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Abstract: Tamm plasmon polaritons (TPPs) arise from electromagnetic resonant phenomena
which appear at the interface between a metallic film and a distributed Bragg reflector. They
differ from surface plasmon polaritons (SPPs), since TPPs possess both cavity mode properties
and surface plasmon characteristics. In this paper, the propagation properties of TPPs are
carefully investigated. With the aid of nanoantenna couplers, polarization-controlled TPP waves
can propagate directionally. By combining nanoantenna couplers with Fresnel zone plates,
asymmetric double focusing of TPP wave is observed. Moreover, radial unidirectional coupling
of the TPP wave can be achieved when the nanoantenna couplers are arranged along a circular
or a spiral shape, which shows superior focusing ability compared to a single circular or spiral
groove since the electric field intensity at the focal point is 4 times larger. In comparison with
SPPs, TPPs possess higher excitation efficiency and lower propagation loss. The numerical
investigation shows that TPP waves have great potential in integrated photonics and on-chip
devices.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Surface plasmon polaritons (SPPs) are electromagnetic waves propagating at the interface between
a dielectric and a conductor, being confined evanescently in the direction which is perpendicular to
the propagating surface. Owing to their high optical state confinement and large electromagnetic
field enhancement, optical field manipulation using SPPs has been intensively investigated.
Optical devices based on SPPs have been applied in a wide range of fields, including plasmon
waveguides [1,2], surface enhanced Raman scattering [3,4], surface enhanced fluorescence [5,6],
enhancement of nonlinear process [7,8], high-sensitivity sensing [9,10], super-resolution imaging
[11,12], on-chip data processing [13,14], and plasmonic tweezers [15,16]. However, conventional
SPPs have a few drawbacks. For instance, its excitation efficiency is not sufficiently high in
certain applications. Moreover, SPPs suffer from severe propagation loss, which limits their
applications in sensing and waveguides.

Tamm plasmon polaritons (TPPs), on the other hand, are a type of electromagnetic resonances
which appear at the interface between a metallic film and a distributed Bragg reflector (DBR)
[17-22]. Compared to SPPs, TPPs possess many intriguing characteristics. In TPPs, confinement
of the optical field is achieved through total internal reflection and interferences in quasiperiodic
structures of DBR [17]. TPPs can be excited by both transverse magnetic (TM) and transverse
electric (TE) polarized light [18,19]. In addition, TPPs possess both cavity mode property
derived from the Bragg gratings and surface plasmon characteristics [21]. TPPs present relatively
low losses, resulting in sharper coupling resonance peaks and longer propagation distances in
comparison with conventional SPPs [22]. These features endow TPPs with extra advantages, and
their applications in different fields have been investigated. For example, confined TPPs under
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metallic microdisks have been applied to control spontaneous emission of single quantum dots
[17]. TPPs have been applied to enhanced nonlinear optical effects, such as second-harmonic and
third-harmonic generation enhancement [22—-24]. In addition, confined TPP mode and hybrid
TPP/SPP mode have been applied as surface-emitting lasers [21,25], perfect light absorbers
[26-29], narrowband thermal emitters [30-32], refractive index sensors [33—35], and narrow
bandpass filters [36]. To our knowledge, however, all of the former studies merely focus on the
confined cavity mode property of TPPs, while surface propagation characteristics of TPPs has
hardly been explored.

In this paper, we numerically investigate the generation and propagation properties of TPPs.
TPPs are successfully excited on a structure which consists of a silver film, DBR multilayers and
a dielectric substrate. The propagation properties of TPPs are carefully studied by introducing
nanoantennas in the structure. With the aid of nanoantenna couplers, TPP waves can propagate
directionally under incident light with different polarizations. By combining nanoantenna
couplers with Fresnel zone plates, asymmetric double focusing of TPP wave is observed. Radial
unidirectional coupling of TPPs can be achieved when the nanoantenna couplers are arranged
along a circular or in an Archimedes spiral shape, which show superior focusing ability compared
to a single circular or spiral groove since the electric field intensity at the focal point is 4 times
larger. Our results show that TPPs possess higher excitation efficiency and lower propagation
loss than SPPs. TPPs can be a promising supplement to SPPs in near-field manipulation of light.
The numerical investigation of TPPs shows that TPPs can be potentially applied in polarization
state analysis, chiral structure detection, integrated photonics, and on-chip device design.

2. Principle and modeling

The proposed structure for generating TPPs is schematically sketched in Fig. 1(a). This system
consists of three parts: a silver film (top), DBR multilayers (middle) and a dielectric substrate
(bottom). The DBR multilayers are composed of ten pairs of alternating TiO,/SiO, layers with
a TiO, spacer on the top. The refractive indexes of TiO, and SiO, were set as n, =2.37 and
ny = 1.45, respectively. The refractive index of the dielectric substrate should be high enough to
excite high-order modes [27,37,38], so it was set as ng =2.00. The thicknesses of alternating
TiO; and SiO; layer in each unit were set as dp = 56.2 nm and d; =91.9 nm, which satisfies the
Bragg conditions (ny, - dy, = ny -d; = 1/4) [39]. The thicknesses of the silver film and TiO, spacer
were set as dag = 50 nm and dypacer = 70 nm. Although we only perform numerical simulations in
this study, we would like to propose the possible process to fabricate this structure. The dielectric
multilayers can be fabricated via plasma-enhanced chemical vapor deposition of SiO; and TiO,
on a dielectric substrate [40]. The 50-nm-thick Ag film can be deposited onto the multilayers
via electron-beam evaporation with a 5-nm Ge adhesion layer [41]. The structures of nanoslits
can be fabricated using focused ion beam milling [41]. The dielectric function of silver was
calculated through the Drude model
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where high-frequency constant £, = 3.4, plasma frequency w, =1.39 x 10'®rad/s, and scattering
rate y = 2.7 x 1013 rad/s [42,43]. The structure was illuminated by a plane wave from the bottom.
Finite element methods (FEM) were employed to numerically calculate the absorption and
reflection spectra as well as electric field distribution of this structure. Perfectly matched layer
(PML) boundary conditions were utilized on all sides in simulations. A global mesh of A/10
is applied to the entire structure, and an additional mesh of A/20 is applied to the region of
nanoslits. The monitor was placed at the Ag/DBR interface. In our study, the working wavelength
A was chosen as 633 nm. The xz-plane electric field distribution of this structure under normal
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incidence is shown in Fig. 1(b). The real part of refractive index of the structure is also plotted
for comparison. The electric field reaches maximum at the position which is 45 nm below the
Ag/DBR interface, and decays gradually and periodically within the DBR multilayers. The
confinement of energy at the Ag/DBR interface reveals the successful excitation of TPP mode.
TPP mode can be understood using the Fabry-Perot cavity resonance model [18]. In this model,
TPP mode is treated as travelling light which is resonantly trapped between two imaginary
cavity mirrors, as schematically illustrated in Fig. 1(c). By using the transfer matrix method,
the resonance condition can be obtained by solving the eigenmode equation for the field at
metal/DBR interface as

Tm * TDBR - €Xp(2id) = 1 2
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Fig. 1. The structure for generating TPPs. (a) Schematic of the structure which is composed
of a Ag film (top), DBR multilayers (middle) and a glass substrate (bottom). The red arrow
represents the incident beam; (b) The xz-plane electric field distribution of the structure
(left) and real part of refractive index of the structure (right) under normal incidence. The
blue curve refers to the electric field. The green dashed line indicates the position of the
Ag/DBR interface; (c) Schematic illustration of the Fabry-Perot cavity resonance model for
TPP mode; (d) Reflection spectra of the DBR multilayers and TPP structure under normal
incidence; (e) Dispersion relation of the structure described by absorption as a function of
n-sinf under the incident light with TE polarization. The white dashed line indicates the
wavelength of 633 nm. (f) Dispersion relation of the structure described by absorption under
TE polarized incidence with a finer scale. (e) and (f) share the same color scale bar. The red
arrow indicates the position of the dominant high-order mode.

Therefore, the phase of the TPPs should satisfy
Arg[ry, - rppr - exp(2i6)] = 2mn 3)

where r, and rppr are the amplitude reflection coefficients for the propagating wave at metal side
and at DBR side, respectively. ¢ refers to phase shift of the wave propagating across the cavity,
and m represents the order of the TPP mode (m=0, 1, 2...). In our study, the DBR structure
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is designed with an energy bandgap over the range of [1.899, 2.749] eV and the bandgap is
centered at the energy Eppr =2.324 eV (533.5nm), as shown in Fig. 1(d). When a metallic layer
is deposited on the DBR multilayers, the TPP mode appears as a dip in the reflection spectrum
with an energy given by [17]

Eppr
E = (C))
Tamm 1+ UEDBR/Eplasma
nh—n
g =2l 5)

e

where ny, and n; are the refractive indices of the DBR multilayers, p is the background dielectric
constant, and Epjasma is the plasma energy of the metal. With the presence of a silver film, the
TPP mode energy is calculated to be Epymm = 1.957 €V (633.4 nm), which is consistent with the
simulated result (Fig. 1(d)). Figure 1(e) shows the dispersion relation of this structure described
by absorption as a function of n-sinf under the incident light with TE polarizations, where n and
6 refers to the refractive index of the substrate and the incidence angle, respectively. Figure 1(f)
also shows the dispersion relation of this TPP structure under TE polarized incidence but with a
finer scale to present the results more clearly. According to the dispersion relations, there are
multiple modes excited on this TPP structure, while the dominant one is the high-order mode
which lies in the position where n-sinf = 1.525 (as indicated by the red arrow in Fig. 1(f)). This
is the reason for choosing high-refractive-index substrate, otherwise the high-order mode cannot
be excited. In addition, the slope of the high-order mode in Fig. 1(f) is proportional to the group
velocity of the propagation mode. More details of this high-order mode will be discussed in the
following part.

3. Results and discussion

In order to perform near-field manipulation of TPPs, nanoantennas are introduced in the TPP
structure. Introducing nanoantennas have two advantages, it can facilitate the excitation of
high-order mode owing to scattering and can control the direction of the propagation wave.
Nanoantennas are not necessary to excite the high-order mode, because the high-order mode
of the TPP structure can be excited under the incidence of plane wave at a specific angle. But
nanoantennas do facilitate the excitation of high-order mode owing to scattering, since the
incidence angle will not be limited. In this study, the nanoantennas are designed as rectangular
nanoslits within the silver film. The length, width and height of the nanoslits were set as 200 nm,
40 nm and 50 nm, respectively. The TPP structure was illuminated by a plane wave from the
bottom at normal incidence. The xz-plane electric field distribution of the structure with a nanoslit
is shown in Fig. 2(a). The electric field reaches maximum near the Ag/DBR interface, which is
similar to the electric field distribution shown in Fig. 1(b) except that there is propagating wave
at the Ag/DBR interface. To confirm whether the propagation wave corresponds to the dominant
high-order mode, we calculate the effective wavelength of the high-order mode as follows

Ao
nsing

(6)

where Ay is the wavelength of the incident light (633 nm). A.g is calculated as 415 nm when
n-sinf = 1.525 (as indicated by the red arrow in Fig. 1(f)). The wavelength of 415 nm is consistent
with the wavelength calculated from the phase profile as shown in Fig. 2(b) and Fig. 2 (c), which
indicates that it is the high-order TPP mode (Atpp =415nm). Figure 2(b) and Fig. 2(c) show
the H, components at the xy plane launched by a single nanoslit with orientation of 45° (b) and
135° (c), respectively, under left circularly polarized (LCP) incident light. The target xy plane
is the Ag/DBR interface. It shows that a high-aspect-ratio nanoslit can be treated as a dipole
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source oscillating along its long axis, which selectively scatters incident light with polarizations
perpendicular to its orientation [44]. The electric fields launched by these two nanoslits possess
a phase difference of m/2 determined by their orientation angles [45,46]. In contrast, the phase
difference of the electric fields launched by these two nanoslits changes to —m/2 under right
circularly polarized (RCP) incident light.
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Fig. 2. TPP structure with a single nanoslit. (a) The xz-plane electric field distribution of
the structure with a nanoslit under normal incidence. (b,c) The H; components at the xy
plane launched by a nanoslit with orientation of 45° (b) and 135° (c) under LCP excitation.
(b) and (c) share the same color scale bar.

Each single nanoslit can be treated as a dipole source. By superposing electric field generated
from each dipole source, the overall electric field can be obtained. The overall electric field
generated by the nanoantenna array can be expressed as

N
E) = iwpo ), G, Fa)p( - F)e™®" )
m=1

where w is the angular frequency of the incident light, o is the free-space permeability, N is the
number of nanoslits. G(7, 7,,) is the Green dyadic tensor. p(7 — 7,,) represents a dipole located at
position 7,,. The phase term ¢,, denotes the relative phase difference between dipole sources.
Equation (7) shows that the amplitude and phase of the electric field launched by the nanoantenna
array can be tuned by changing the tilt angle of the nanoslits. Specifically, we consider the field
distribution generated by a pair of nanoantennas consisting of two nanoslits with orientations of
135° and 45°, as shown in Fig. 3(a). By using the quasi-plane wave approximation, the electric
field at the dashed line launched by the nanoantenna pair under LCP excitation can be expressed

as
Epune = E1691 + E2e 192 = E1*0HD 1 |y ot ®

where k is the wavevector of the TPP wave, Eplane is the electric field at the target plane, E 1 and
E, are the electric field generated by the line-1 nanoantenna array and line-2 nanoantenna array,
respectively. s is the distance between line 1 and line 2, and L is the distance between line 2 and
target dashed line. As mentioned above, the electric field launched by nanoslits oriented at 135°
and 45° has a phase delay of —mt/2, which means

E] = Eze_i% = Eoei(le_i% (9)
where E( and « are the initial amplitude and phase of electric field. Equation (8) can therefore be
simplified as
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where Atpp is the effective wavelength of the TPP wave. According to Eq. (10), the construc-
tive interference can be observed when s=(n+ 1/4)Arpp (n=0, 1, 2...), and the destructive
interference can be observed when s = (n + 3/4)Atpp. Schematic of the TPP structure with chiral
nanoantenna array is shown in Fig. 3(b). In this nanoantenna array, s was set as 5/4 Atpp, and
the y-axis distance d between two nanoslits was designed as 300 nm. The distance between two
adjacent double-line was set as 2 Atpp, and the nanoantenna array consisted of 9 double-line
nanoantenna pairs. The electric field intensity (]E|?) launched by the nanoantenna array under
LCP and RCP incident light are shown in Fig. 3(c) and 3(d), respectively. It can be clearly
observed that most of the energy is scattered to the right (left) side under LCP (RCP) excitation,
which is consistent with the former theoretical analysis. The results show that the designed
nanoantenna array is sensitive to the polarization states of the incident light, and the propagation
direction of the TPP wave can be precisely controlled.
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Fig. 3. TPP structure with chiral nanoantenna array. (a) Schematic of the double-line
nanoantenna array; (b) Schematic of the TPP structure with chiral nanoantenna array; (c,d)
Electric field intensity (|E |2) distribution launched by the nanoantenna array under LCP (c)
and RCP (d) incident light. (c) and (d) share the same color scale bar.

As a comparison, the propagation behavior of SPPs is also investigated. The structure for
generating SPPs is schematically sketched in Fig. 4(a). This structure consisted of an Ag film
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(top) and a glass substrate (bottom). This structure was illuminated by a plane wave from the
bottom at normal incidence. The target xy plane is the top surface of this SPP structure. The
thickness of the Ag film was set as 50 nm, which is the same with the TPP structure. The nanoslits
with the same dimensions are also introduced within the Ag film. In the nanoantenna array,
the distance between two lines with different orientations was set as 5/4 Aspp, and the distance
between two adjacent double-line was set as 2 Agpp. Aspp is the effective wavelength of the SPPs,
which can be calculated as [44]

/lspsze{Zn/(s)—o /8:“%)} )

where g4 and &y, are the dielectric constant of the air and the Ag film, respectively. Please note
the target interface is the Ag/air interface instead of the Ag/glass interface. Aspp is calculated
to be 610nm. The electric field intensity launched by the nanoantenna array under LCP and
RCP incident light are plotted in Fig. 4(b) and 4(c), respectively. Similarly, most of the energy is
scattered to the right (left) side under LCP (RCP) excitation. Furthermore, dispersion and loss of
propagation wave (including SPPs and TPPs) can be characterized using the propagation length.
The propagation length Lj, is defined as the energy decay length for wave propagating along the
surface or the interface. The electric field intensity at position x along the propagation direction
can be expressed as [47]

I = Ipe™/t (12)

where I is the initial electric field intensity. The propagation length L, of SPPs and TPPs is
calculated by fitting the electric field intensity profiles, as plotted in Fig. 4(d) and Fig. 4(e).
The electric field intensity profiles are calculated by averaging the intensity along the y axis.
The fitting equation for TPPs is ITpp = 1.386*exp(-x/12.235), and the fitting equation for SPPs
is Ispp = 0.684*exp(-x/8.405). The fitting coefficient R* for these two fittings are both over
0.97. The initial electric field intensity of TPPs (1.386) is twice as large as that of the SPPs,
which indicates that the excitation efficiency of TPPs is much higher than that of SPPs. The
high excitation efficiency of TPPs is derived from the interference of light reflected by different
dielectric interfaces. In addition, the two fitting equations were normalized for comparison,
as shown in Fig. 4(e). It clearly shows that the propagation length of TPPs (12.235 um) is
approximately 1.5 times larger than that of SPPs (8.405 um). The large propagation length
arising from the low loss property of TPPs is favorable for applications such as sensing and
waveguides. Considering that the effective wavelength of TPPs (415 nm) is smaller than that
of SPPs (610 nm), the effective propagation length (the ratio of propagation length to effective
wavelength, Ly/Ae) of TPPs (29.48) is 2.14 times larger than that of SPPs (13.78). The twofold
increase in the effective propagation length means that more complex processing can be used
without the need for additional amplification. Taken together, TPPs exhibit superior propagation
properties compared to SPPs in higher excitation efficiency and lower propagation loss. Therefore,
TPPs can be a promising supplement for SPPs in near-field manipulation of light.

Combining the Fresnel zone plate (FZP) and the nanoantenna array together, polarization
controlled focusing of TPP wave can be achieved. By arranging the y-axis position of the
nanoslits according to the radius profile of the FZP, the focal length of the TPP wave can be
precisely controlled. The radius profile of the FZP can be expressed as [48]

m?
Rm = mf/lTPP + TATPP (13)

where m describes each radius of the FZP (m=1,2,3...), and f refers to the focal length. Ry,
should be larger than the distance between the neighboring nanoantennas, so the curvature of the
circular FZP zone can be ignored. The FZP is integrated with the nanoantenna array by removing
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Fig. 4. SPP structure with chiral nanoantenna array. (a) Schematic of SPP structure which is
composed of an Ag film (top) and a glass substrate (bottom). This structure was illuminated
by a plane wave from the bottom; (b,c) Electric field intensity distribution launched by the
nanoantenna array under LCP (b) and RCP (c) excitation. (b) and (c) share the same color
scale bar. (d) Electric field intensity as a function of the propagation length for TPPs and
SPPs. (e) Normalized fitting equations as a function of the propagation length for TPPs and
SPPs. The blue dashed line indicates the intensity of 1/e.

the nanoslits falling within the region of R;—R|, R4—R3, R¢—Rs, etc [48]. Figure 5(a) shows the
electric field intensity launched by the FZP nanoantenna array under LCP excitation. Most of
the energy is scattered towards the right side, and TPP wave is efficiently focused with a focal
length of 15 um. For the same structure, TPP wave is focused at the left side with the same focal
length under RCP excitation due to the symmetry. The focal length can be precisely controlled
by adjusting the parameters of the FZP nanoantenna array according to Eq. (13).

Although the FZP nanoantenna array mentioned above could achieve directional focusing of
the TPP wave, however, the right-side and left-side focal lengths are always the same. To obtain
double focusing of the TPP wave with different focal lengths, a hybrid FZP nanoantenna array
is employed. The key idea is to discover three different types of nanoantenna pairs which can
launch TPP wave to left side, right side and bidirectional side. As discussed above, TPP wave
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Fig. 5. FZP nanoantenna array. (a) Electric field intensity distribution launched by the
designed FZP nanoantenna array under LCP excitation. The black dashed line indicates the
position of the focal length. The color scale bar is normalized; (b) Schematic of the three
different types of nanoantenna pairs; (c) Schematic of the design principle of the hybrid FZP
nanoantenna array; (d,e) Electric field intensity distribution launched by the hybrid FZP
nanoantenna array under LCP (d) and RCP (e) excitation. The black dashed lines indicate
the positions of the focal length. (d) and (e) share the same normalized color scale bar.



Research Article Vol. 31, No. 5/27 Feb 2023/ Optics Express 7330 |
Optics EXPRESS A N \

launched by a pair of nanoslits with orientations of 135° and 45° can propagate to the right side
under LCP excitation. Symmetrically, TPP wave launched by two nanoslits with orientations of
45° and 135° can propagate to the left side. As Fig. 5(b) shows, under LCP excitation, the type-A,
type-B and type-C nanoantenna pairs can launch TPP wave to the right side, left side and both
sides, respectively. The design principle of the hybrid FZP nanoantenna array is illustrated in
Fig. 5(c). For the focal length towards right side f| and the focal length towards left side f5, the
corresponding y-axis positions of these nanoantenna pairs (R, (|f1|) and Ry, (|f2|)) are calculated
according to Eq. (13). The absolute value of the focal lengths (|f| and |f7|) is determined by the
y-axis position of the nanoantenna pairs, while the direction of the focal point (left side or right
side) is determined by the types of nanoantenna pairs. As Fig. 5(c) shows, type-A nanoantenna
pairs with focal length f are placed in blue region, type-B nanoantenna pairs with focal length f»
are placed in red region, and type-C nanoantenna pairs are placed in overlap region. Figure 5(d)
shows the electric field intensity launched by the hybrid FZP nanoantenna array under LCP
excitation. The focal lengths at right side and left side are 20 um (f;) and 12 um (f>), respectively.
It presents an asymmetric focusing behavior. On the other hand, under RCP excitation, the TPP
waves launched by the type-A and type-B nanoantenna pairs switch to left side and right side,
respectively. As a result, the focal lengths at right side and left side of the same structure can be
switched by simply changing the polarization of the incident light from LCP to RCP, as shown in
Fig. 5(e). The results prove that asymmetric double focusing of the TPP wave can be achieved
by designing the parameters of the hybrid FZP nanoantenna array. The proposed manipulation
method can be potentially applied in plasmonic switches, tunable lenses and optical sensing.

Radial unidirectional coupling of TPP wave can be achieved by arranging the nanoantenna
pairs along a circular shape. As Fig. 6 shows, the nanoantenna pairs were placed with an angular
interval of 5° and the radius of the circle was set as 4 um. Under LCP excitation, TPP wave
launched by the circular nanoantenna array can propagate outward (Fig. 6(a)), and the field
intensity approaches zero within the circle. Under RCP excitation, TPP wave can propagate
radially toward the center of the circle (Fig. 6(b)). The distances from each nanoantenna pairs to
the center are all the same, so the phase differences of the electric filed at the center is identical.
As aresult, there is a bright focal point at the center together with several standing waves within
the circle. As comparison, the electric field intensity launched by a single circular groove under
LCP (Fig. 6(c)) and RCP (Fig. 6(d)) excitation are the same since the circular groove is achiral.
In these cases, the energy of the electric field propagating inward and outward is equal, so the
electric field intensity (|E|?) at the focal point is only 1/4 to the electric field intensity launched by
circular nanoantenna pairs. In other words, circular nanoantenna pairs exhibit superior focusing
ability compared to a single circular groove since the electric field intensity at the focal point
is 4 times larger. By replacing the single circular groove into a circular nanoantenna array, the
handedness of the incident light can be clearly distinguished and the electric field intensity at the
focal point can be remarkably enhanced.

The near-field manipulation of TPP wave can be further generalized by adding more chiral
element into the nanoantenna array. Archimedes spiral is a typical type of chiral structures which
has been used as polarization analyzer [49-52]. As Fig. 7(a) shows, the nanoantenna pairs are
arranged along a left-handed Archimedes spiral shape, and the symmetry axes of the nanoantenna
pairs (the red dashed line) are perpendicular to the radial direction of the spiral. The position of
each nanoantenna pair is defined as (in polar coordinate)

6
r=ry+ ndrpp - ﬂ (14)

where r is the distance from the central point O to the nanoantenna pair, ry is the starting distance,
6 is the azimuthal angle, and n is a positive integer number (n=1,2,3...). In this study, the
nanoantenna pairs were placed with an angular interval of 6°, ro was set as 2.2 um, and n was
chosen as 3. The electric field distribution near the center of the spiral nanoantenna array is
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Fig. 6. Circular nanoantenna array. (a,b) Electric field intensity distribution launched by
the circular nanoantenna array under LCP (a) and RCP (b) excitation; (c,d) Electric field
intensity distribution launched by the single circular groove under LCP (c) and RCP (d)
excitation. (a—d) share the same normalized color scale bar.

theoretically analyzed. As Fig. 7(b) shows, for the nanoantenna pair with the coordinate (r, 6),
the electric field of the incident light in xy plane can be decomposed as

Eo = Eycos(¢ — 0)ii + Eg sin(p — 0)v (15)

where ¢ is the polarization angle, u is the component of E that is perpendicular to the symmetry
axis (blue dashed line) of the nanoantenna pairs, and v is the component of E, that is parallel to
the symmetry axis. Since only the component perpendicular to the symmetry axis can excite
TPP wave that reach the center, we focus on the u component. Thus, the electric field near the
center can be approximately written as (in cylindrical coordinate (p, @, z)) [52]

Ei(p,@,z) = Egcos(¢ — H)e*’(ze"[*"*zT""'(ﬁﬁ)]ﬁ (16)

where 7 is a unit vector, @(6) describes the additional phase introduced by the incident light, and
@D(0) = +0 for the circularly polarized light. ETpp is the wavevector of the TPP wave, and « is the
damping factor along z axis.

The total electric field at the center of the spiral nanoantenna array is the superposition of
the radiation from each single nanoantenna pair. When the number of nanoantenna pairs is
large enough, the sum can be substituted by an integral. Under the circularly polarized light
illumination, the polarization angle ¢ = 0, and the electric field at the center can be approximately
calculated as

E(p’ CL’,Z) — Eoe—Kz+kTppr0 fei[(lil)g—k'[‘ppp cos(a/—G)]dg
| a7
— 6ﬂEOe—Kz+kTppr0el(lrl)aJlil(kTPPp)
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Fig. 7. Spiral nanoantenna array. (a) Schematic of the spiral nanoantenna array; (b)
Schematic of the radiation from a single nanoantenna pair; (c,d) Electric field intensity
distribution launched by the type-1 spiral nanoantenna array under LCP (c) and RCP (d)
excitation; (e,f) Electric field intensity distribution launched by the type-2 spiral nanoantenna
array under LCP (e) and RCP (f) excitation; (g,h) Electric field intensity distribution launched
by the single spiral groove under LCP (g) and RCP (h) excitation. (c—h) share the same
normalized color scale bar.

where J . is the zero-order (1-1) or the second-order (1 + 1) Bessel function. J, and Jy
correspond to the LCP and RCP excitation, respectively. Equation (17) indicates that the electric
field distribution is strongly dependent on the polarization of the incident light. The electric
field intensity launched by two types of spiral nanoantenna array is shown in Fig. 7(c—f). For
type-1 spiral nanoantenna array, the initial nanoantenna pair (6 = 0) consists of two nanoslits
with orientations of 135° and 45° (Fig. 7(c,d)). For type-2 spiral nanoantenna array, the initial
nanoantenna pair consists of two nanoslits with orientations of 45° and 135° (Fig. 7(e,f)). The
electric field intensity approaches zero within the spiral for type-1 nanoantenna array under LCP
excitation (Fig. 7(c)) and for type-2 nanoantenna array under RCP excitation (Fig. 7(f)). There is
a bright focal point at the center of the spiral for type-1 nanoantenna array under RCP excitation
(Fig. 7(d)), which corresponds to the Jy focus. There is a bright irregular circle around the
center for type-2 nanoantenna array under LCP excitation (Fig. 7(e)), which corresponds to the
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J>. These simulation results match well with our theoretical analysis. In contrast, a single spiral
groove exhibits tighter focus under RCP excitation (Fig. 7(h)) than that under LCP excitation
(Fig. 7(g)). However, the electric field enhancement around the center is relatively low in the
case of single spiral groove. In comparison with the single spiral groove, spiral nanoantenna
array is able to discriminate the polarization states of incident light more clearly and achieve
directional focusing of TPP wave more efficiently.

4. Conclusion

In summary, the generation and propagation properties of TPPs are numerically investigated
in this study. TPPs are successfully excited on a structure which consists of a silver film,
DBR multilayers and a dielectric substrate. The propagation property of TPPs is explored
by introducing different nanoantennas within the Ag film. With the aid of nanoantenna pairs
consisting of two nanoslits, TPP wave can propagate directionally under incident light with
different circular polarizations. By combining nanoantenna array with FZP, asymmetric focusing
and asymmetric double focusing of TPP wave is observed. In addition, radial unidirectional
coupling of TPP wave can be achieved when the nanoantenna couplers are arranged along a
circular shape or a spiral shape, which can discriminate the incident polarization states clearly and
present superior focusing ability compared to a single circular or spiral groove since the electric
field intensity at the focal point is 4 times larger. In comparison with SPPs, TPPs exhibit superior
propagation property such as higher excitation efficiency and lower propagation loss. Taken
together, TPPs can be a promising supplement to SPPs in near-field manipulation of light. The
numerical investigation of TPPs shows that TPPs present considerable potential in applications
for polarization state analysis, chiral structure detection, integrated photonics, and on-chip device
design.
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