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Nanoscale plasmonic structures can offer unique functionality due to extreme sub-
wavelength optical confinement, but the realization of complex plasmonic circuits
is hampered by high propagation losses. Hybrid approaches can potentially over-
come this limitation, but only few practical approaches based on either single or
few element arrays of nanoantennas on dielectric nanowire have been experimen-
tally demonstrated. In this paper, we demonstrate a two dimensional hybrid pho-
tonic plasmonic crystal interfaced with a standard silicon photonic platform. Off
resonance, we observe low loss propagation through our structure, while on res-
onance we observe strong propagation suppression and intense concentration of
light into a dense lattice of nanoscale hot-spots on the surface providing clear
evidence of a hybrid photonic plasmonic crystal bandgap. This fully integrated
approach is compatible with established silicon-on-insulator (SOI) fabrication tech-
niques and constitutes a significant step toward harnessing plasmonic functionality
within SOI photonic circuits. © 2017 Author(s). All article content, except where
otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). [http://dx.doi.org/10.1063/1.4995996]

Surface plasmons' are coherent oscillations of electrons at metal-dielectric interfaces that can

exist either in propagating or in localized forms, i.e., surface plasmon polaritons (SPPs) and local-
ized surface plasmon resonances (LSPRs). The SPPs provide a mechanism for propagating optical
photons within extreme sub-wavelength scales, while the LSPRs exhibit extremely large localized
electromagnetic fields capable of enhancing optical processes. Through tuning metallic nanostruc-
tures, the SPPs and LSPRs on a surface can be easily manipulated, which opens opportunities for
their applications on extreme sensitive biosensing,>> superlenses overcoming the diffraction limit,*>
nano-focusing light in the gaps between or at the edges of the nanoparticles,®’ resonantly transport-
ing energy along particle chains,® control of phase®!? and polarization,'! refracting light at negative
angles,g’lo and among others. Most of the work to date, however, is based on interaction with waves
incident from free space or via near field optical microscope probes,'>"'* preventing chip-scale inte-
gration and limiting the scope of applications to the laboratory. Crucially, to harness the capabilities
of plasmonic devices in an integrated photonic circuit, it is necessary to develop platforms where
plasmonic surface structures couple to photonic waveguide modes on SOI or III-V semiconductor
platforms in ways that do not compromise the characteristics of the photonic modes, i.e., without
introducing an unnecessary high propagation loss of distortion of the photonic mode profile.
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To interface plasmonics with more traditional photonics, hybrid plasmonic photonic waveguides
have been proposed,'>~>> which has a dielectric buffer layer to control the coupling between pho-
tonic and plasmonic modes. By using the proposed hybrid plasmonic waveguides, Février!” and
Apuzzo'® experimentally realized a hybrid integration of gold nano-particles chain on silicon chip
and characterized their interactions among each element through near field scanning, respectively.
Most recently, Luo'® realized nanofocusing in a hybrid plasmonic photonic nanotaper structure.
However, each of these demonstrations interfaces to a single element or short one dimensional chains
of elements, providing limited opportunity for sophisticated photonics such as bandgap engineering
and electromagnetic crystal structures which have been so successful in dielectric photonics, partic-
ularly for intense concentration of light combined with dispersion engineering leading to enormous
enhancements in nonlinearity.>>>* In order to achieve electromagnetic crystal functionality in a hybrid
plasmonic-photonic structure one would require a relatively large array of elements with sufficiently
low-loss propagation between the elements such that strong resonances could be formed due to mul-
tiple reflections.! Also, to warrant the hybridizing plasmonics and photonics, it would be important
to maintain the deeply sub-wavelength optical confinement characteristic of nanoplasmonics.

In this work, we present plasmonic nanogap tilings’” on a readily available SOI chip. We harness
integrated silicon photonic lenses and grating couplers? to launch and collect collimated transverse
electric (TE) beam to interact with nanogap tilings. The stop band of the practically realized hybrid
waveguide-integrated plasmonic crystals on SOI platform is experimentally characterized and the-
oretically analysed providing proof of the silicon photonic plasmonic crystal. Using transmission
scanning near field optical microscopy (Tra-SNOM)?%?’ to directly and simultaneously measure
the nanogap tilings, we find that the optical fields concentrate in the sub-wavelength gaps of the
nanoplasmonic surface tiling. We thus prove that nanoscale plasmonic confinement and distributed
electromagnetic crystal resonance can be achieved simultaneously.

The schematic representations and the top and cross-section views of the hybrid waveguide-
integrated plasmonic crystals on SOI platform are shown in Figs. 1(a) and 1(b). The silicon photonic
plasmonic crystal consists of 26 periods of 30 nm thick silver triangular-latticed nanogap tiling along
optical axis on a silicon slab waveguide with a 30 nm thin SiO; isolation layer between them. The
silver nanogap tiling introduces periodic perturbation on the evanescent field of the guided TE mode
in the silicon slab beneath. The input port of the device consists of a grating coupler which couples
TE light into the chip from a single mode fibre and an input optical lens, with the radius of 100 um
and the focal length of 395 um which collimates the injected mode into a 28 um wide (measured at
1/e) Gaussian beam.”® The output port, similarly, consists of an output optical lens which collects
the light from silicon photonic plasmonic crystal and focuses onto the output grating coupler which
couples light from the chip to an output single mode optical fibre. Figure 1(b) shows the scanning
electron microscopy (SEM) image of the two-dimensional plasmonic crystal device integrated on
the SOI platform with pitch length (L) equals to 330 nm while the gap between adjacent triangles is
G=L/10=33 nm.

According to theoretical predictions,?’ the TE slab mode should be used to excite the nanogap
tilings structure. The evanescent field of the TE dielectric mode confined in the planar silicon slab
waveguide interacts with the silver plasmonic crystal through SiO; buffer layer to excite LSPRs
in corners of C3, trimer molecules.”” When the trimer molecules are coupled in dense arrays, the
LSPRs strongly couple to the plasmonic band that can support the propagation of SPPs along the
nanoparticles chain.?® If the propagating plasmonic and photonic modes are phase matched, mutual
coupling occurs which leads to the formation of hybrid waveguide-plasmon polaritons.'> When this
coupling become resonant, the propagation of energy is prevented, i.e., the transmission stop band is
formed.

In order to theoretically investigate the band structure of the silicon photonic plasmonic crystal,
a full-wave finite element method (see supplementary material and Ref. 20) is used. Figure 2(a)
shows the band structure of the silicon photonic plasmonic crystal for TE-like mode along the I'-M
direction with the transmission stop band marked in light green. Figure 2(b) shows the top-view and
cross-section view of the energy distribution for hybrid modes in a unit cell at position “A” on the
lower stop band edge in Fig. 2(a), and the plots for hybrid modes at different positions on stop band
edges can be found in supplementary material. It can be seen from Fig. 2(b) that the optical fields are
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FIG. 1. (a) Schematic representations of the coupling between optical and plasmonic elements and the coupling between
the chip and optical fibers. (b) Illustrations of the two-dimensional hybrid waveguide-integrated plasmonic crystals on SOI
platform and the cross-section view along the dashed line AA’. Two dimensional array of 30 nm thick triangle silver patches
arranged in a triangular lattice integrated on SOI platform with 220 nm silicon layer and 3 pm buried silicon dioxide layer,
isolated by 30 nm layer of SiO,. The device consists of an input grating coupler (In-GC) which couples TE light from a single
mode fiber into a slab waveguide, which is then collimated by an input optical lens (In-Lens) before impinging the silicon
photonic plasmonic crystals. An output optical lens (Out-Lens) collects the beam passing through the crystal and focuses the
beam onto the output grating coupler (Out-GC), which is then picked up by an output single mode optical fibre. The optical
lens is composed of two semi-disk with radius R = 100 um and separation d = 50 um. The separation (f = 296 um) between
the grating coupler and the optical lens is determined by the focal length of the optical lens.2> The separation (FL) between
input and output optical lenses is set to be 500 um. (c) SEM image of the fabricated device with the plasmonic crystal with
the pitch length, L = 330 nm, and the gap between the adjacent triangles, G = L/10 = 33 nm, and the grating coupler with the
period of 630 nm and the filling factor of 60%.

concentrated at triangle corners in the air and are much stronger than those in the silicon waveguide
ones as expected, indicating the hybrid modes are excited through coupling from TE-like modes in
the silicon waveguide underneath.

For modeling the structures, the stop band was simulated while varying pitch length as a con-
tinuous variable. Experimentally the pitch length must be fixed for each realized device, with the
excitation wavelength being used as a continuous variable. The relationship between pitch length and
wavelength stop bands is shown in supplementary material. Devices are fabricated using electron-
beam-lithography (EBL), with details in the supplementary material. The measured transmission of
a systematic set of silicon photonic plasmonic crystals is presented in Fig. 2(c). The vertical axis
represents the total loss for the device, including all input and output fibers connection losses, the
polarization controller loss, and grating coupler losses (about 4.5 dB/facet) which can be estimated
at around 15 dB.? Off resonance the attenuation of the silicon photonic plasmonic crystal is only
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FIG. 2. Silicon photonic plasmonic crystals band structure characteristics. (a) Calculated band structure of the silicon pho-
tonic plasmonic crystal with lattice constant a = 2L/V/3 for TE-like mode along the ['-M (k) direction as indicated by the
inset. Hybrid TE-like guided modes are under the light line (red solid line), which corresponds to the dispersion of SiO5.
(b) Calculated hybrid TE-like guided mode profile at the position in the band structure, which is indicated by “A” in (a),
showing a strong localization of optical field within the triangle corners. (c) Measured transmission spectra, with typical
grating couplers response, of the silicon photonic plasmonic crystal at different pitch lengths, ranging from 290 nm to 430 nm,
which shows suppression of TE propagating mode at reduced frequency of around 0.26 as indicated by the shaded area, which
is in good agreement with the calculated band structure in (a), providing evidence of the existence of photonic bandgap. The
red dashed line represents the transmission spectrum at wavelength 1550 nm for different pitch lengths.

1-2 dB supporting the claim that this structure can achieve low loss. The horizontal axis is the reduced
frequency including both wavelength and pitch length of the structure. Due to the limited frequency
range of the tunable laser used in this experiment, it is impossible to observe the complete stop band
for a device with a specific pitch length. Hence 15 different devices with pitch length varying from
290 to 430 nm in the step of 10 nm are used to characterize the complete transmission stop band
(the response at 1550 nm is highlighted with circles). These experimental results are in excellent
agreement with the theoretical predictions in Fig. 2(a).

Following the simulation results of Fig. 2(b) and those predicted in Ref. 20, strong confinement
of electromagnetic field at the triangle corners is expected to occur at a frequency in the vicinity of
the edge of the stop band. The simulated field enhancement on the stop band edge is more than 5-10
times stronger than those near stop band and passband in Ref. 20. Therefore, for near field optical
microscopy characterization, we fabricated and then packaged (see supplementary material for more
details) a device with pitch length L = 330 nm as it mostly covers the lower part of the edge of the
stop band [see Fig. 3(a)]. We measured the near field properties at different frequencies, 0.235, 0.236,
0.238, and 0.240, and the results are shown in Figs. 3(c)-3(f); Fig. 3(b) shows the corresponding
device topography and the light is excited from left side and collected from the right side. We can see
in Figs. 3(c)-3(f) that as we increase the frequency the electromagnetic field increases and reaches
maximum at around 0.236, which then drops quickly at 0.240. As expected, the field is strongly
confined at the triangular corners [see the inset of Fig. 3(e) for comparison with the simulation].
We also found from Figs. 3(c)-3(f) that the plasmonic crystal are spatially non-uniformly excited
and they follow a periodicity along the optical axis, which are due to the periodic coupling of the
propagating light between plasmonic crystals and the silicon waveguide, as investigated in Ref. 28.
A near-field simulation result showing such phenomenon for L = 330 nm at reduced frequency 0.238
can be found in supplementary material. To qualitatively shows the optical field enhancement in the
plasmonic crystals, we plot in Fig. 4 the averaged intensity, calculated from over 150 silver triangles
in the dashed area in the inset, as a function of frequency (red filled circle), superimposed on the
measured transmission spectrum (blue dashed line). We can see on Fig. 4 that the frequency 0.236
sits right at the stop band edge, which renders a strong field intensity due to the resonant coupling
between dielectric modes and plasmonic modes as previously observed, whereas 0.235 lies in the
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FIG. 3. Observation of near-field properties of a silicon photonic plasmonic crystal with pitch length L =330 nm. (a) Measured
transmission spectrum for the silicon photonic plasmonic crystal. (b) The topography of the silicon photonic plasmonic
crystal. (c)-(f) The measured near-field results for the silicon photonic plasmonic crystal device at reduced frequency 0.235,
0.236, 0.238, and 0.240, respectively. The inset in (e) represents the comparison between simulated and measured near-field
results.

passband and 0.238 and 0.240 are very close to the stop band, which have lower field confinement.
Although 0.235 sits in the passband and the coupling between dielectric and plasmonic modes are
off-resonance, there is still optical field enhancement on the triangle corners, which is due to the
lightning rod effect?” of silver triangles that can lead to a concentration of field strength into the focal
points.

In summary we have presented the first experimental demonstration of silicon photonic plas-
monic crystal which combines engineered electromagnetic crystal resonant bandgap behaviour with
nanoscale plasmonic sub-wavelength confinement at optical frequencies on a standard silicon pho-
tonic platform suitable for mass fabrication. We have shown the silicon photonic plasmonic crystal
bandgap behaviour and intense field concentration in the nano-gaps at the edges of the stop band.
This demonstration opens a new frontier for integrated plasmonics surface crystals which combines
dispersion engineering electromagnetic crystals with the nanoscale optical confinement that can be
achieved with plasmonic structures. Using this platform arbitrary surface elements and crystal struc-
tures can be realized with relative ease. Further, with field hot-spots on the surface, it becomes possible
to functionalize these structures to conduct spectroscopy or study strong light-matter interaction on
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FIG. 4. Measured averaged near-field optical intensity at different frequencies (red line) and the transmission spectrum (blue

line) for a silicon photonic plasmonic crystal with pitch length L = 330 nm. The dashed area shown in the inset is used to
calculate the average intensity.
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a chip, for example, with nanoscale materials such as quantum dots providing a route for integrated,
on-chip quantum optics and molecular scale biosensing.

See supplementary material for the simulation method, fabrication method, transform from
pitch length spectrum to wavelength spectrum, near-field simulation results, transmission spectrum
measurement setup, and Tra-SNOM measurement setup.
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