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Abstract: In this work, we have experimentally and theoretically studied
band modulation and in-plane propagation of surface plasmons (SPs) in
composite nanostructures with aperture arrays and metallic gratings. It is
shown that the plasmonic band structure of the composite system can be
significantly modulated because of coupling between the aperture and
grating. By changing the relative positions between these optical
components, the resonant modes would shift or split. And the resonant SP
modes launched on the structure surface can be effectively modified by the
geometric parameters. Further, we provide an experimental observation to
directly show the SP in-plane propagation by using far-field measurements,
which agree with the simulated results. Our study offers a convenient way for
observing the SP propagation in far field, and provides unique composite
nanostructures for possible applications in subwavelength optodevices, such
as optical sensors and detectors.
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1. Introduction

Surface plasmons (SPs) are essentially the collective charge density waves existing at the
metal-dielectric interface, which have attracted much attention for their unique properties, such
as breaking the diffraction limit and field enhancement at the interface [1-8]. As we know, SPs
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are so sensitive to the interface [9] that designed nanostructures could effectively modulate the
excitation and propagation of SPs, and the interactions between SPs and nanostructures can
lead to various interesting effects. For instance, in the periodic nanoaperture array on a metal
film, surface plasmon resonance can enhance the light transmission through this structured
metal film, which was first reported as the extraordinary optical transmission (EOT)
phenomenon in 1998 [10] and then widely studied in recent years [11-17]. In structures with
periodic metal gratings, the propagating SPs can be greatly reflected at the frequencies in the
band gap [18-20], and such structures could be utilized as Bragg reflectors. Other
well-designed gratings may significantly modulate the properties of SP propagation, such as
the propagation direction and the energy transport [21-23].

By combining aperture arrays and gratings, one can tune the surface plasmon resonance in
the aperture arrays using the gratings. For example, a super-period nanohole array grating,
which leads to resonance mode splitting under polarized incident light [24], provides one
method for combining aperture arrays and gratings. Here, we offer another method by
designing composite structures that inlay periodic gratings into aperture arrays. The coupling in
the composite structures can be tuned by changing the relative displacement between the
aperture arrays and the gratings, which also results in the surface plasmon resonance mode
splitting.

Because the surface plasmons propagate at the metal-dielectric interface, it is difficult to
experimentally track the propagation of SPs. One direct way to map the surface plasmon field
uses a near-field technique such as scanning near-field optical microscopy (SNOM) [25-28].
Furthermore, there are indirect ways to study the SPs propagation in far-field, such as by
leakage radiation microscopy [29,30], quantum dot imaging [31,32], and electron energy loss
spectroscopy (EELS) [33,34], which mostly involve observational measurements. Here, we
report a semi-quantitative measurement method, using a charge coupled-device (CCD) camera
to map the far field image and measure the field intensity coupled out by a groove. The captured
far-field distributions are in good agreement with the simulation results. Moreover, the
out-coupled field intensities are also in accordance with the calculated intensities. Thus, this
method can be used to study the propagating properties of SPs.

2. Optical properties of the composite structures

We first consider systems consisting of only an aperture array or a metallic grating, as
respectively illustrated in Figs. 1(a) and 1(c). Figure 1(a) schematically shows an aperture array
in 100 nm thick silver film on the silicon substrate, with an aperture diameter d = 150 nm and an
array period of P, = P, =P, = 540 nm. Here, we use a commercial finite-difference time-domain
(FDTD) [35] software package (Lumerical FDTD Solutions) to perform the simulations, where
the frequency-dependent permittivity of Ag is obtained from the Lorentz-Drude model [36] and
the permittivity of Si is obtained from Palik [37]. Figure 1(b) exhibits the calculated reflection
spectrum of the aperture array under normal incidence, with a resonant dip at 575 nm. By
applying the phase-match condition for converting the free-space waves into SPs at the
air-silver interface, the corresponding resonant wavelength for the fundamental resonant mode

can be expressed approximately as A, = P -Re{[g, ‘€, / (¢, +¢,)]"*} [38], where & and &,
are the permittivity of dielectric and metal, respectively. In this way, we find 2 =568 nm for

this system, which reasonably agrees with the simulated results. We label the mode at the dip of
the reflection spectrum as mode A(1,0) as indicated in our previous work [39].
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Fig. 1. The schematic of (a) an aperture array and (c) a grating in the silver film. (b) The
reflection spectrum of the aperture array under normal incidence. (d) The calculated plasmonic
band structure of the grating for TM light.

Figure 1(c) schematically describes the metallic grating in 100nm-thick silver film on the
silicon substrate, with the groove width of W = 100 nm, grating period of P, = 270 nm, and
groove depth of h = 20 nm. To obtain the plasmonic band structure in the grating, we employ
the rigorous coupled-wave analysis (RCWA) method [40] to calculate the reflectance of the
grating at different oblique incident angles. Figure 1(d) shows the plasmonic band structure in
the grating when the electric field of the incident light lies along the x-direction, i.e., transverse
magnetic (TM) light. The band structure shows an obvious gap in the 560 - 600 nm wavelength
range, which is marked by a dotted line. Actually similar results for band structures of gratings
have been achieved by relying on some well-developed theoretical formalisms, such as the
polology. The polology [41,42], where the optical modes are computed as the complex poles of
a transversal scattering matrix that links the electromagnetic field amplitude in the claddings,
has been successfully applied to study diffraction anomalies or resonances, and even the Bloch
modes of photonic crystal waveguides [42]. In our design, the SP resonant mode launched in
the aperture array falls in the band gap region of the grating. Next we will demonstrate that
introducing gratings into the aperture arrays can modulate band structures.

When the grating is introduced into the aperture array as described in Fig. 2(a), we mark the
relative displacement between them with X, which represents the nearest relative position
between an aperture center and a groove center. For example, When the aperture center
coincides with the groove center, we set X = 0. The normally incident light with the electric
field polarized along the x-direction corresponds to TM light, while transverse electric (TE)
light corresponds to an electric field polarized along the y-direction. We then use the FDTD
method to study the optical properties of composite structures with different X, where the
boundary conditions are periodic in both the x- and y-direction.
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Fig. 2. The schematic of (a) the composite structure. The calculated reflection spectra under
normal incidence for (b) TM polarization light and (c) TE polarization light.

Figure 2(b) shows the simulated reflection spectra under TM light illumination, where the
black line presents the reflection spectrum of the aperture array without gratings, and the other
lines, which are offset for clarification, are spectra of the composite structures with different
relative positions. For the X = 0 case, the resonant dip has an obvious red shift compared with
the initial case without gratings, this shift is a result of the coupling between the aperture array
and the grating. When the relative position X increases, two resonant dips emerge in the
reflection spectra, as the basic mode A(1,0) splits gradually into two modes. The left mode is
labeled A;(1,0), while the right mode is labeled A,(1,0). When X increases from 40 nm to 100
nm (as shown in Fig. 2(b)), A;(1,0) has a red shift, while A,(1,0) has a blue shift. Furthermore,
as X increases to 135nm, there is only one resonant dip again, that has an obvious blue shift
compared with the initial case without gratings. In contrast, under the TE light illumination,
only one resonant dip occurs in all cases (as shown in Fig. 2(c)). Therefore, we focus our
attention on cases with TM incident light.

To obtain detailed insight into the resonant modes under TM light illumination, we have
calculated the electric field intensity distributions at the resonant mode on the surface of the
structures. Figure 3(a) shows the reflection spectrum of the aperture array under normal
incidence, with a resonant dip at 575 nm indicating the basic mode A(1,0). The corresponding
electric field intensity distribution at 575 nm is shown in Fig. 3(d), where the electric field is
primarily localized in the hole and distributes as a dipole. For the composite structure with X =
0, the resonant mode shifts to 632 nm as shown in Fig. 3(b), and the corresponding electric field
intensity distribution at the resonant wavelength is shown in Fig. 3(e). The electric field is
primarily distributed on the edge of the neighbouring groove far from the aperture, while a
small electric field is localized in the aperture, corresponding with the resonant redshift in the
spectrum. For the composite structure with X = 135nm, the resonant mode shifts to 567 nm as
shown in Fig. 3(c), and the corresponding electric field intensity distribution of the resonant
mode is shown in Fig. 3(f). In this mode, the electric field is primarily localized at the aperture
edge near the groove, which is similar to the field distribution of a dipole. As shown in these
three structures, all the periodic units are symmetric to the center of the apertures in the
x-direction, regardless if gratings are added into the aperture arrays. As a result, their electric
field distributions are also symmetric to the center of the holes, leading to a single resonant dip
in the reflection spectra.
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Fig. 3. (a) The reflection spectrum of the aperture array and (d) its electric field intensity
distribution at the resonant wavelength of 575 nm. (b) The reflection spectrum of the composite
structure with X =0, and (e) its field intensity distribution at 632 nm. (c) The reflection spectrum
of the composite structure with X = 135 nm, and (f) the electric field intensity distribution at 567
nm. (g) The reflection spectrum of the composite structure with X = 70 nm. The electric field
intensity distribution of the A4,(1,0) and A4»(1,0) resonant modes is shown in (h) and (i)
respectively. In all field distributions, the dashed white rings represent the aperture position.

We now examine cases with two resonant modes. Figure 3(g) shows the calculated
reflection spectrum of the composite structure with X = 70nm, while the electric field intensity
distribution of mode A;(1,0) and A,(1,0) are shown in Figs. 3(h) and 3(i), respectively. For the
A1(1,0) mode, the electric field is primarily distributed in the region where the aperture and
groove overlap, especially at the intersections of the structure edges. However, for the A,(1,0)
mode, the electric field is primarily distributed at edge of the neighbouring groove. In such
composite structures with X between 0 and 135nm, the structure symmetry is broken. Thus, the
basic resonant mode splits into two modes, which correspond with the two dips in the reflection
spectra.

3. Experimental demonstration and tuning of the optical properties in the composite
structures

Next, we experimentally demonstrate the optical properties in the composite structures. After a
100 nm thick silver film is deposited onto the silicon substrate via magnetron sputtering, the
nano-structures are fabricated on the silver film by focus-ion-beam milling (FIB, Helios
Nanolab 6001). Figures 4(a)-4(f) show the scanning electron microscopy (SEM) images of our
samples with different X, where all geometric parameters, except X, are the same as those in
simulation. Then the reflection spectra are measured via an ultraviolet-visible-near-infrared
microspectrophotometer (CRAIC QDI2010) with a halogen lamp as the light source. Figures
4(g) and 4(h) show the measured reflection spectra under normal incidence of TM and TE light,
respectively. Compared with the reflection spectra in Figs. 2(b) and 2(c), the experimentally
measured results agree with the calculated results in both the resonant position and wavelength
shift trend. By changing the relative displacement X, both the resonant wavelength and the
number of resonant modes can be simultaneously tuned under TM polarized illumination.
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spectra of these structures under normal (g) TM and (h) TE light.

Because the composite structures in our design are sensitive to the geometric parameters,
we can tune their optical properties by varying specific parameters. In the discussions above,
we see that the optical properties can be tuned by changing the relative displacement X between
the aperture arrays and the gratings. We now focus on another parameter: the groove depth /.
Figure 5(a) shows the calculated wavelength shift of the resonant dips for variations in £
between 10nm and 30nm, while Fig. 5(b) shows the experimental resonant wavelength shifts.
We can see that the experimental results reasonably agree with the calculated ones. For the X =
0 case, the deeper groove introduces a red shift. However, for the X = 135 nm case, deeper
groove introduces a blue shift. For cases with two resonant modes, the deeper groove leads to a
blue shift for mode 4,(1,0) and a red shift for mode A4,(1,0). Thus, the groove depth / can also
be used to tune the resonant wavelength of the mode. In this way, the SP resonances in this
composite nanostructure can be significantly modulated by changing the geometric parameters,
such as the relative positions between nanoaperatures and gratings, and also the groove depth.
Based on these principles, the present composite metallic aperture array may have potential
applications on some tunable optodevices, such as subwavelength sensors and detectors.
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Fig. 5. The (a) calculated and (b) experimental resonant wavelength for different groove depth.
4. SPs propagation in the composite structures

Now that the excitation and the propagation of SPs significantly influence the optical properties
of the composite nanostructure, it is worthwhile to track the in-plane propagation of SPs in the
nanostructures. Actually for SPs propagating on the surface of the flat silver film, the electric

#217826 - $15.00 USD Received 25 Jul 2014; revised 5 Oct 2014; accepted 8 Oct 2014; published 14 Oct 2014
(C) 2014 OSA 20 October 2014 | Vol. 22, No. 21 | DOI:10.1364/0OE.22.025700 | OPTICS EXPRESS 25706



field intensity decays exponentially along the propagation direction. Figures 6(a) shows the
silver film in our simulation, where the boundary conditions are set perfectly matched layers
(PMLs) in both x- and z-direction, periodic boundary conditions are used in y direction to
represent an infinite region, and the source is selected mode source to simulate SPs plane
waves. The calculated propagation processes are shown in Figs. 6(b)-6(d), for the electric field
intensity distributions at different wavelengths. The SPs on the flat metal-dielectric interface
[3,9] cannot interact with the incident light due to the mismatch of momentum, and they decay
exponentially with the propagating distance, and the intrinsic loss decreases as the wavelength
increases.

(a)_
g
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(b) A=550nm () Il
: )ﬁ : }r575niii|| i
lj e
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Fig. 6. (a) The schematic of the flat silver film, and (b) - (d) The SP propagation processes along
the film surface at wavelengths of 550 nm, 575 nm, and 600 nm, respectively. (e) The flat silver
film with the aperture array. (f) - (h) The SPs propagating along the surface at 550 nm, 575 nm,
and 600 nm, respectively.

The SPs on the structured surface is intrinsically different from those on the above flat
interface. Once periodic nanostructures contribute the reciprocal lattice vectors and provide
additional momentum, the SPs can interact strongly with the incident light due to the
momentum matching between them [3, 4, 14]. Consequently, the SP polaritons are excited at
resonant frequencies and propagate along the nanostructured surfaces. Generally, all these
waves that propagate along the metal-dielectric interface are called as SPs [3]. To explore all
these SPs propagation properties in the composite structures, we apply this simulation on the
composite nanostructures described in Sec.2 and Sec.3. For example, Fig. 6(e) schematically
shows the aperture array in our simulation, and the corresponding propagation processes of SPs
are described in Figs. 6(f)-6(h). Compared with Figs. 6(b)-6(d), the SP propagation process is
quite different from that on the flat film and the in-plane transmitted field intensity becomes
weaker because of scattering of the aperture array. For short wavelength region such as 550nm
(as shown in Fig. 6(f)), the intrinsic loss in the silver film is large. The SPs are severely
scattered by the apertures, and little energy propagates through the aperture array. At the
resonant wavelength of 575 nm (as shown in Fig. 6(g)), the intrinsic loss become lower,
however, the scattering energy is largely enhanced because of the resonance, and the
dipole-like field is localized in the apertures. Further, in Fig. 6(h) for 600 nm, the intrinsic loss
and scattering are greatly reduced and little field is localized in the apertures, leading to an
increase in the in-plane transmitted energy.

Then we experimentally measure the energy transmitted through the structures. In our
experiment, a supercontinuum laser (Fianum, SC400) is used as the excitation source, and the
far-field images are captured with a CCD. Figure 7(a) shows two of the samples we used, one is
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a flat silver film with two grooves, while the other sample contains an aperture array with two
grooves in the silver film. One of the parallel grooves is fabricated to couple the free-space light
in order to launch SPs, while the other groove is used to scatter the SPs into the free space. We
present the captured images of both the flat film and the aperture array at different wavelengths
in Figs. 7(b)-7(d). In the flat silver film sample, the SPs can propagate on the silver film in a
wide wavelength range. For the samples with either aperture arrays or composite structures, the
propagation processes are greatly modified. For the short wavelength region shown in Fig.
7(b), the intrinsic loss of silver is large. The SPs are severely scattered, and there is little light
out coupling. At the resonant wavelength of 575 nm shown in Fig. 7(c), the scattering light in
the aperture array is obviously increased. For the long wavelength region shown in Fig. 7(d),
the scattering as well as the intrinsic loss is decreased, so the light out-coupling is obviously
increased.

(b)

Fig. 7. (a) The SEM images of representative samples. The sample on the left consists of two
parallel grooves in the silver film, with 8.64pum lengths and 14.3um spacing. The sample on the
right consists of an aperture array between two parallel grooves, with an array region of 8.64 x
8.64um 2. (b) - (d) Experimental CCD images under excitation wavelengths of 500 nm, 575 nm
and 670 nm, respectively.

To have a clearer understanding of the SP in-plane propagation properties of different
structures, we have collected the transmitted field intensity at different wavelengths, under the
same simulated and experimental conditions as those used in Figs. 6(a) and 7(a). Here, we
define the propagation coefficient to characterize the in-plane transport of the SPs as follows:
T, =T /T ,where T; is the intensity of electric fields propagating through the structures (within

the plane), and T is the intensity of electric fields propagating through the flat silver film
(within the plane). The propagation coefficients corresponding to different wavelengths are
shown as square black dots in Figs. 8(a)-8(d). The experimental propagation coefficients,
which are obtained by using the out-coupled light intensity from the groove, are also shown as
red stars in Figs. 8(a)-8(d). These results are well matched with each other, especially for long
wavelengths. Because short wavelength scattering is strong, it significantly influences the
detection in our experiments, reducing the precision of the measured out coupled field energy.
However, the experimental results can still correctly describe the physical process, because
they agree with the actual propagation process in simulation. In this way, we have studied the
SP propagation properties using far-field experiments. Unlike previous observational
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measurements in far field experiments, we offer a semi-quantitative measurement method
using CCD to “record” the SP propagation.
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Fig. 8. The in-plane propagation coefficients of (a) the aperture array as well as composite
structures with (b) X =0, (¢) X =70 nm and (d) X = 135 nm.

As we know, the experimentally measured spectra of the composite nanostructures show
reflection dips at resonant wavelengths, as shown in Fig. 4(g). Here the CCD images actually
describe the specific in-plane propagating properties at the same wavelengths (in Fig. 7),
resulting in low propagation coefficient at those wavelengths (in Fig. 8). At these resonant
wavelengths, the propagating SPs mode can be effectively converted to free-space light,
leading to the resonant dips in the reflection spectra and small propagation coefficients of SP
transport. In this way, we obtain the physical consistency from all the previous results.

5. Conclusion

We have theoretically and experimentally studied the optical properties of composite
nanostructures with aperture arrays and gratings. Under normal TM light illumination, the
resonant modes of the aperture arrays can be modified by adding gratings. Once the symmetry
of the periodic unit is broken, the resonant mode splits into two modes. Moreover, the resonant
wavelengths of the composite structures can be effectively tuned by geometric parameters such
as the relative displacement X and the groove depth 4. Therefore, these composite
nanostructures may have potential applications on some tunable optodevices, such as
subwavelength sensors and detectors. However, under normal TE light illumination, only a
slight wavelength shifts occur at the resonant mode.

We then studied the SP in-plane propagation properties in composite structures. The
propagation coefficient we defined can be used to characterize the in-plane transport of the SPs,
and the lowest in-plane propagation coefficients correspond with the dips in the reflection
spectra at normal illumination. Moreover, the experimental propagation coefficients agree with
the calculated ones. As a result, our method offers a convenient way to study the SP
propagation properties using far field experiments.
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