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Abstract: A one-dimensional photonic crystal (PhC) with termination by a metal film—a
plasmonic photonic-crystal slab—has been theoretically analyzed for its optical response at
a variation of the dielectric permittivity of an analyte and at a condition simulating the
molecular binding event. Visualization of the Bloch surface wave resonance (SWR) was
done with the aid of plasmon absorption in a dielectric/metal/dielectric sandwich terminating
a PhC. An SWR peak in spectra of such a plasmonic photonic crystal (PPhC) slab comprising
a noble or base metal layer was shown to be sensitive to a negligible variation of refractive
index of a medium adjoining to the slab. As a consequence, the considered PPhC-based
optical sensors exhibited an enhanced sensitivity and a good robustness in comparison with
the conventional surface-plasmon and Bloch surface wave sensors. The PPhC biosensors can
be of practical importance because the metal layer is protected by a capping dielectric layer
from contact with analytes and, consequently, from deterioration.
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1. Introduction

It is noted that highly sensitive, reliable diagnostic approaches are necessary for probing lower
abundance proteins in analytes, when detecting diseases at early stages [1,2]. Today most commonly
used optical biosensing techniques are the enzyme-linked immunosorbent assay (ELISA) [3,4] and the
Biacore technology utilizing surface plasmon resonance (SPR) [5]. Both technologies are based on the
ability of the biomolecule of interest to interact with a specific binding partner, where ELISA requires a
fluorescent label for visualizing the binding event and Biacore is the label-free and real-time analysis.
Comparison of the mentioned methods shows that the Biacore assay platform has a competitive
advantage over ELISA when probing low-affinity interactions [6].

High sensitivity of SPR biosensors is defined by a significant variation in the surface plasmon
dispersion at tiny variations in biological analytes. The later causes a change of the amplitude of the
reflected light as the plasmon absorption band spectrally shifts. The SPR sensing is done by thin gold
films, where plasmons are excited in the Kretschmann geometry (total internal reflection, TIR) or by
means of diffraction from periodic metallic surfaces, see [7—19].

Another high-resolution sensing is done by use of the Bloch surface wave resonance (SWR) excited
on a surface of a dielectric multilayer (one-dimensional photonic crystals, 1D PhC) in the TIR
configuration [20-30]. It should be pointed out that SPR sensing operates with p-polarized light, whereas
SWR one operates with s-polarized light as well as with p-polarized light. Sensing by SWR is of interest
because the Bloch surface waves, which propagate along the interface between a PhC and an analyte,
are far less absorptive in comparison with surface plasmons, and their amplitude has much more
extended distribution into an analyte.

It is known that the sensitivity of SPR sensors approaches their theoretical limitation [16]; that is also
conditioned by the optical constants of noble metals. Another disadvantage of the SPR sensor is the
requirement of immobilizing an antibody directly on the noble metal surface for detecting a specific
protein in an analyte. Affinity interactions (or binding) between molecules are well detectable only in
close vicinity of the sensor surface, since the SPR-generated near field is pinned to the surface and is not
extended into the analyte. That is why the best material for the above-mentioned probing scheme is Au,
as it is not (or weakly) oxidized in comparison with other noble metals, such as Ag or Cu.

As for SWR-based sensors, the resonance cannot be detected in reflection spectra of non-absorbing
PhCs due to TIR, and existence of a channel for attenuation of the surface wave is an essential
requirement for observation of the resonance. Extinction of SWR should be done so that the
quality-factor (Q-factor) of SWR is kept at a significantly higher level than that of the SPR band; this
condition can provide a gain in sensitivity.

Plasmonic photonic-crystals (PPhC) with termination by gold films have been theoretically analyzed
for its optical response at a variation of the dielectric permittivity of an analyte [31] and also in a situation
modeling the event of biomolecular binding [32]. In these works, a sharp attenuation peak associated
with SWR has been visualized in p-polarized reflection spectra due to plasmon absorption in gold (the
situation where SPR and SWR are excited simultaneously). Sensing performance by the slabs is shown
to be tolerant to the variation of probing conditions and the slab’s structural parameters.

A PPhC slab with the termination by a SiO2/Au/SiO2 sandwich is found to have the best
robustness [31,32]. For such slabs, the Q-factor of SWR is higher and it is less dependent on the variation
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in the angle of incidence and structural parameters of the PPhC slabs. For an optimized slab, the
distribution of the electric field amplitude in the vicinity of the terminating SiO2/Au/Si02 sandwich is
specific to a “long-range” behavior where the amplitude of the E-field tends to zero inside the Au layer
and amplified at the Au/SiO2 surfaces (see Figure 5 in [31]). The considered structure of PPhC slabs
with the dielectric/metal/dielectric termination can be of practical importance because the metal layer is
protected from oxidation (from contact with analytes) and any other deterioration. This is why
biomolecules’ immobilization can be done on the surface of dielectric capping.

In the present work, we summarize theoretical results on analysis of the Bloch surface wave excited
in PPhC with termination by a single plasmonic layer of a noble or base metal. We show that high
Q-factor SWRs can be visualized in p-polarized reflection spectra of such PPhCs. We illustrate optical
responses of PPhCs at a variation of the dielectric permittivity of an analyte and at a condition simulating
the molecular binding event. Since the dielectric capping protects metals from oxidation, for PPhC-based
sensors with no lack in sensing performance, gold can be replaced by copper (or other metals).
Additionally, we discuss PPhCs comprising base metals and their ability to sense a refractive index
change. For comparison, sensing performances of a Biacore-like SPR sensor and non-plasmonic
PhC-based sensors are also illustrated.

2. Model Calculation

A sketch of the PPhC slab under analysis together with its main elements and the schematic
distribution of the resonant wave amplitude is shown in Figure la. For the present consideration, we
have chosen a PhC with ten binary unit cells—the (Ta205/S102)'® multilayer—because it is feasible for
manufacturing and is a practicable crystal for its spectroscopy. Thicknesses (and refractive indices) of
dielectric layers were fixed: 148 nm (2.1) and 260 nm (1.46) for Ta2Os and SiO:2 respectively. The
(Ta205/Si02)'? multilayer was terminated by a metal/50-nm-thick SiO2 bilayer—the metal layer was
sandwiched between SiOz. Dispersions of metals (n and k) were taken from [33,34]. Calculations of
spectra and diagrams were performed by the matrix approach and 2D FDTD modeling by Comsol
Multiphysics; data obtained by both approaches were in a good agreement.

For the sake of presentation simplicity, we limit our discussion by well-known noble metals of Ag,
Au, Cu and base, high-reflectivity metals of Ni and Cr. The thicknesses of metals (D) were multiples of
5 nm. The analysis was done for the p and s polarizations when varying the angle of light incidence (o)
and the refractive index of an analyte. As an example of analytes for testing the sensors’ performances,
we have considered water with a variation of the nondispersive refractive index (n) from 1.33 to 1.331
(An =1 x 107%). Coupling prism had a nondispersive refractive index of 1.51 close to that of the BK7
glass in the studied spectral range of 700—1500 nm.

In general, spectra of considered PPhCs may exhibit resonances of different nature: surface plasmon
resonances due to Au [19], Bloch surface wave [20-32] or optical Tamm state [35—41] due to the
plasmonic element of and the periodical structure of PPhCs. Figure 1b shows spectra of the PPhCs with
terminations by 10-nm- and 40-nm-thick Au layers (n = 1.33). One can see that the SPR-related light
absorption in gold can indicate existence of SWR in p-polarized reflection spectra. /It worth recalling
again that reflection coefficient equals unity (R = 1) through all the spectral range, if there is no any
extinction element as an absorber or a waveguiding layer.] Spectra of sensors comprising an Au layer
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with D =5 nm, 10 nm and 15 nm are shown in Figure 2 illustrating sensing performance of ARmax = 0.69,
0.77, 0.66 at spectral shifts of SWR, respectively. Obviously, for a chosen structure of a PPhC slab, the
thickness of metal is the key parameter governing the Q-factor of SWR together with the spectral shift,
and, consequently, sensing performance of the PPhC slab [31].

Figure 1. (a) Geometry of analysis with a schematic distribution of the E-field for a resonant
wave inside a PPhC slab; (b) curves 1-3 show p-polarized reflection spectra of
(Ta205/Si02)!°PhC  (dashed line), (Ta205/Si02)'%Au/SiO2 PPhC slab comprising a
10-nm-thick Au layer (solid line) and a (Ta20s/Si02)!%/Au/SiO2 PhC slab having a
40-nm-thick Au layer (circles). Spectra plotted in Figure 1b were calculated for the angle of
incidence o = 63°.
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Figure 2. Shifts of the SWR peak in reflection spectra of PPhC-based sensors comprising
an Au layer with thicknesses from D =5 nm, 10 nm and 15 nm (from left to right): thin lines
(n=1.33) and thick lines (n + An = 1.331). Spectra are calculated for o = 61.8°.
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3. Results

To compare performances of PPhC sensors with the SPR and conventional SWR counterparts, the
maximum of reflectance ARmax was evaluated when searching in a spectral range of 700—-1500 nm
through D, a and ¢". (Evaluation for the SPR sensor was done in a spectral range of 700—3000 nm;
calculations showed that the maximum response was at A = 2642 nm and any further increase of the
calculation range is not essential.) Figure 3 summarizes data on the performance of the sensors. The SPR
sensor had a response of ARmax = 0.42, and the contour line corresponding to a level of AR = 0.3 was
significantly limited by a and D. The conventional SWR sensor exhibited a TIR-limited contour line for
maximal operating margins of AR = 0.9 and Aa = 0.1°. It is obvious that the margins of AR and Aa are
kept if one scales the period of the PhC. This contour line was also considerably constrained by &". (1t is
important to recall that practical realization of a sensor with a through-structure and fine-tuned
magnitude of €" is difficult.)

Figure 3. (a—d) Diagrams illustrating the performance of SPR, SWR, and two PPhC sensors,
respectively. Solid contour lines show sensitivity levels (maximum AR in corresponding
wavelength ranges) at An = 1 x 1073, when varying parameters of the sensors. (¢,d) PPhC
sensors without and with a 50-nm-thick SiO:z layer covering the Au layer, respectively.
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As for the PPhC sensors, high performance margins were significantly extended; see a contour line
of AR = 0.9. This is illustrated in Figure 4 by vertical sections of Figure 3. One can see that the PPhC
sensors without and with a 50-nm-thick SiO: layer had a value of Aa = 0.83° and Aa = 1.69° at
AR = 0.87; let us compare these margins with that of the conventional SWR (Ao = 0.13° at AR = 0.87)
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and SPR (Aa = 0.71° at AR = 0.3). Note that the scales of o and also the variations of D are fixed in
Figure 3, thus giving a comparative estimation. Details on differences between calculated PPhC sensor
can be found in [25].

Figure 4. Comparison of the sensors’ optical response at An = 1 x 107>, Lines 1-4 illustrate the
vertical sections of Figure 3a—d, respectively: the sections were made for plot (a) D = 39 nm;
plot (b) €” = 0.8 x 107%; plot (c) D = 12.7 nm; and plot (d) D = 8.8 nm. Dashed lines
correspond to AR = 0.3 and 0.87.
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Figure 5 summarizes sensing performance of several sensors—robustness (stability) of their responses
ARmax versus the angle of light incidence: (i) PPhC sensors comprising single layers of noble and base
metals; (ii) conventional SWR sensor with absorption of k£ = 1 x 107> homogeneously introduced into
the (Ta205/Si02)'° multilayer; and (iii) the SPR sensor based on a 40-nm-thick Au film. The considered
PPhC sensors containing absorbing layers of Au and Cu (and Ag, not shown) showed similar
characteristics, providing a stable level of ARmax. However, ARmax of PPhCs comprising the 5-nm-thick
layer of Ni (or Cr) dropped with rise of a. Spectral sensitivity of the discussed PPhC sensor was of a
level of AA/An = 1500 nm/RIU similar to that reported for SWR sensors, for example, in [42].

If biomolecular reactions occur only in a thin layer at the surface of the sensor, what is the sensing
performance of the sensors under study? This question is extremely important because a biomolecule of
interest interacts with a specific binding partner, which is immobilized on the surface of the sensor. To
model this, we limited the thickness of the reaction layer by 20 nm and kept the change of An =1 x 1073
in this layer only (n = 1.331); the rest of the analyte had the refractive index of 1.33. Simulations of
ARmax were done in the same procedure as that discussed for Figure 3, when only limiting the reaction
layer. Related analysis of the sensing performance ARmax is illustrated in Figures 6 and 7, where Figure 7
illustrates sections of Figure 6. These results are in good accordance with that discussed in Figures 3 and 4.
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Figure 5. Maximum response of PPhC-based sensors made of different metals versus the
angle of incidence [(Ta20s/Si02)!%/metal/SiOz]. For reference, the black line shows the
response of an SPR sensor (single 40-nm-thick Au film) and the squares illustrate the
response of an (Ta205/Si02)!° multilayer-based SWR sensor with absorption of k=1 x 1073
homogeneously introduced into each layer.
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Figure 6. Diagrams illustrating the performance of SPR (a), SWR (b) and two PPhC (c,d)
sensors, respectively. Comparison was done for the change in the refractive index of
An =1 x 107 that happened in a 20-nm-thick reaction layer on the surface of the sensors.
(c,d) PPhC sensors without and with a 50-nm-thick SiO:z layer covering the Au layer,

respectively.
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Figure 7. Comparison of the sensors’ optical response upon the change of An =1 x 107 in
a 20-nm-thick reaction layer on the surface of the sensors. Lines 14 illustrate the vertical
sections of Figure 6a—d, respectively: the sections were made for plot (a) D = 24.6 nm;
plot (b) €” = 0.5 x 1073; plot (¢) D = 11.1 nm; and plot (d) D = 6.7 nm.
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4. Conclusions

An approach to visualize the Bloch surface wave was demonstrated, where the spectrally sharp peak
was seen in reflection spectra of PPhCs with the aid of plasmon absorption. An important feature of the
studied PPhC sensor is that the plasmonic layer is sealed between two dielectric layers. The results show
that there is a variety of metals able to replace Au, which is currently usable for optical biosensing. Since
optical (plasmonic) properties of noble metals are alike in a range of 700—1500 nm, liable to oxidation
metals as Ag and Cu can be used for the robust PPhC-based biosensors utilizing plasmon-visualized
Bloch surface wave; for details see [43]. The PPhC comprising base metals as the plasmonic element
also exhibited a good sensing performance.

The demonstrated PPhC-based biosensors overcome performance of SPR sensors. They can be
low-cost reusable robust sensors because the plasmonic layer is sealed inside dielectric, which means
that a thin metal layer is protected from deterioration/aging upon storage, immobilizing biomolecules
and probing analytes. With their high Q-factor SWR resonances, PPhC-based sensor can have potential
for detecting low-affinity interactions in analytes having a low concentration of biomolecules
of interest.

The plasmonic photonic crystals comprising magneto-optical materials enable to provide even more
precise sensing platform, since not only the amplitude but also the polarization state and the phase of the
probe signals can be altered by switching external magnetic fields. This can provide the next level of
detecting tiny variations in biological analytes if the lock-in-amplifying technique is applied.
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