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Strong Coupling of Tamm Plasmons and Fabry-Perot Modes in a
One-Dimensional Photonic Crystal Heterostructure
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The coupling between multiple modes in subwavelength scale has attracted a lot of attention due to
the interesting physics favored by the enhancement of light-matter interaction. In this contribution, we
propose a planar hybrid plasmonic-photonic crystal structure, which enables the tunable coupling between
Tamm plasmon-polariton and Fabry-Perot cavity modes. Then, a strong coupling can be achieved through
evoking the Tamm-mode dependence of the top-layer thickness of the hybrid structure, which is indicated
by an anticrossing with a spectrum splitting of 9.298 meV. The effect enables the spatial confinement of
polaritons and the formation of hybrid one-dimensional plasmon-polariton modes. In order to account for
the splitting of the orthogonally polarized resonances, a detailed investigation on the TE-TM splitting is
also performed through the angular-dependence analysis. We note that the value of the TE-TM splitting
strongly depends on the thicknesses of dielectric layer and the distance between two distributed Bragg
reflector (DBR) stacks. We show that the cavity modes are extremely sensitive to the distance between
the DBR stacks and propose using this feature for strain sensing. Thus, our structure may not only offer
a platform for study of interesting physics (e.g., spin optronics), but may also provide a route for high-

accuracy strain sensors.

DOI: 10.1103/PhysRevApplied.18.014056

I. INTRODUCTION

The enhancement of light-matter interactions in pho-
tonic structures is not only useful from a fundamental
physics point of view [1-3], but also for numerous poten-
tial applications [4—10]. In principle, these applications are
generally based on the excitation of optical resonant states,
including Fabry-Perot (FP) cavity modes [11], whispering-
gallery modes (WGM) [12], and surface plasmon polariton
(SPP) modes [13]. Different from the first two kinds of
cavity resonances, SPPs are electromagnetic surface states
generated at the interface between a metal and a dielec-
tric layer, which allow light localization on scales beyond
the diffraction limit [2,14,15]. Because of their ability to
concentrate light at the nanoscale, SPPs are useful for
many applications, such as sensing [16], surface-enhanced
Raman scattering [17], and circuitry [18,19].
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Recently, another type of surface state, known as Tamm
plasmon polaritons (TPPs), have been reported to exist
at the metal-dielectric layers’ interface, exhibiting low
propagation loss [20,21]. In comparison with the con-
ventional SPPs, TPPs can be excited without the use
of a prism, grating coupling or an alternative surface-
structuring approach, using both TE- and TM-polarized
light irrespective of their angle of incidence [22-24].
Thus, those features enable TPPs to be promising for var-
ious applications in optical filters [25,26], Tamm plasmon
lasers [27-29], sensors [30,31], thermal emitters [32,33],
and other kinds of light-emitting devices [34].

Apart from the aforementioned properties, TPPs can
be strongly coupled with other resonant modes (e.g., FP
cavity mode), creating “hybrid” systems. The coupling of
multiple resonant modes has attracted considerable atten-
tion in the last few decades, and several studies have been
reported on their collective properties. For instance, the
phenomenon of strong coupling between two cavity modes

© 2022 American Physical Society
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and one exciton mode was observed in coupled semicon-
ductor microcavities [35]; the ultrastrong coupling limit
of multiple modes was theoretically depicted in cavity
quantum electrodynamics [36]; the strong exciton-photon
coupling in metal-clad microcavities was demonstrated
and a 110-meV Rabi splitting was achieved at room
temperature [37].

The interaction between TPP and FP cavity modes is
different from the conventional strong coupling observed
in coupled microcavities [35], which brings more interest-
ing hybridization or frequency-splitting characteristics, for
instance, the enhancement of magneto-optical effects has
been observed recently [38]. In addition, the strong cou-
pling between TPP and FP modes can be used to sharpen
the resonances, which can be exploited for practical appli-
cations, such as optical sensing and filtering [39]. What
is more, the realization of multimode interaction in one-
dimensional (1D) photonic crystal heterostructures may
favor an ultracompact integrated optical circuit [40].

In this contribution, we present a platform for tailor-
ing the coupling between Tamm plasmon and Fabry-Perot
modes through a planar metal-distributed Bragg reflector-
(DBR) based structure. Through the realization of dual
DBRs physically coupled to a metallic layer (see Fig. 1),
TPP and FP cavity modes are excited simultaneously in
the wavelength range of interest. In comparison with struc-
tures such as the metal grating capped DBRs [41,42], our
design is much simpler from the fabrication point of view.
The introduction of an addition DBR stack enables another
flexibility for the multiple modes’ coupling.

Our theoretical and numerical analysis shows that mode
coupling can be tuned by adjusting the thickness of the
dielectric layer and the distance between two DBR stacks
(i.e., GDBR; in Fig. 1), resulting in perfect absorption
at multiple wavelengths, in spacial electromagnetic (EM)
field tailoring as well as in the formation of three polari-
tonlike bands with two distinct frequency splittings. The

GDBR, GDBR,

Incident

In-Ga-As-P [l Al Ga, As GaAs

-Ag

FIG. 1. Structure diagram of the metal dual DBR-based struc-
ture: GDBR; is made up by 20 pairs Aly9GagAs/GaAs DBR
films, and GDBR; has 19.5 pairs.

TE-TM splitting is investigated through angular depen-
dence analysis, a splitting that is responsible for various
phenomena in the emerging field of spin optronics [43].
In addition, taking advantage of the dynamical coupling
between the TPP and FP modes caused by the distance
changing between two DBR stacks, we propose a strain
sensor capable of detecting nanometric changes in the cav-
ity’s length induced by pressure, heat, or other compressive
and expansive forces, which may be very promising for
applications such as high-accuracy strain sensing.

II. STRUCTURE DESIGN AND SIMULATION
METHOD

A graphical illustration of the proposed metal-DBR
structure is shown in Fig. 1. It consists of two groups of
DBRs (indicated as GDBR; and GDBR;) separated by a
distance D. The two DBRs are made of Aly 9Gag 1 As/GaAs
bilayers, GDBR; with N = 20 bilayers and GDBR; with
N = 19.5. The thicknesses of Aly9GajAs and GaAs lay-
ers are denoted by D; and Dy, respectively. These values
are selected to satisfy the quarter-wave condition [44] as
A4 = n Dy = ny Dy, where A is the emission wavelength
of device. For sensing applications, the space between the
DBRs can be filled either with gas or liquid. Here, we sim-
ply consider it as gaseous medium with refractive index n,
equal to 1.00. Along z direction, one dielectric layer with
D, thickness and the same refractive index of In-Ga-As-P,
but no loss and dispersion, is deposited on the top of
GDBR;. Finally, a thin Ag layer with complex permittiv-
ity is deposited on the top of the dielectric layer, and its
thickness is represented by 7a,. The permittivities of the
materials employed in this study are listed in Table 1.

The finite-difference time-domain (FDTD) method is
adopted to numerically simulate the optical response of the
device. Within the calculation, periodic boundary condi-
tions are set around the sides of the device, while perfectly
matched layer (PML) boundary conditions are used on the
top of the Ag layer and the bottom of the substrate. The
spatial mesh grids in Ag and dielectric layers are set as
Az =2 nm, Ax = Ay =5 nm. Then, auto nonuniform
with a minimum mesh size of 0.25 nm is used for the other
layers. A plane wave along —z direction is used as the
excitation source, having a wavelength span of 800 nm.

TABLE 1. Geometrical and material parameters of the pro-
posed devices.

Material Dimension Refractive index
Ag tag = 18 nm nag = 0.16 +i11.35
In-P-Ga-As D, =165 nm ng = 3.3
GaAs Dy =114 nm ny = 3.37
Alo'gGa()‘lAS DL = 130 nm nyp = 2.97

Air oo (analyte) n, = 1.00
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III. HYBRIDIZATION BETWEEN FP AND TPP
MODES

The reflectance spectrum and the electric field intensity
profiles for normal TE-polarized incident radiation (6 = 0
in Fig. 1), are calculated based on the transfer matrix
method [22,45]. The results, based on the parameters in
Table I, are shown in Fig. 2. Here, three different scenarios
are envisioned. The first case is about a structure consisting
of GDBR, single silver layer, and GDBR; (Dy, = 165 nm
in Fig. 1). The results obtained for such a structure are
shown in Figs. 2(a) and 2(d). In the reflection spectrum
we observe a spectral feature with central wavelength of
1507 nm and linewidth (full width at half maximum) of
8 nm [Fig. 2(a)]. Furthermore, the field distribution asso-
ciated with this spectral feature peaks at the silver layer
(z =10 um) and exponentially decays from it along —z
(excitation) direction [Fig. 2(d)], suggesting that it is a
Tamm plasmon polariton mode [32]. The formation of the
TPP mode is due to the coupling effect between SPPs and

0.8

z (pm)

Reflectivity
o o o
M O
[}
N ‘AMM

o
o

1500 1520 1540
Wavelength (nm)

-
A
@
o

_

(=2
-
_

e) Intensity (V/m)
N\ [ .
|

N
o

o
®
1

I =%

I
o
i
[

0.4

Reflectivity

|

0.2

1480 1500 1520 1540

0
(C) Wavelength (nm) (f) Intensity (V/m)

o

i
Z (um)

o

-
o

o L L n

-

N

w-

Reflectivity
o
»

o
N}

0.0 T T T
1480 1500 1520 1540

Wavelength (nm)

Intensity (V/m)

FIG. 2. (a)«c) Reflection spectra of the photonic structure
with the metallic layer (TP mode), without the metallic layer
(bare cavity mode), and with both the metallic layer and spac-
ing (hybrid TP-cavity modes), respectively; (d)—(f) electric field
profiles along z direction sampled at x = 0.

the optical Tamm state (OTS) [46]. In detail, when the res-
onance tunneling of SPPs goes through the Tamm state, a
narrow peak will appear from the reflectance spectrum for
the region where the band gaps overlap.

The second scenario consists of a structure formed by
GDBR; and GDBR;, with D = 345 nm, but with no silver
layer. The results obtained for such a structure are shown
in Figs. 2(b) and 2(e). In this case, the reflectance spectrum
exhibits a spectral feature centered at the same wavelength
as the Tamm state, but with a much narrower linewidth
of 1.60 nm [Fig. 2(b)], suggesting a low radiative-loss
cavity mode. Furthermore, the electric field profile associ-
ated with this spectral feature peaks at the region between
the two DBRs, with symmetric exponential decay into the
DBRs, indicating that it is a FP mode.

Finally, the third scenario considers the structure shown
in Fig. 1 with D = 345 nm. The results for such a structure
are shown in Figs. 2(c) and 2(f). The reflection spec-
trum shows two spectral features with central wavelengths
shifted to shorter and longer wavelengths compared to the
previous two cases. This large wavelength shift is indica-
tive of a strong coupling between the FP and TPP modes
[47]. From the electric field distribution, we note that
the confinement not only occurs at the interface between
Ag and GDBR}, but also can be observed at the inter-
face between two DBR stacks, which is coherent with the
presence of two broad peaks in Fig. 2(f).

Interestingly, the degree coupling strength of these
modes can be controlled by tuning the parameter Dy, which
describes the thickness of the spacer layer between the sil-
ver film and GDBR;. Figure 3(a) shows the reflectance
spectra of the mixed structure (Ag layer/dielectric
layer/GDBR/air/GDBR;) as a function of D;. For ener-
gies between 0.79 and 0.85 eV, one can observe two
anticrossing points corresponding to values of Dy = 165
and 208 nm, for which the TPP and FP modes of the struc-
ture couple. In particular, for Dy = 165 nm, a frequency
splitting of 9.298 meV is achieved, a result much larger
than the previous reports [48]. Figure 3(b) depicts the bare
FP mode (black circle line) and Tamm mode (red circles)
when crossing each other at Dy = 165 nm, together with
the hybrid mode characterized by the typical anticrossing
behavior (blue triangles) occurring under strong coupling
condition. The bare FP mode is obtained from a structure
without Ag layer and the bare TPP is obtained by adding a
Ag layer and making D = 0.

In order to better understand the hybridization process
between the FP and TPP modes within our system, in
Fig. 4(a) we plot the reflectance spectra for values of D;
equal to 155, 165, and 175 nm, respectively. For D, =
155 nm, two reflection peaks appear at 1498 and 1513 nm.
The short-wavelength mode belongs to the upper-branch
hybrid mode [see Fig. 3(b)]. Its resonance wavelength
and field distribution resembles those of the bare TPP
mode, and hence we refer to it as TPP-like mode. The
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modes.

long-wavelength mode belongs to the lower-branch hybrid
mode. It resembles the bare FP mode, having a similar
field distribution and resonance wavelength and hence we
refer to it as FP-like mode. For D, = 175 nm, however,
the nature of the hybrid modes is inverted. The short-
wavelength mode, located on the lower branch, becomes
the TPP-like mode, while the long-wavelength mode,
located on the upper branch, becomes the FP-like mode.
For all cases, the field distributions of FP-like and TPP-like
modes resemble those of their nonhybrid counterparts; in
other words, the fields of FP-like modes peak in the region
between the DBRs, while those of TPP-like modes peak
near the metal surface. As Dy is increased, the two hybrid
modes not only undergo a redshift, but their reflectivities
are also modified. Finally, for D; = 165 nm, they have
almost the same reflectivity. For this case, the bare TPP and
bare FP modes have the same resonant wavelength, lead-
ing to the strongest coupling. Indeed, both hybrid modes

and 175 nm; (b) the corresponding energy diagrams for mode
hybridization.

show strong TPP and FP characteristics. Figure 4(b) dis-
plays the corresponding energy diagrams, which provide a
dynamical interaction process between TPP and FP modes.

IV. PARABOLIC POLARIZATION SPLITTING

To further gain physical insights the coupling between
FP and TPP modes, we study the angular-resolved
reflectance spectra obtained by using TE (E||y direction)
and TM (E||x direction) polarized plane-wave excitations,
and investigate the resonance splitting for different linear
polarization states (often referred to as TE-TM splitting).
This type of analysis is in fact a characterization method
when we consider the metal-DBR contact in the micro-
cavity laser device. The TE-TM splitting effect is also
responsible for various phenomena in the emerging field of
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Angular-resolved reflectance spectra for TE- and TM-polarized illumination taking Dy = 145 nm (a), 165 nm (b), and 185

nm (c). In (a), positions 1 to 4 correspond to FP cavity mode, FP-like mode, TPP-like mode, and FP cavity mode, respectively. In
(b),(c), the positions from 1 to 4 correspond to the same modes. The black dashed lines show the shifting of different modes.

spin optronics, including the “all optical” spin Hall effect
and the formation of polarized patterns [49].

Figure 5 displays the calculated angle-resolved reflect-
ance spectra for our structure when Dy = 145, 165, and
185 nm. We clearly observe that all the modes exhibit
identical parabolic dispersion curve irrespective of the
excitation polarization. For normal incidence (6 = 0 in
Fig. 1) and when D; = 145 nm, the FP-like mode and
the TPP-like mode are characterized by energies equal to
0.8285 eV [position 2 in Fig. 5(a)] and 0.8174 eV [posi-
tion 3 in Fig. 5(a)], respectively. In addition, two FP cavity
modes can be identified at the energies 0.8602 eV [position
1 in Fig. 5(a)] and 0.7844 eV [position 4 in Fig. 5(a)]. The
FP mode at position 1 is caused by the cavity created by the
Ag layer and GDBR|, while the FP mode at position 4 is
due to the cavity formed by GDBR; and GDBR,;. With the
increase of Dy, the modes at position 1 (FP), 2 (FP-like),
and 3 (TPP-like) experience a redshifting, but the mode at
position 4 (FP) keeps a constant energy level, as shown by
the reference dashed lines in Fig. 5.

For large incident angles, all the modes experience
redshifting. The reason is based on the relation § =
2 nd cosf /A (where d is the cavity thickness), where the
energy (which is proportional to the inverse of 1) of the
modes needs to increase to maintain a fixed phase shift
(§) with the increase of angle (). Apart from the TPP-
like mode at position 3, all the FP (like) modes display
a splitting between TM- (upper branch) and TE polariza-
tion (lower branch) except at normal incidence where they
are degenerative. The absence of a TE-TM splitting for
the TPP-like mode can be understood by recalling that
this kind of mode is formed by the light being reflected
by the DBRs, hence no effect is associated to the inci-
dent light (i.e., the incident angle). In addition, we find that
the onset of TE-TM splitting for different modes shifts to
larger angles by increasing the energy.

When D, goes up to 165 nm [Fig. 5(b)], the FP and
TPP modes are strongly coupled with each other, and the
energies associated to the corresponding hybrid modes
approach the energy of the cavity mode at position 4. At
the same time, we find the TE-TM splitting of the FP cavity
mode at position 1 is less pronounced due to the increased
cavity length, while the FP-like mode at position 2 and the
cavity mode at position 4 show increased TE-TM split-
tings. A further increase of D, to 185 nm [Fig. 5(c)], returns
a weaker coupling between the FP and TPP modes. In addi-
tion, we note that the TE-TM splittings for FP-like mode
and cavity mode at position 4 become even larger.

Figure 6(a) shows the reflectance spectrum of the
structure with Dy = 165 nm under normal incidence
(6 = 0). We further identify the properties of different
modes by combining the spectral linewidth with the
corresponding electric field intensity distribution profiles
[Figs. 6(b)-6(e)]. The mode at position 1 shows a broad
linewidth together with a reduced field intensity, and the
field intensity is smaller, which is due to the weak confine-
ment of the cavity composed of Ag layer and GDBR;. The
mode at position 2 possesses much narrower linewidth,
and the field intensity profile indicates the typical feature
of a FP-like mode: more energy reaches the GDBR;-
GDBR;, interface, in particular at the bottom of GDBR;,
thus enabling a stronger FP mode component. By con-
trast, the mode at position 3 has a larger linewidth, and the
profile suggests the most energy is located at Ag/GDBR;
interface, therefore, a stronger TPP mode component is
presented. Meanwhile, a weaker FP mode component is
visible at the GDBR-GDBR; interface. Clearly, the mode
at position 4 has a very narrow linewidth, indicating a high-
quality factor. Correspondingly, the field profile displays
the property of a bare Fabry-Perot cavity mode—strong
confinement in the middle part of the two DBR stacks,
homogeneously decaying to both sides.
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Finally, we also investigate the angular-resolved
reflectance spectra by changing the distance D between
the two DBR stacks, which is referred to another cavity.

D =200 nm
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As shown in Fig. 7, all the modes exhibit similar parabolic
dispersion curves by changing the parameter of D. Fur-
thermore, the modes exhibit a redshift with increase of the
incident angle 6, regardless of TE- or TM-polarized waves.
Under the condition of normal incidence (8 = 0 in Fig. 1),
the modes at position 1 (FP), 2 (FP-like), and 4 (FP) show
a redshift with the increase of Dy, but the mode at position
3 first remains constant, then shifts to a longer wave-
length. Furthermore, a closer observation reveals that upon
D increase the energies associated to the hybrid modes tend
to approach one another when D increases.

The FP-like mode at position 2 and the FP mode at posi-
tion 4 display the typical feature of TE-TM splitting as
a function of incident angle, and the evolution with the
parameter of D. The onsets of the TE-TM splittings of
them shift to small angles with the increase of D, resulting
in much larger splittings for large angle incidence. Sim-
ilarly, the TPP-like mode at position 3 is not affected by
the incident angle, no TE-TM splitting happens. Besides,
an additional cavity mode is observed when the value of D
reaches 600 nm [see Fig. 7(c)].

V. STRAIN SENSING

The coupling between the TPP and FP modes can be
explored for the application of strain sensing considering
that the FP mode is highly sensitive to the change of the
distance between two DBR stacks, D. Optical strain sen-
sors have attracted considerable attention because of their
distinct advantages including immunity to electromagnetic
interference and no risk of electric shock in biomedical
applications [50,51], they have been widely used in pre-
cision measurement scenarios. Here, the sensing function
of the proposed structure can be realized through an inter-
nal strain caused by force, generating a displacement of
GDBR; and consequently a change in D. In turn, small

D =600 nm

=50 =256 O
Angle 6 (deg)

25 50 25 50

Angular-resolved reflectance spectra mapping under TE- and TM-polarization pump when D = 200 nm (a); 400 nm (b); and

600 nm (c). In (a), positions 1 to 4 correspond to FP cavity mode, FP-like mode, TPP-like mode, and FP cavity mode, respectively. In
(b),(c), positions from 1 to 4 correspond to the same modes. The black dashed lines show the shifting of different modes.
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variations in D can be detected by monitoring the spectral
optical response of the structure.

Figure 8(a) shows the reflectance spectra of the struc-
ture for various values of D. We observe that the variation
of D almost has no influence on the TPP mode, but the FP
mode shifts to longer wavelengths over a large range as D
increases. Figure 8(b) plots the change of the FP mode’s
central wavelength, A, as a function of the correspond-
ing strain parameter, R = AD/L (L is the total length of
the device). A near-to-linear relationship between R and A
is observed. Here, we assume that the strain occurs only
in the material bounded by the DBR regions. This is a
valid approximation for cases where the medium between
the DBRs has a small Young’s modulus compared to the
materials forming the DBRs, as the case studied here. The
calculated sensitivity (S = AA/AR) reaches 1.77 pm/ue,
which ranks the present structure among the most sensi-
tive strain sensors when compared with those reported in
the literature [52—56].
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FIG. 8. Sensing performance of the strain sensor: (a) typical
reflectance spectra with different values of D, the red dashed
arrow indicates the shifting of the spectrum; (b) the shift of the
FP mode as a function of the strain.

VI. CONCLUSIONS

In summary, we propose a 1D photonic crystal het-
erostructure design, which favors the strong coupling
between the TPP and FP modes. Since the coexistence of
those types of resonances, such strong interaction supports
multichannel light trapping and strong field localization, as
well as some other interesting phenomena including mode
hybridization, energy exchange channels, and improved
light-absorption performance of the system. The strong
coupling between the TPP and FP modes enables a remark-
able frequency splitting up to 9.298 meV. More signif-
icantly, through the characterization of angular-resolved
reflectance spectra mapping, we find the coupling between
the TPP and FP modes can be dynamically tuned by
modifying the physical parameters of D, and D.

The proposed structure also allows us to completely
investigate the TE-TM splitting, the results indicate that
only the FP-like mode and FP cavity mode display split-
tings with the changing of incident angle, no splitting is
observed for TPP-like mode, which is caused by the cou-
pling nature between those modes and excitation light.
The observation is very significant for the investigation of
channeling of polaritons below metallic structure caused
by the hybridization of the Tamm states and cavity polari-
tons [57]. Furthermore, the TE-TM splitting increases with
the incident angle, and the increases of Dy and D drive the
onset of splitting to shift to small angles.

We also explore the strain-sensing capabilities of this
structure by monitoring the spectral shift of the supported
optical modes as a function of the distance between the two
DBR stacks. We show that the structure exhibits a large
sensitivity of 1.77 pm/ue, which ranks among the high-
est values reported. Thus, the proposed structure could be
promising for developing highly accuracy integrated force
Sensors.
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