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Abstract: Surface plasmon polaritons (SPPs) and Rayleigh anomalies (RAs)
are two characteristic phenomena exhibited by periodic grating structures
made of plasmonic materials. For Au subwavelength hole arrays, SPPs and
RAs from opposite sides of the film can interact under certain conditions to
produce highly intense, narrow spectral features called RA-SPP resonances.
This paper reports how RA-SPP effects can be achieved in subwavelength
hole arrays of Pd, a weak plasmonic material. Well-defined resonances are
observed in measured and simulated optical transmission spectra with RA-
SPP peaks as narrow as 45 nm (FWHM). Dispersion diagrams compiled
from angle-resolved spectra show that RA-SPP resonances in Pd hole arrays
shift in wavelength but do not decrease significantly in amplitude as the
excitation angle is increased, in contrast with RA-SPP peaks in Au hole
arrays. The apparent generality of the RA-SPP effect enables a novel route
to optimize resonances in non-traditional plasmonic media.
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Surface plasmon polaritons (SPPs) are collective oscillations of conduction electrons trapped
at metal-dielectric interfaces. Because the real part of the electric permittivity & (complex
permittivity of the metal ¢, = £+i€") changes sign at the metal-dielectric interface, evanescent
SPP fields are highly concentrated at the boundary. For noble metals such as Au and Ag, the
small imaginary part of the dielectric constant (&' << I¢'l) at visible wavelengths [1] results in
small ohmic energy dissipation, which gives rise to narrow plasmon resonance. In contrast,
metals such as Pd have relatively large &" values [2] and are categorized as weak plasmonic
materials [3]. Manipulating confined electromagnetic fields and tailoring the SPP resonances
in different plasmonic media are crucial for developing negative index materials [4],
nanoscale optical switches [5], and label-free chemical/biological sensors [6, 7]. To improve
the performance of plasmonic devices, significant effort has been devoted toward optimizing
the quality of SPPs (e.g. producing intense and narrow resonances) as well as their tunability.
For example, we have demonstrated that well-defined SPP-Bloch wave (SPP-BW) modes can
be achieved in microscale arrays of nanoholes [8] and nanohole patches [9], and that
unexpected sharp and strong Rayleigh anomaly-SPP (RA-SPP) resonances can be formed in
Au subwavelength hole arrays [10].

When light is incident on a 2D square array of subwavelength holes with lattice constant
ayp, photons can gain additional momentum in integer multiples of |GX|= |Gv|: 2r/a, » and

SPP-BW modes are generated under the Bragg coupling condition [11]

o | €€ . . .
Re| — |—2—4— :|k0 sin@+iG, + jG,
c\eg, e, ' ’

where o, ¢, and k, are the angular frequency, speed, and momentum of free-space light, and ¢,
is the relative permittivity of the adjacent dielectric material, which can be expressed in terms
of refractive index (n2 = g;) for non-absorbing materials. Integer index pairs (i, j) denote
specific SPP modes, and 6 is the excitation angle. If the metal hole arrays are sandwiched
between a dielectric substrate (sub) and superstrate (sup), SPP-BWs excited at the metal-sub
interface can efficiently tunnel through the nanoholes to the metal-sup interface, where they
are scattered back into plane waves, which then contribute to the overall light transmission (i.e.
enhanced optical transmission, or EOT). The coupling of SPPs on opposite sides of the metal
film can also occur [12, 13], and we found that coupled SPPs on Au films supported on glass
[10] can produce a lower energy symmetric mode and a higher energy antisymmetric mode.
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Besides SPP waves, another optical phenomenon is the RA (sometimes referred to as a
Wood anomaly or Rayleigh-Wood anomaly), which is associated with light diffracted parallel
to the grating surface. RAs occur when

2 Je, =|k,sin0+iG, + jG, (2)

c .

which is related to ¢, and the grating pitch but not the grating material (i.e., no dependence on
&n)- The wavelength of the RA occurs at the onset of the (i, j) diffraction order, above which
free-space light diffraction is forbidden in the order. Although a RA is a non-resonant spectral
feature, the interplay between RAs and SPPs on opposite sides of the metal film (the RA-SPP
effect) can lead to narrower spectral features [10] and sometimes a higher EOT. Unlike the
coupling between SPPs, we have demonstrated that the coupling between RAs and SPPs only
occurs for a range of film thicknesses [14].

Here, we investigated the optical properties of Pd subwavelength hole arrays and observed
well-defined SPP resonances associated with EOT. The most narrow and intense resonances,
however, were RA-SPP resonances; the broad, long wavelength peak obscured SPP coupling
on opposite sides of the Pd film. Importantly, the RA-SPP resonances in Pd hole arrays could
be tuned over a large spectral range either by changing the surrounding dielectric environment
or the excitation conditions. Different from those observed in Au hole arrays, the RA-SPP
features in Pd occurred at high angles of excitation without significant changes in peak
amplitude or peak width.

Large-area (> 1 in?) Pd subwavelength hole arrays were fabricated by a combination of
SIL and PEEL techniques [9]. SIL was used to generate square arrays of photoresist posts
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Fig. 1. Zero-order transmission spectra of Pd subwavelength hole arrays under normal
incidence excitation. (a) Measured and (b) FDTD calculated spectra are in excellent agreement,
and the position of the SPP minima are in good agreement with Eq. (1) (solid and dashed
lines).Transmission through a 55-nm solid Pd film is included as a reference. RA-SPP
resonances are indicated by . Inset of (a) is an SEM image of 400-nm pitch Pd hole arrays.

(diameter d = 160 nm, pitch ay, = 400 nm) on a Si (100) substrate, which were then transferred
into subwavelength hole arrays with film thickness ¢ = 55 nm using PEEL (Fig. 1(a), inset).
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Zero-order transmission spectra were obtained using a home-built rotational stage. Pd hole
arrays sandwiched between glass substrates and oil superstrates were illuminated with
collimated white light (Thorlabs OSL1 180-W fiber coupled halogen lamp, beam diameter = 2
mm, divergence angle < 0.4°). The transmitted light was collected by a fiber coupler through a
0.5-mm iris located about 20 cm behind the sample. Figure 1(a) shows that Pd subwavelength
hole arrays in air (ny,, = 1.523, ngy,, = 1.00) exhibit transmission intensities up to 18% at 665
nm. The transmission through a 55-nm thick solid Pd film was very weak at most wavelengths
except for a broad peak around 900 nm with maximum intensity of 3% (Fig. 1(a), dashed line).
Considering that the geometric open area of the hole array films was 12%, we found that EOT
was obtained in this relatively weak plasmonic metal. The EOT observed in these Pd hole
arrays was found to be closely related to the excitation of SPP-BW modes.

As predicted by Eq. (1), maxima and minima in the transmission spectra were red-shifted
with increasing ny,,. The resonance features in the transmission spectra exhibited a Fano
profile [15], corresponding to a sharp minimum followed by an adjacent maximum [16]. The
minima in the experimental spectra were closer to the predictions of Eq. (1). Zero-order
transmission spectra of Pd hole arrays under normal incidence were also simulated using the
finite-difference time-domain (FDTD) method [10] with n,,, = 1.00 to 1.70 (Fig. 1(b)). The
calculated spectral features and experimental data showed excellent agreement regarding the
frequencies of resonances. Slight differences in transmission amplitude were most likely
because of minor yet unavoidable imperfections in the Pd samples (such as variations in hole
size, film thickness, and surface roughness).

As ng, was increased past an index value of 1.55, the (%1, 0),,, RA wavelength

approached the (%1, 0),,, SPP mode, and a distinct peak as narrow as 45 nm appeared at 670

nm (Fig. 1, %). Because l&'pgl > 1€ a4l (pg = -16.7, £ o, = -14.4 at 670 nm), plasmon resonances
on Pd occurred at bluer wavelengths, and the RA-SPP peak was also blue-shifted by ca. 20

nm. When ng, approached 1.29, the RA-SPP resonances occurred as (1, 0)y, SPPs

overlapped with (1, 0),, RAs. Because Pd films attenuate the propagation of SPP waves

more strongly than Au at optical wavelengths, the RA-SPP peak at 670 nm from Pd hole
arrays was broader and less intense compared to the same RA-SPP mode on Au at 690 nm
(FWHM = 34 nm) [9]. However, these RA-SPP spectral features are more well-defined and
much narrower compared to previous reports that did not observe strong resonances from Pd

(b)

oil (nsyp = 1.70)

incident light

Fig. 2. Simulated electromagnetic field distributions (IE.) at a RA-SPP minimum (1 = 628
nm). (a) SPPs are visible on both sides of the Pd hole array film, where n,,, (glass) = 1.52, and
gy (0il) = 1.70. (b) RA at z =200 nm above the film, where SPPs have significantly decayed.
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substrates [17]. Furthermore, because &'py becomes smaller with decreasing wavelength (a
somewhat unusual feature) [2], Pd becomes more free electron-like at shorter wavelengths,
and the plasmon resonances therefore can be very distinct in the blue region of the visible
spectrum.

The strongest RA-SPP peak for ng, > 1.55 occurred at a wavelength that was slightly
longer than the RA condition at the Pd-sub interface but shorter than the SPP resonance at the
Pd-sup interface. In this case, first order diffraction is a virtual process, which means that SPP
excitation associated with the bottom of the film can temporarily populate the virtual
diffraction channel before ultimately scattering to the zero-order channel. This pathway
operates in parallel with normal zero-order scattering to enhance transmission. When the
wavelength is reduced further to allow first order diffraction, scattering to the zero-order
channel stops, leading to a sharp cutoff in the RA-SPP peak on the short wavelength side.
Therefore, sharp features in the transmission spectra can be observed even though Pd has a
large &" at these wavelengths. An analogous process happens for ng, < 1.55 except that the
roles of the Pd-sup and Pd-sub interfaces are reversed.

Strong variations in the transmission amplitude from the RA-SPP effect were observed in
FDTD calculations near 606 nm when ng, = 1.293 and near 685 nm when ng,, = 1.70 (Fig.

1(b), *). To verify coupling between the (*1, 0),, SPP and the (%1, 0),,, RA, we plotted the
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Fig. 3. Dispersion diagrams of (a) Pd and (b) Au subwavelength hole arrays. Measured spectra
agreed with predicted SPP-BW modes (thin lines) at the metal-sup (thin, solid lines) and the
metal-sub (thin, dashed lines). Calculated RA bands (thick lines) are also displayed. Inset in (a)
is a zoom-in view of the RA-SPP band in Pd hole arrays when ny,, = 1.70. Note that n,,, = 1.70
results from Eqs. (1) and (2) with (i, j) = (-1,0) for both the RA and SPP. Hence, because the
RA and SPP bands completely overlap, we have called this feature a RA-SPP band.
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Fourier transformed field intensity IEZI2 at 628 nm for ng,, = 1.70, near the minimum in the
zero-order transmission spectrum associated with the RA-SPP peak (Fig. 2). Figure 2(a)
shows that the SPP has greatest intensity at the Pd-sub interface, but intensity was also
noticeable on the superstrate side. The RA is also present along with the SPPs but cannot be
resolved because of its low intensity relative to the SPP. Figure 2(b) shows the field at z > 200
nm above the hole where the SPP fields have significantly decayed and the electromagnetic
characteristics of the RA are evident (i.e., a propagating plane wave with infinite extent) [18].
The identification of specific SPP modes from normal-incidence spectra can be difficult
when there are degeneracies or when multiple broad and weak maxima/minima overlap with
each other. Such challenges can be overcome using angle-resolved transmission spectroscopy
because SPP modes that are degenerate when 6= 0° (k, = 0) will split at other angles (k, # 0)
(Eq. (1)). Taking advantage of our large-area samples, we mapped out the SPP band structures

of Pd hole arrays out to high angles (6 = 70°) and converted them into E-k, dispersion

diagrams (Fig. 3), where E is the photon energy, k, is the in-plane wavevector of the incident
light in air. The grayscale represents the transmission intensity. Two sets of plasmonic (SPP)
and photonic (RA) bands were observed at the Pd-sub interface (Fig. 3, dashed lines from Eq.
(1) and (2)) and the Pd-sup interface (Fig. 3, solid lines). As expected, when n,,, increased, the
Pd-sub modes did not change while the Pd-sup modes shifted to lower E. Good agreement
was found between the predicted modes and the dispersion diagrams, which verified the
spectral features originated from SPP-BWs.

The dispersion diagrams of Pd hole arrays show distinct differences from Au hole arrays
(Fig. 3(b)): (1) Pd SPP resonances are observed at shorter wavelengths because the interband
transitions of Pd occur near 3.6 eV (ca. 344 nm) [19], but Au plasmon resonances are
obscured by the intrinsic interband transitions around 2.5 eV (ca. 500 nm) [10]; (2) the (-1, 0)
SPP band of the Pd hole arrays is nearly linear and parallel to the RA line because &£'pq changes
more slowly than &4, throughout the optical regime [1, 2], whereas the SPP bands of Au hole
arrays exhibit slopes different from the RA curves; and (3) the bright RA-SPP bands

@ Pd, ng,, = 1.70 o=0o| Au,ng, =170  *
*

Transmission Intensity (a.u.)
Transmission Intensity (a.u.)

0 =60°

0.05 b n . . L
400 600 800 1000 400 600 800 1000

Wavelength (nm) Wavelength (nm)

Fig. 4. Angle-resolved transmission spectra of (a) Pd and (b) Au subwavelength hole arrays
with n,, = 1.70. The RA-SPP resonance (%) in Pd shifted with @ but did not change much in
amplitude and peak width, whereas the intensity of the RA-SPP peak in Au hole arrays
dramatically decreased with increasing 6.
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of the Pd hole arrays remain intense with increased k, (Fig. 3(a), ny,, = 1.70, inset), while the
equivalent band in Au becomes weak at large wavevectors (Fig. 3(b), ny, = 1.70).

Since both SPPs and RAs are angle dependent, RA-SPP peaks also shift with incident
angle. The required condition for the RA-SPP effect—overlap between the (-1, 0),, SPP
mode and the (-1, 0),,, RA mode—in Pd occurred not only at normal incidence (8 = 0°) but
also out to large angles without changes in n,, because SPP and RA bands have similar slopes
as function of 6. Figure 4(a) shows that the RA-SPP peak of Pd hole arrays exhibits nearly the
same amplitude and FWHM at angles from 0° to 60°. In contrast, the amplitude of the RA-
SPP peak of Au hole arrays decreases dramatically with increased € when ng,, = 1.70 (Fig.
4(b)) because the (-1, 0),,, SPP band deviates significantly from the (-1, 0),,, RA one at large
angles. Therefore, changing the excitation angle presents another effective approach to tune
RA-SPP resonances to desirable wavelengths in Pd without compromising the spectral quality.

In summary, we have shown that Pd subwavelength hole arrays exhibit both EOT and RA-
SPP resonances that were previously observed only in Au hole arrays. There are at least three
important implications of this work: (1) RA-SPP resonances are a general effect that may be
observed in plasmonic materials under the proper conditions; (2) hole arrays or related
structures created from weak plasmonic materials offer new prospects for constructing
plasmonic components; and (3) the design of SPP-based sensors and surface-enhanced Raman
scattering substrates that require short wavelengths for efficient excitation can be improved.
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