white arrows show their clockwise and counterclockwise,
respectively, angular displacement directions. Plasmonic Moiré
fringes excited by cogwheel-like OV beams of (¢) Il = +6 and
(@) 1 = £10.

! and counterclockwise for negative I, which are clearly
distinguished from the fringes’ orientations near the
gratings. Therefore, if these two 2D SPP standing waves
possessing the same grid sizes and a natural angular dis-
placement overlap with each other, it is possible to gen-
erate 2D plasmonic Moiré fringes. To this end, two OV
beams should be used in the experiment and be aligned
coaxially. However, it is difficult to align two OV beams
along the same optical path and precisely control their
relative phase. Fortunately, this puzzle is circumvented
by properly coding two topologically charged compo-
nents onto a phase hologram to produce a single struc-
tured OV beam, such as the cogwheel-like OV beam
with opposite topological charges discussed above. The
NSOM-measured experimental result of plasmonic Moiré
fringes using a cogwheel-like OV beam of Il = +6 is given
in Fig. 3(d), where the period of Moiré fringes is mea-
sured to be 3.85 pym.

FDTD simulations are carried out to verify our experi-
mental findings. Using the same structure in Fig. 3(a),
the near-field SPP intensity distributions under the illumi-
nation of OV beams of [ = 6, -6, and +6 are shown in
Fig. 4(a)-4(c), respectively, which agree well with their
corresponding counterparts in Fig. 3(b)-3(d). Due to
their mixing, plasmonic Moiré fringes consisting of a
3 x 3 array with an augmented period of 4 ym are found
in Fig. 4(c). For larger topological charges, plasmonic
Moiré fringes with more complex distributions can be
formed. For example, if a topological charge of +10 is
utilized, a 5x5 spot array with a smaller period of
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2.4 pym is formed due to the larger angle shift between
the 2D SPP standing waves generated by OV beams of
l =10 and -10. Further investigation shows that the
period of Moiré fringes is inversely proportional to the
angular displacement between the two sets of SPP
standing waves.

In conclusion, we experimentally demonstrated a
method for dynamic generation of plasmonic Moiré
fringes using phase-modulated OV beams illuminating
on metallic nanostructures. By proper design of the
constituent topological charges encoded in the phase
hologram, the plasmonic Moiré fringes with distinctive
features can be dynamically varied. The experimental
results of SPP distributions recorded by NSOM measure-
ment agree well with the numerical predictions. The pro-
posed method provides a unique and flexible way to
generate plasmonic fringes in a dynamic and reconfigur-
able fashion and has potential for defect detection on
plasmonic chips, surface plasmon holography [15], and
nanofabrication field.
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