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etallic structures that can con-

fine and manipulate light on sur-

faces are of interest for discover-
ing novel ways to control light and for
emerging applications in optoelectronics,’
photonics,"® and chemical and biological
sensing.*> One type of structure that has
been used to confine light on a dielectric
surface is an optical corral,® a microscale
(1—10 wm) analogue of the nanoscale
quantum corral.” Calculations performed
on an optical corral made from dielectric
pads arranged in a ~3 pm diameter circle
have shown that confined electromagnetic
waves can generate patterns that resemble
those of their electronic counterparts.
Near-field scanning optical microscopy
(NSOM) has also been used to observe con-
fined photonic states within structures com-
posed of 100 nm diameter Au posts (also
100 nm high) arranged in a 3.6 pm diam-
eter circle on an indium tin oxide (ITO) sub-
strate.® Confined electromagnetic waves in
a4 pm X 2 um structure composed of 100
nm Au posts were also measured.® These
optical corrals make possible new funda-
mental studies of light propagation in con-
fined geometries on dielectric surfaces.

In this article, we describe the near-field
optical characterization and modeling of
lithographically patterned arrays of micron-
sized metallic circular rings and ellipses. Be-
cause these structures have solid walls,
they can confine light within their interior
more effectively than walls composed of
particles. Only certain wavelengths of light,
however, were found to be efficiently sus-
tained inside the circular corrals to produce
a bright spot at their center. Elliptical cor-
rals with three different eccentricities (e =
(1 — b%a?"?, where a and b are the long
and short axes, respectively) were also in-
vestigated for their ability to tailor the
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ABSTRACT Near-field scanning optical microscopy images of solid wall, circular, and elliptical microscale

corrals show standing wave patterns confined inside the structures with a wavelength close to that of the incident

light. The patterns inside the corrals can be tuned by changing the size and material of the walls, the wavelength

of incident light, and polarization direction for elliptical corrals. Finite-difference time-domain calculations of the

corral structures agree with the experimental observations and reveal that the electric and magnetic field

intensities are out of phase inside the corral. A theoretical modal analysis indicates that the fields inside the

corrals can be attributed to p- and s-polarized waveguide modes, and that the superposition of the propagating

and evanescent modes can explain the phase differences between the fields. These experimental and theoretical

results demonstrate that electromagnetic fields on a dielectric surface can be controlled in a predictable manner.

KEYWORDS: near-field scanning optical microscopy - metal microstructures - finite-
difference time-domain calculations - dephasing - waveguide modes

standing wave patterns by varying the po-
larization of the incident light. Unlike in the
quantum corral,”*'° polarization effects can
be used to control the patterns of the stand-
ing waves inside elliptical corrals. NSOM
measurements also revealed that ellipses
with larger eccentricities have the ability to
modulate light at the focal points to pro-
duce bright or dark spots depending on the
wavelength of the incident light.

Finite-difference time-domain (FDTD)
calculations of the intensities of the electric
field (F2) and magnetic field (H?) inside the
corrals supported the experimental results,
and the standing wave patterns were seen
to depend on the inclusion of the ITO sub-
strate. In addition, we found that the elec-
tric and magnetic field intensities were out
of phase within the corrals. Using insight
gained from our previous study on the
dephasing of electric and magnetic fields
inside micron diameter slits,"’ we can ex-
plain the corral results as a superposition of
propagating and evanescent p- and
s-polarized waveguide modes. Importantly,
this modal analysis enables a straightfor-
ward understanding of the relation
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eter Au corral. (B) NSOM image of (A) under circularly polarized 633

nm incident light.

between the NSOM measurements and the electric
and magnetic fields that are typically used to interpret

such near-field images.

RESULTS AND DISCUSSION

Circular Corrals. Figure 1A shows a single circular cor-
ral made of Au with an inside diameter of 4.8 pm im-
aged by collection mode NSOM. When the structure
was illuminated at normal incidence with circularly po-
larized 633 nm light, two specific features were found
inside and around the corral: (1) evanescent waves with
~200—250 nm amplitude in the z-direction (normal to
the surface of the sample), which were quantified by
single-point NSOM spectroscopy, and (2) standing wave
patterns inside and outside of the structure with a

Figure 2. Wavelength dependence of standing wave patterns in circu-
lar corrals. (A) SEM image of arrays of 2.23 pm diameter Au corrals. (B)
Collection mode NSOM images under (top) 633 nm light, (middle)
543 nm light, and (bottom) 457 nm light. FDTD calculations of (C) E?
and (D) H? under the same conditions as (B).
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wavelength close to that of the light used for imaging
(Figure 1B). The pattern inside the corral contained
ripples, while the pattern outside consisted of concen-
tric, circular fringes.

To investigate the effect of corral size on the pat-
terns, we fabricated arrays of Au circular corrals with in-
ner diameters of 2.23 and 5 pm center-to-center sepa-
rations (Figure 2A). When these structures were imaged
using circularly polarized 633 nm light, the number of
internal ripples decreased (Figure 2B, top) as expected,
and the central spots inside the corrals became dark.
These results are similar to those observed in NSOM im-
ages of the local density of states inside 2.7 wm circu-
lar, Au discrete wall corrals.’? In addition, the standing
wave pattern outside of the corrals became more well-
defined. FDTD calculations of £2 and H? (Figures 2C,D,
top) were carried out for the 2.23 wm circular Au corral
using 633 nm incident light. Good agreement between
experimental and calculated B patterns was observed
both inside and around the corral, including the peak-
to-peak wavelength of the standing waves and posi-
tions of the maxima and minima. Changes in the inten-
sity and pattern of the standing waves outside of the
corrals are easily explained as diffraction between op-
posite corral walls from both individual and neighbor-
ing corrals, where the longer wavelengths correspond
to lower diffraction orders and are thus more intense.
However, the fields inside the corrals were found to
only depend on the geometry and local dielectric envi-
ronment of an individual corral. For example, calcula-
tions without the ITO substrate produced significantly
different field patterns inside and around the corral
(Figure S1 in the Supporting Information). The primary
reason for this difference is that the effective incident
wavelength on the corrals depends on the substrate,
Neff = Ao/ &sub, Where A is the effective incident wave-
length and \, is the actual incident wavelength inside
the substrate with permittivity eg,,. Presumably, the
field patterns will be completely reversed when d/A, —
d/No\/&su» = N + 1/2, where d is the corral diameter and
n =0, 1,2,..Interestingly, E? and H2 were found to be
out of phase within the corral, which can be explained
using a waveguide modal analysis.""'3 For simplicity, we
replaced the circular corral by a 1D slit structure with a
width d that is the same diameter as the corral; thus, the
electromagnetic field was completely defined by speci-
fying only the transverse component. Assuming that
Au can be treated as a perfect electric conductor (PEC),
a material in which the dielectric constant is infinite, the
transverse component of the field inside the corral can
be expanded as a superposition of the eigenmodes of a
1D waveguide. For p-polarization, where the trans-
verse axis is the z-axis, this expansion becomes

H,= ’; A" + B e g (x) 1)
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where B, = Vko?es — (mm/d)? is the waveguide
wavevector magnitude, ky = 27/, is the incident
wavevector magnitude, & is the permittivity inside the
slit, A, and B,, are amplitudes of the m™ mode, and

bm (X) = (2/A/d) cos(mm(x + d/2)/d) is the solution to
the Helmholtz equation within the slit subject to PEC
boundary conditions at x = *d/2. By applying bound-
ary conditions across the interfaces and projecting the
resulting equations onto a set of plane waves, the am-
plitudes of each mode can be determined. We have pre-
viously found that for a 2.23 pum slit in a 60 nm thick
film illuminated with p-polarized 543 nm light the coef-
ficients are mainly composed of the propagating m =
0 mode and the evanescent m = 8 mode (i.e., a mode
in which B, is entirely imaginary), which means that
scattering by the slit (corral) induces a modal transition
from propagating to evanescent.!’ The transitional eva-
nescent mode corresponds to light that propagates
parallel to the surface with a wavelength just slightly
longer than the incident light (mm/d ~ ky\/«;), which
explains the similarity between this wavelength and the
peak-to-peak separation of the standing waves, as well
as their evanescent character seen in the experiments.
Furthermore, the superposition of higher order evanes-
cent modes onto the propagating modes explains the
out of phase behavior of E2 and H2. To fully describe the
experimental results, however, s-polarization, which
has a similar solution to eq 1 with H, replaced by E,, also
needs to be taken into account.

Variations of the standing wave patterns in response
to a change in the wavelength of the light were also ob-
served. The 2.23 um corrals were illuminated and im-
aged using two additional wavelengths, 543 and 457
nm (Figure 2B,C, middle and bottom). When the 633 nm

457 nm
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Figure 3. Materials dependence of standing wave patterns. SEM,
NSOM, and FDTD-calculated E? images for (A) Ag and (B) Al,Os corrals
illuminated using 633 nm light.

light was replaced with 543 nm, and then with 457
nm, the dark spot in the middle of the corral gradually
switched to a bright spot (Figure 2B, bottom), which
had an intensity ~6 times higher than the lowest inten-
sity spot. This observation suggested that only certain
wavelengths of light were optimally sustained inside
the corrals to produce a high intensity spot at their cen-
ter. Interestingly, the patterns formed within the opti-
cal corrals resembled the patterns of electronic stand-
ing waves in quantum corrals.”*1°

To investigate the effect of the corral material on
the patterns, we fabricated circular corrals with Ag and
dielectric (Al,03) walls with inside diameters of 2.35 pm
(Figure 3). When the corrals were excited with circu-
larly polarized 633 nm light, identical patterns were pro-
duced inside of the metallic (Figure 3A) and the dielec-

Figure 4. Effect of the ellipse shape on the patterned waves. (A) SEM images of ellipses with eccentricities of (top) 0.60, (middle) 0.75,
and (bottom) 0.86. (B) NSOM images acquired using circularly polarized light for (A). (C) FDTD calculations of E? for (A). All scale bars are

1T pm.
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Figure 5. Polarization effects on standing wave patterns. (A) Ellipses

with e = 0.60 and 0.86 imaged using 543 nm light with linear polariza-
tion, along the long axis (top) or short axis (bottom). (B) FDTD calcula-
tions of E, with the ellipses outlined in white. All scale bars are 1 pm.

tric structures (Figure 3B). The dielectric rings, however,
were brighter than the metallic ones, which was ex-
pected because Al,Os is transparent. Another variation
between the optical images was in the contrast of the
pattern of the standing waves, which indicated that the
reflectivity of the corral material was important. The
analysis based on ¢,(x) (and the equivalent expression
for s-polarization) is also better satisfied as the reflectiv-
ity (or equivalently, the dielectric constant) goes to in-
finity. As expected, the dielectric structures had the low-
est contrast because the reflectivity of Al,O; compared
to the metals is lower at 633 nm. Between the two met-
als, Ag had a slightly better contrast because it has
~5% higher reflectivity at 633 nm than Au.'* FDTD cal-
culations of E2 for these corrals supported the experi-
mentally observed results (Figure 3).

Elliptical Corrals. Although circular corrals provide a
simple platform for studying the optical analogue to
the quantum corral, more complex structures provide
additional ways to manipulate light on dielectric sur-
faces. For example, structures with lower symmetries
provide unique opportunities to study polarization ef-
fects on light confinement within the corral structures.
Figure 4A shows ellipses with eccentricities of e = 0.60
(@=25pm,b=2pum),e=086@=2um,b=1
pm), and e = 0.75 (@ = 1.5 um, b = 1 wm). Upon illu-
mination of the e = 0.60 ellipses with circularly polar-
ized 457 nm light, complex patterns, which resembled
those of the quantum corrals of similar eccentricity,’
were formed inside the structures (Figure 4B). Interest-
ingly, ellipses with e = 0.75 and 0.86 suppressed light at
the focal points (dark spots were present), while the el-
lipse with e = 0.60 did not. To investigate whether this
phenomenon was related to the structure of the corral
or to the wavelength of light used for imaging, the el-
lipses were also imaged with 543 and 633 nm light (Fig-
ure 4B). For these wavelengths, the ellipses with larger
eccentricities showed bright spots at the focal points.
These effects can be explained in manner analogous to
the circular corrals, where waveguide modes are ex-
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cited by the short and long axes of the corrals to cre-
ate an interference pattern. These results demonstrate
that the standing wave patterns can be controlled by
changing the shape of the corral as well as the excita-
tion wavelength of light.

FDTD calculations were carried out for the elliptical
corrals excited with circularly polarized light (Figure
4Q). As with the circular corrals, E2 agreed well with ex-
periment, and E? and H? were seen to be out of phase
(not shown). Because of the low symmetry of the ellip-
tical corrals, we expected the fields confined within the
structures to exhibit polarization dependence. The e =
0.60 and 0.86 ellipses were imaged using linearly polar-
ized (along either the short or long axis) 543 nm light
(Figure 5A). FDTD calculations were also carried out for
the elliptical corrals excited with linearly polarized light
(Figure 5B) and supported the experimentally observed
trends. These results confirmed that the standing wave
patterns can be tailored by simply changing the polar-
ization direction of the incident light and can be ex-
plained using the same analysis applied to the circular
corrals. In the elliptical corrals, however, for linearly po-
larized light, an asymmetric excitation of p- and
s-polarized waveguide modes occurs, and the FDTD re-
sults show that the s-polarized waveguide mode is
dominant.

CONCLUSIONS

We have presented a method for confining electro-
magnetic waves in artificial microscale structures and
demonstrated that optical analogues of the quantum
corral can be created. Using circular corrals, we showed
that only certain wavelengths of light exhibited con-
structive interference to produce a bright spot at their
centers. The ability to modify the standing wave pat-
terns of light inside the corrals was further investigated
in elliptical structures, which allowed the patterns to
be tailored by simply changing the polarization of the
incident light. Wavelength-dependent changes of the
patterns were also observed. Ellipses with different ec-
centricities were investigated to understand the size
and shape dependence of the corral structure on the
patterns. Interestingly, ellipses with larger eccentricities
showed that light can either be suppressed or en-
hanced at the focal points depending on the excita-
tion wavelength.

The NSOM measurements were in good agreement
with FDTD calculations, which revealed that the elec-
tric field intensities matched the measurements and
that the magnetic field intensities were /2 out of
phase. The origin of the standing wave patterns, and
dephasing, could be explained using a simple
waveguide model. In particular, light scattering from
the corrals produces evanescent waveguide modes at
the dielectric interface with an effective wavelength
similar to that of the incident light, which when
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superimposed onto propagating waveguide modes
leads to a dephasing of the electric and magnetic field
intensities. These results are important for interpreting

METHODS

Fabrication of Optical Corrals. Optical corrals (circular and ellipti-
cal) on ITO-coated glass (thin film devices) were fabricated us-
ing lithographic techniques. Polymeric templates with arrays of
circular rings with ~250 nm widths and inner diameters of ~2.23
and ~4.8 um were fabricated using phase-shifting photolithog-
raphy (PSP). The center-to-center spacing was 4.5 um for the
smaller corrals and 15 pm for the larger corrals. Electron-beam li-
thography (EBL) was used to fabricate the templates for the el-
liptical corrals with ~250 nm widths and 0.60, 0.75, and 0.86 ec-
centricities. These eccentricities were chosen to mimic the sizes
of the quantum mirage structures.'® EBL was used instead of PSP
for the elliptical corrals because it allowed for fabrication of struc-
tures with different sizes on the same substrate.

The corrals were produced by depositing 50—60 nm of Au
into the resist templates fabricated by PSP and EBL and then per-
forming lift-off. The height of the structures was chosen to be
larger than the skin depth of Au at optical wavelengths (~25
nm)."> Metal deposition was accomplished using an e-beam
evaporator (PVD 75, Kurt J. Lesker) with a base pressure of
1077—107° Torr. The thickness of the film and the deposition
rate, which was maintained at ~1 A/s to create a smooth film,
were monitored using a 6 MHz gold microbalance (Kurt J.
Lesker). The substrates were sonicated in acetone or Shipley re-
mover 1165 to remove the resist and leave the Au structures on
the ITO substrate. Circular corrals made from Ag and alumina
(Al,03) were also fabricated in a similar manner. For Au and Ag
structures, 5 nm of Cr was deposited as an adhesion layer.

Near-Field Scanning Optical Microscopy. NSOM measurements were
performed using an Aurora 3 (Veeco) instrument using commer-
cial Al-coated, pulled, fiber optic probes with 100—150 nm aper-
tures and 80— 100 kHz resonant frequencies. The samples were
uniformly illuminated through a 40X objective lens (Olympus),
and the light from the sample was collected through the probe
into a high quantum efficiency avalanche photodiode (SPCM-
AQR-14, Perkin-Elmer). A focusing lens was positioned before the
objective lens to decrease the divergence of the light as well as
create a <0.5 mm uniform illumination spot on the surface of the
sample. Three different sources were used for illumination: 457
nm Ar ion (2—10 mW, LaserPhysics), 543 nm HeNe (5 mW, Melles
Griot), and 633 nm HeNe (15 mW, Melles Griot) lasers. Both lin-
early and circularly polarized light was used to study the corrals.
Linearly polarized laser light was converted into circularly polar-
ized light by placing a 1/4-waveplate in front of the laser source;
a 1/2-waveplate was used to change the angle of polarization
with respect to the sample.

Theoretical Methods. FDTD calculations were performed using
standard techniques.'® Isolated corrals were modeled after the
experiments as 60 nm high and 250 nm wide Au, Ag, or Al,O;
corrals on top of a 150 nm thick n = 2.0 layer (similar to ITO), all
on top of a glass (n = 1.5) substrate. (2D FDTD calculations of
analogous systems indicated that isolated corrals produced re-
sults similar to those of a periodic array of corrals.) The computa-
tional domain was discretized using grid spacings of 5.0 nm
and terminated with convolutional perfectly matched layers
(CPML). The dielectric functions of Au and Ag were modeled us-
ing Drude plus 2 Lorentz pole functions, accurately fit to empiri-
cally determined dielectric data for wavelengths relevant in this
work (400—700 nm). The parameters for Au have been reported
previously,'” and those for Ag are given in the Supporting Infor-
mation. Al,O5; was assumed to have a constant refractive index of
n = 1.77. A Gaussian damped sinusoidal pulse, chosen to have
wavelength content over the range of interest, was introduced
into the computational domain using the total field-scattered
field technique at normal incidence from the glass substrate.
Field measurements were made 20 nm above the n = 2.0 layer
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NSOM measurements since the power flow (the prop-
erty that is directly probed) depends on both the elec-
tric and magnetic fields.

by Fourier transforming the time-domain electric and magnetic
fields.

FDTD calculations without the substrate, which plays an im-
portant role in determining the maxima and minima positions
of the electric and magnetic field intensities, are presented in the
Supporting Information. In addition, discrete dipole approxima-
tion (DDA)'® calculations for many of the structures studied using
FDTD (but without the substrate) are also presented.
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