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Abstract: Thanks to the increasing availability of technologies for thin film deposition, all-dielectric
structures are becoming more and more attractive for integrated photonics. As light-matter interac-
tions are involved, Bloch Surface Waves (BSW) may represent a viable alternative to plasmonic plat-
forms, allowing easy wavelength and polarization manipulation and reduced absorption losses.
However, plasmon-based devices operating at optical and near-infrared frequency have demon-
strated to reach extraordinary field confinement capabilities, with localized mode volumes down to
few nm?3. Although such levels of energy localization are substantially unattainable with dielectrics,
it is possible to operate subwavelength field confinement by employing high-refractive index mate-
rials with proper patterning as, e.g. photonic crystals and metasurfaces. Here we propose a compu-
tational study on the transverse localization of BSW by means of quasi-flat Fabry-Perot microcavi-
ties, which have the advantage of being fully exposed toward the outer environment. These struc-
tures are constituted by defected periodic corrugations of a dielectric multilayer top surface. The
dispersion and spatial distribution of BSW cavity mode are presented. In addition, the hybridization
of BSW with the A exciton in a 2D flake of tungsten disulfide is also addressed. We show evidence
of strong-coupling involving not only propagating BSW but also localized BSW, namely band-edge
and cavity modes.

Keywords: Bloch Surface Waves; strong coupling; TMD; 2D materials

1. Introduction

The existence of optical modes strongly confined at the truncation interface of planar
dielectric multilayers (one-dimensional Photonic Crystals, -1DPC) is known since dec-
ades, from the pioneering studies by P. Yeh and A.Yariv!? and several later works.>* With
the advent of the Plasmonics era, the interest toward optical surface modes on planar di-
electric stacks has seen a significant boost, mainly thanks to the possibility to overcome
some inherent limitations of surface plasmons, especially in sensing applications.t- In the
last 20 years, optical surface modes (hereafter called Bloch Surface Waves -BSW) on flat
and patterned dielectric multilayers have been investigated in many frameworks, such as
strong light-matter coupling,'-!> integrated,*18 guided,’*?? and fiber??* optics, label-
free?>28 and fluorescence-based®-3! sensing, metrology,® photon management3-3, light-
driven particle manipulation,?3 emitting devices®*# , microscopy imaging and spectros-
Copy.4143

Beside the advantages in tuning the BSW spectral position, polarization* as well as
propagation and penetration lengths*, one of the most intriguing features offered by
1DPC-based platforms is the possibility to exploit the 1DPC surface for setting up an ac-
cessible framework for controlling light-matter interaction. Furthermore, shallow pattern-
ing of the 1DPC surface allow the BSW to be manipulated and possibly confined along
transverse directions, 4 thus providing new degrees of freedom for exploring complex
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phenomena. Having a photonic mode confined both out-of-plane and in-plane on a sur-
face is advantageous to alleviate some difficulties in technological tasks such as the inte-
gration of emitters/absorbers, which are typically buried/grown within the photonic struc-
ture itself, where the radiation energy of photonic modes is generally localized.

In this article we present a computational work describing some peculiar features of
TE-polarized BSW confined within linear resonant structures recalling Fabry-Perot micro-
cavities. In addition, the interaction of cavity BSW with the A exciton in a WSz monolayer
laying on top of the multilayered structure is investigated and discussed. We anticipate
strong coupling effects between the BSW cavity mode and the tungsten disulfide (WSz2) A
exciton at 2.03 eV, on flakes down to less than 2 pm in transverse size.

2. Computational model

The exemplary model for the 1D photonic crystal considered in this work is consti-
tuted by a stack of 5 alternating pairs of TiO2 and SiO:z layers on a semi-infinite glass half-
space (refractive index ng;qss = 1.5). The TiO2 and SiO: layers have thickness 85 nm and
110 nm respectively. On top of the stack, an additional pair of SiO2 (90 nm) and TiO2 (40
nm) layers is introduced, leading to a total of Ni=12 layers. A linear grating acting as a
Distributed Bragg Reflector (DBR) is engraved in the top TiO: layer, with a modulation
height h = 25 nm, period Apgr = 275 nm and fill factor 0.5. Furthermore, a linear defect
(hereafter called a “spacer”) having a width W is introduced within the DBR. A sche-
matic of the structure is presented in Figure 1(a).
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Figure 1. (a) Sketch of the patterned 1DPC in the conical diffraction mounting; (b) refractive index
dispersion of the materials employed considered in this work.

This kind of dielectric multilayer can be fabricated by means of standard techniques,
including RF sputtering,’® chemical vapor deposition (CVD) and plasma-enhanced CVD,#
plasma ion assisted vacuum evaporation (PIAD)* and atomic layer deposition (ALD).#
In particular, the refractive indexes used to design the present stack are taken from ellip-
sometric data collected on ALD-deposited materials and plotted in Figure 1(b). In addi-
tion, the refractive index of a WS2 monolayer is plotted as well.5

Calculations are performed by means of a freely available implementation of the Rig-
orous Coupled Wave Analysis (RCWA) RETICOLO.5"5%2 The RCWA supercell includes the
spacer surrounded by 180 DBR periods on each side. The periodic corrugation has an as-
sociated Bragg grating vector oriented along the x-axis, i.e. Kpggr = (27 * Apgg, 0,0). The
conical mounting configuration is considered, so that the incoming radiation can be made
incident onto the bottom interface of the multilayer at an incident angle 8 with respect to
the multilayer normal and at an angle ¢ with respect to the x-axis. At ¢ = 0°, the inci-
dent light is parallel to the Kppr and diffracted accordingly. Illumination is always pro-
vided from the glass substrate, in order to reach momentum values beyond the light line
in air, as required for BSW coupling. RCWA is a Fourier-based method involving a Ray-
leigh expansion of the diffracted field as well as a Fourier decomposition of the structure
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87 harmonics. For this reason, it is crucial to define the proper number of Fourier terms to be
88 retained in the calculation. The case of the spacer surrounded by DBRs is addressed with
89 N= 1200 Fourier terms. In the convergence plot in Figure 2, the spectral position of the
90 BSW cavity mode and the corresponding reflectivity are shown as a function of the num-
91 ber of Fourier terms considered. Such a supercell contains a number of DBR periods large
92 enough to avoid significant cross-talk effects between adjacent supercells occurring in the
93 momentum-energy region wherein the cavity mode is located. Instead, the simpler case
94 of a purely periodic corrugation (i.e. no spacer) is modeled as an elementary cell contain-
95 ing a single DBR period and N=60 Fourier terms for assuring reliable results.
I
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97 Figure 2. Reflectivity map R(N, Aiw) and spectral position of the BSW resonance (cyan circles)
98 in an exemplary cavity with spacer width W = 500 nm and 360 DBR periods overall, at ¢ = 0°
99 incidence. N indicates the number of Fourier terms retained in the RCWA code. The reflectivity
100 values at the resonance center (red squares) are also plotted. The dashed pink line indicates the
101 number of harmonics used in this work.
102
103 The multilayer supports TE-polarized Bloch Surface Waves whose dispersion ex-
104 tends from the near-infrared to the visible spectrum. The dispersion of the BSW on the flat
105 multilayer can be inferred upon calculation of the reflectivity R(B, hw), wherein the effec-
106 tive refractive index is f = ng,ss - sinf and hw is the photon energy of the TE-polarized
107 incident radiation. Without loss of generality, the BSW dispersion can be identified by the
108 pairs (Bgsw, w) corresponding to the bright line in Figure 3(a). The TiO:z and SiO2 layers
109 have been given a small imaginary refractive index ks;o, = ktio, = 107> in order to in-
110 troduce enough losses to make the BSW dip well visible on the calculated reflectivity
111 maps. In Figure 3(a,b), the energy- and angularly-resolved map log(1 — R)and the nor-
112 malized intensity profile of the BSW at Aiw = 2 eV are respectively shown.
(@) o (b) : —
2.2 ! TiO,
- 10 i sio,
2] 1
21 o, E100 !
g |
N 2.1 3 g 80 |
2 £ glassi air
5205 4 60 !
= TE I
2f 5 40 l
I
I
195 N £ |
I
7 0 4
13 0 05 5 1 15 0 500 , (nm) 1000 1500
114 Figure 3. (a) Calculated TE-polarized log(1 — R(B, hw)) of the flat IDPC, with illumination from
115 the bottom glass substrate; (b) intensity profile of the BSW at ~iw = 2 eV, normalized to the ampli-

116 tude of the incident wave.
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117 3. Results
118 The case of the planar stack corrugated with a purely periodic surface modulation
119 (no defect spacer) is considered first. In Figure 4(a), the energy- and angularly-resolved
120 full dispersion of the TE-polarized BSW is shown as a 3D surface whose points (B, By, ®)
121 are extracted from the calculated reflectivity R(B, ¢, hw), where e [— g, + g] . There,
122 Bx = B cosp and B, = B -sing must match the BSW effective refractive index at any
123 BSW energy how, ie. /% + B = Bpsw(hw). Reflectivity values R(f, ¢, hw) refer to the
124 diffraction efficiency of the 0t order, at different illumination conditions. The periodic
125 modulation along the x-direction results into a folding of the BSW dispersion and the for-
126 mation of a forbidden band that is dispersed in energy. In order to facilitate the interpre-
127 tation, the BSW folding and the corresponding energy gap at 8, = 0 (corresponding to
128 @ = 0, i.e. a direction parallel to the grating vector Kpgg) is presented in Figure 4(b). The
129 folding of the BSW dispersion due to diffraction at the —1%* order results into a gap open-
130 ing at about 2 eV. As pointed out elsewhere,*5 the energy gap width depends on the
131 effective refractive index contrast introduced by the periodic modulation. More interest-
132 ingly, along directions different than Kppg, the gap shifts to higher energies. Band edges
133 are identified at the intersection of the surface o(f,) = mhc * (Apgg - Bx)~* (first Brillouin
134 zone boundary, Kpgg/2) with the full BSW dispersion, as shown in Figure 4(c). The for-
135 bidden band can be better appreciated by projecting said BSW dispersion over the ¢ sur-
136 face onto the (B, hiw) plane (Figure 4(d)). A maximum gap of about 150 meV at B, = 0
137 is found.
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139 Figure 4. (a) Full dispersion of a TE-polarized BSW represented as a 3D surface from the calculated
140 reflectivity R(By, By, hw) of the IDPC patterned with the periodic DBR. Only the region beyond the
141 light-line in air ’ BZ + BZ =1 is considered; BSW dispersion on (b) the B, = 0 plane and (c) the
142 boundary of the first Brillouin zone defined by the shaded surface o = mhc - (Appg - Br)™L; (d)

143 log(l —R(By, By, h(u)) map, where B, = mc - (Apgg - w)™ L.
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If a linear defect is introduced into the DBR, a cavity mode appears within the forbid-
den band created by the BSW folding. In Figure 5(a), the BSW cavity mode corresponding
to a spacer width W = 500 nm is visible as a narrow band starting at about 2.03 eV. In
analogy to the spacer mode in a conventional planar microcavity, the BSW cavity mode
follows a dispersion curve depending on the momentum component that is transverse to
the direction of the refractive index modulation. In our case, since the pattern modulation
is developing in the x-direction, the BSW cavity mode is energy-dispersed as a function of
By. Instead, the BSW cavity mode is dispersionless along the B, direction (Figure 5(b)).

The spectral position of the cavity mode can be modulated across the forbidden band
by varying the spacer width W (Figure 5(c)). In Figure 5(d), a cross-sectional view of the
spatial near-field intensity of the BSW cavity mode at Aiw = 2.03 eV isillustrated. Asin a
Fabry-Perot planar microcavity, the energy of the cavity mode is preferentially localized
in the defect region. However, the very low refractive index contrast experienced by the
BSW prevents a strong confinement within the spacer only, with a significant penetration
of the mode profile in the surrounding periodic corrugations. The quality factor of the
cavity depends weakly on the number N of layers in the 1DPC. With the 1DPC design
proposed in this work, we estimated a Q factor ranging from Q=340 for Ni=10 to Q= 410
for Ni=16.

(a) (b)
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Figure 5. Dispersion of a TE-polarized BSW installed on the 1DPC patterned with a cavity spacer
W = 500 nm surrounded by 180 DBR periods on each side, calculated on (a) the ¢ surface, (b) the
By =0 plane; (c) spectral position of the cavity mode across the forbidden band calculated at
(ﬁx,ﬁy) = (nc - (Appg - w)™1,0) for several spacer values W spanning from 400 nm to 600 nm; (d)

near-field intensity of the BSW cavity mode (|Ey(x, Z)|2) for W = 500 nm, at Aiw = 2.032 eV.

Very recently, multilayers sustaining BSWs coated with organic/inorganic thin layers
exhibiting excitonic resonances have been exploited as novel platforms to enhance light-
matter interactions.'2135¢ In this framework, 2D materials (e.g. Transition Metal Dichal-
cogenides -TMD monolayers) are particularly attractive because of the possibility to op-
erate polariton manipulation at room temperature.? Strong coupling effects between BSW
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173 and excitons have been experimentally studied on flat or periodically patterned multi-
174 layers, wherein the resulting polariton field exhibits a spatially delocalized distribution.
175 When our flat 1IDPC model is coated with a tungsten disulfide (WS2) monolayer (Figure
176 6(a)), the BSW dispersion exhibits the typical anti-crossing behavior illustrated in Figure
177 6(b). The upper and lower BSW polariton branches repel each other by a vacuum Rabi
178 splitting Q that can be estimated by means of a simple coupled harmonic oscillator
179 model. The system Hamiltonian is a 2x2 matrix with non-zero off-diagonal elements
180 whose eigenvalues are:? E,), = 1/2 (EBSW +Ex + \/(EBSW —Ex)?+ QZ) and E, =
181 1/2 (EBSW +Ey — \/(EBSW —Ex)?+ QZ) for the Upper and the Lower Polariton Branch
182 (UPB and LPB) respectively, where Ey is the exciton energy and Epgy (B,) the dispersion
183 of the uncoupled BSW. A fitting procedure is used to estimate Q and Ey. Worth to specify
184 that, in order to take into consideration the dielectric loading effect introduced by the WSz
185 monolayer, the values for Ezgy (8,) calculated for the bare 1DPC need be adjusted (red-
186 shift) by an additional energy term E, that is also obtained from the fit. In Figure 6(b), the
187 blue and the red dashed lines represent the lower and the upper polariton dispersion re-
188 spectively, the yellow line is the exciton energy Eyx=2.032 eV and the green line is the un-
189 coupled BSW dispersion, redshift-corrected. From the fit, we obtain a Rabi splitting Q =
190 52 meV, which is similar to previously published results on a different BSW platform.’
(a) WS, extended flake TiO, (b) ;
> 1 2.2 g
Si0, 15
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~ 21 25
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1.95 45
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« > 5 .
Si0, w Appr
2.15 46
= 2.1 -
3 205
3 4.8
2
4.9
1.95
lower band edge
5
-0.5 0, 0.5
191 y
192 Figure 6. (a) Sketch of the z-cross section of the flat 1DPC topped with a uniform WSz monolayer
193 having indefinite extension; (b) corresponding dispersion of BSW polariton; (c) Sketch of the z-cross
194 section of the 1DPC patterned with the cavity topped with a WS2monolayer. The flake has a lateral
195 size Sfiare = 1.6 pm and a thickness 0.65 nm; (d) corresponding dispersion of the BSW cavity-po-
196 lariton branches (UPBcav and LPBcav).
197 When the BSW cavity is considered, the BSW-exciton interaction occurs over a spatial
198 region limited to the transverse size of the cavity mode. The sketch in Figure 6(c) shows
199 the case of a WS2 monolayer deposited on top of the BSW cavity, extending over the spacer

200 and the first surrounding DBR period, with a total size Sf;qk = 1.6 um and a thickness of
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201 0.65 nm.% Similarly to cavity modes in planar microcavity, here the BSW hybridize with
202 the excitonic resonance, resulting in a mode dispersion splitting into an upper and a lower
203 polariton branches (UPBav and LPBev), as shown in Figure 6(d). The Rabi splitting esti-
204 mated with the fitting procedure described above is found to be 0 = 32.1 meV. Given the
205 half-widths of the BSW cavity mode ygsy =6 meV and the A exciton of WSz yy =11
206 meV,%%8 the condition for the occurrence of strong coupling.i.e. Q > é(YBSW + vy), is ful-
207 filled.
208 It is interesting to note that the BSW hybridization presented above involves the cav-
209 ity mode only. This is due to the limited size of the WS2monolayer, which overlaps mainly
210 with the cavity spacer, wherein most of the energy is localized. Instead, if the whole pat-
211 terned 1DPC is topped with an extended monolayer (Figure 7(a)), the BSW hybridization
212 is found to occur also with the BSW band edge modes, as shown in Figure 7(b,c), resulting
213 into an upper and a lower band edge-polariton branches (UPBve and LPBre). Here, we
214 find a Rabi splitting © = 37 meV for the BSW cavity polariton, and Q = 37.6 meV for the
215 lower BSW band edge polariton. The different spatial distribution of the band edge and
216 the cavity modes enables to further modulate the photonic mode-exciton interaction, by
217 controlling size and position of the WSz monolayer on the BSW platform.
WS,  extended flake TiO, . pper ba upper band edge B
Si0, W “Apsr 42
-4.4
4.6
438
(a)
218
219 Figure 7. (a) Sketch of the z-cross section of the 1DPC patterned with the cavity topped with an
220 indefinitely large WS2 monolayer; corresponding dispersions of hybridized (b) BSW cavity-polari-
221 ton mode UPBeav, LPBeav and (c) BSW band edge-polariton mode UPBve, LPBee.
222 4. Discussion
223 Fostered by an increasing interest toward surface waves on dielectric photonic plat-
224 forms, we investigated some aspects of transverse confinement of BSW in quasi-flat Fabry-
225 Perot microcavities. Despite the low effective refractive index contrast produced by ultra-
226 shallow patterning/modulations of the multilayer surface, BSWs can be made resonantly
227 confined within sub-micrometric regions. As an extension of the findings presented here,
228 an omnidirectional confinement on the multilayer plane can be obtained by introducing
229 axis-symmetric corrugations® or dielectric ridges.* The design of the surface modulation
230 should be addressed in conjunction with the multilayer design, as dielectric loading/un-
231 loading effects can significantly affect the BSW dispersion, resulting in momentum mis-
232 match with the pattern. In the exemplary cases presented here, we designed Fabry-Perot
233 cavities having Q factors ranging from 340 to 410 by employing materials and geometries
234 that can be realistically handled for device fabrication. When considering the in-plane mo-
235 mentum transverse to the grating vector, we found the cavity mode following a parabolic
236 energy dispersion similar to stacked 3D planar microcavities.
237 One of the main advantages in BSW-based platforms is the possibility of enhancing
238 light-matter interaction on the surface of the photonic structure. This aspect is particularly
239 useful in the framework of 2D materials such as TMD, that are often transferred on planar
240 or structured surfaces upon exfoliation from bulk. We addressed the hybridization of a
241 BSW cavity mode with the A exciton in a WS2 monolayer deposited thereto. Strong cou-

242 pling is found with both the cavity and the band-edge modes, depending on the spatial
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243 overlap with the interacting modal volumes, resulting into vacuum Rabi splitting in the
244 range from 30 meV and 40 meV.

245 Our findings contribute to advancing knowledge on BSW-based platforms, in partic-
246 ular on polariton control at room temperature. We anticipate future opportunities for em-
247 bedding TMDs on dielectric multilayers, in the perspective of integrated quantum nano-
248 photonic devices.®
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