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A compact frequency selective stop-band splitter by using
Fabry—Perot nanocavity in a T-shaped waveguide*
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By utilizing a Fabry—Perot (FP) nanocavity adjacent to T-shaped gap waveguide ports, spectrally selective filtering is
realized. When the wavelength of incident light corresponds to the resonance wavelength of the FP nanocavity, the surface
plasmons are captured inside the nanocavity, and light is highly reflected from this port. The resonance wavelength is
determined by using Fabry—Perot resonance condition for the nanocavity. For any desired filtering frequency the dimension
of the nanocavity can be tailored. The numerical results are based on the two-dimensional finite difference time domain
simulation under a perfectly matched layer absorbing boundary condition. The analytical and simulation results indicate
that the proposed structure can be utilized for filtering and splitting applications.
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1. Introduction

Surface plasmon polaritons (SPPs) are a special kind of
electromagnetic field, which are confined in the interface be-
tween metal and dielectric. SPPs propagate along the interface
with an exponentially decaying field in both sides.!'! The most
interesting property of SPPs is that they are not constrained
by optical diffraction limit.?! Therefore, SPPs are considered
as one of the most promising ways for overcoming the diffrac-
tion limit at subwavelength scale.l*! Recently, many plasmonic
devices for light control were theoretically and/or experimen-
tally demonstrated.*-°! Because of the strong localization, low
bend loss and easier fabrication procedure, metal-dielectric—
metal (MDM) configuration has attracted much attention. To
date, several novel plasmonic waveguides-based MDM struc-
tures such as U-shaped,!'?! T-shaped splitters,'' ! and Y-shaped
combiners and splitters have been proposed.!'?!

A light splitter, which can divide light into several
channels, is a vital component for nanophotonic integrated
circuits.'"'?l The simplest splitter is a T-shaped splitter,
which identically splits light power in the whole frequency
range through the ports. Proportional power splitting through
the desired ports has been reported by changing the ports
width.[13141 Otherwise, an SPP ring resonator and SPP cou-
pler structure have realized the spectrally selective light split-
ting numerically and experimentally in Refs. [13] and [14].
However, finding a compact structure for spectrally selective
splitting has been quite a challenge. Qi et al!'!l proposed a
T-shaped splitter with engraved periodic grooves inside the
port as a frequency splitter, which for desired frequencies the
period, width, and thickness of the grooves can be adjusted.
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Gong et al'3! numerically demonstrated that spectral splitting
could be obtained by drilling nanocavities at each port. The di-
mensions of the nanocavities can be tailored to tune the desired
splitting through the ports. Despite the aforementioned struc-
ture, realizing more functional and practical splitters each with
a lower loss, higher transmissivity and compact dimension is
still under study.

In this paper, a new kind of compact T-shaped MDM
splitter with embedded Fabry—Perot cavity adjacent to the out-
put port is proposed and analyzed. For the resonance wave-
length of the cavity, light can be reflected from the port. The
resonance wavelength is calculated by using the FP resonance
condition for the nanocavity. The physics behind this filtering
is explained by using the FP resonator and effective refrac-
tive index concept. The spectral filtering can be achieved for
any desired frequency by tuning the effective refractive index.
The finite-difference time-domain (FDTD) simulation with a
perfectly matched layer (PML) absorbing boundary condition
is employed as a numerical tool. Due to its compact dimen-
sion and simple configuration, this device can be utilized in
nanophotonic integrated circuits.

2. Structure and theoretical analysis

The point is how to control the SPPs propagating through
the splitter. In order to make the generated SPPs travel or stop
along the ports, we place a nanocavity next to the port. First,
the case of a nanocavity close to the left port is considered.
Figure 1 shows the schematic of the proposed structure. w, wy,
h, and g denote the slit width, nanocavity width, nanocavity
length, and the coupling distance between port and nanocav-
ity, respectively.
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Fig. 1. (color online) Schematic plot of the designed structure. The
input, output ports, and nanocavity have identical widths of w = w;| =
50 nm, the light is p-polarized and impinges from the bottom. The
nanocavity thickness, 7 = 500 nm, the distance between the nanocavity
and left port g is 20 nm. A, B are monitors to detect the transmission
fields.

It is clear to see from Fig. 1 that a metallic layer with a
slit makes a metal-dielectric—-metal waveguide. Surface plas-
mon polaritons (SPPs) are excited at the metal/dielectric (MD)
interface by p-polarized incident light. The only surface plas-
mon polariton mode surviving for all values of the slit is called
gap surface plasmon polariton (TMy mode). The complex
propagation constant 3 of TMy mode can be obtained by solv-
ing the dispersion relation.'>! The effective refractive index
of the metal—dielectric—metal waveguide can be expressed as
Negt = B/ ko, where kg is the vacuum wave vector. The depen-
dence of the effective refractive index on slit width is given by

the following equation!!3]

kO
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where w is the slit width, €, and &4 are the permittivities of

Neff ~

the metal and dielectric, respectively. The dielectric in the slit,
nanocavity and surrounding media are assumed to be all in
vacuum state (¢g = 1). The structure is considered as a silver,
of which the permittivity is characterized by the Drude model
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where @, = 1.34 x 10'® Hz and y = 2.12 x 10'* Hz, @, and y
are the bulk plasma frequency and damping frequency of the
oscillations respectively, @ is the angular frequency of the in-
cident electromagnetic radiation, and €. is the high-frequency
bulk permittivity with a value of 4.1.1% The effective refrac-
tive index for the cavity can also be obtained from Eq. (1). The
dependence of the refractive index on the slit or cavity param-
eters provides a way of controlling the SP propagation. The
real part of N provides phase retardation, which is an impor-
tant parameter for structure based on a Fabry—Perot resonator.
Figure 2 shows the relationship between the real part of N,
slit or cavity width and wavelength. N may be slightly varied
by changing the wavelength; however it strongly depends on
slit or cavity width. The effective refractive index decreases
by increasing the slit or cavity width. The imaginary part is
given by a = 41/ AoIm (Neg) , which represents the propaga-
tion loss coefficient. In the case of our study, we are only
concerned with the real part of Ng.

When the incident optical wave travels along the port,
parts of the wave are coupled into the nanocavity. A sta-
ble standing wave can only build up constructively within the
“cavity” when the resonant condition is satisfied. Based on
the principle of a resonant cavity, the resonant condition can

KO\ K0\ 2 2¢
gap gap 0 _ d
(K) <8d—8m+0.25 (K) B kgap = _W_Sm, (1)

be determined by the following equation:

22—nRe(Neff)h +A¢ =2mm, 3)
Am

where £ is the length of the nanocavity, Negr is the effective
refractive index of coupled-SPPs (waveguide mode) inside the
nanocavity, and A¢ is an additional phase shift experienced
by the fundamental mode. Positive integer m is the num-
ber of antinodes of the standing SPP wave. The resonant
wavelengths of the nanocavity can be obtained by rearranging

Eq. (3) as

B 2Re (Neff)h
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It can be seen from Eq. (4) that the resonance wavelengths
are all proportional to the length of the “resonant cavity” (h),
and the effective refractive index (Neg) is related to nanocav-
ity width (w;) via Eq. (1) and phase shift A¢. In Eq. (4) the
term of A@ /27 is very small. Moreover, the effective index of
the nanocavity segment also depends on the coupling strength
with the port. Therefore there is a relation between the effec-
tive index and the gap between the cavity and port, and the
resonant wavelength is dependent on the gap in some way.
First, second and higher resonance orders can be eas-
ily obtained by inserting m = 1, m = 2, and other higher or-
der quantities in Eq. (4). At the resonance wavelength, the
nanocavity resonance mode will be excited and the nanocav-
ity will trap the SPPs passing through the port. As a result, the
light propagation will be blocked through the port and light
will transmit solely through the remote port. This is a mecha-
nism of a spectral light splitter. The resonance wavelength can
be adjusted to desired wavelengths by changing the nanocavity
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parameters and coupling distance. The desired spectral plas-
monics splitter can be determined by proper geometrical pa-
rameters such as length, width of the nanocavity, and coupling

distance.
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Fig. 2. (color online) Dependence of real part of the effective refractive
index on slit width and incident wavelength.

3. Numerical results

To reveal the validity of the theoretical predictions, the
numerical tools using two-dimensional (2D) FDTD simula-
tion is employed to study the optical behavior of the struc-
ture. In the simulation, the spatial mesh steps are set to be
Ax = Az = 4 nm in order to keep the convergence, and the
time step is Ar = Ax/2c (c is the velocity of light in the vac-
uum). The calculated region is truncated by using perfectly
matched layer absorbing boundary conditions on the bound-
aries. To obtain a transmission profile, a normally incident
p-polarized plane wave, whose magnetic field component is
parallel to the slit (along the y direction), with a wavelength
of 632.8 nm impinging from the bottom is employed. The
widths of power monitors, as shown on Fig. 1, are set to be
wider than the port widths at points A and B to detect the elec-
tromagnetic fields. The incident power P, and the transmitted
power Py are calculated by integrating the normal component
of the time-averaged Poynting vector of Savg:% Re (E x H*)
where EE and H denote the electric and magnetic fields, re-
spectively. The transmission ratio is defined as T = Py /Py.
In the T-shaped splitter, the light propagating through the bot-
tom channel is equally divided into two beams and they enter
into the left and right ports, respectively. However, the inser-
tion of a nanocavity affects the light propagation and imposes
stop-band nature at the specific wavelengths. First, we con-
sider a single cavity and the geometrical parameters are set to
be wi =50 nm, 4 = 500 nm, w = 50 nm, and g = 20 nm. For
brevity, only the second order resonance mode is considered
in this work. From Eq. (4), the second order FP resonance
mode is located around 790 nm. Figure 3 shows the transmis-
sion spectrum of the structure with the wavelength-selective
characteristic of a typical filter. The minimum transmittance
occurs at a wavelength of 800 nm, which corresponds to the

second order resonance peak of the nanocavity. The third or-
der resonance mode can be seen on the transmission spectrum
as well. It is obvious from the transmission spectrum that the
transmission through the left port approaches to zero when the
resonance wavelength of the cavity is excited.

Transmission

5 7 9 1
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Fig. 3. (color online) Transmission profile of the left port as a func-
tion of wavelength. The minimum transmissions appear at 800 nm and
546 nm which correspond to second and third order resonance peaks,
respectively.
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Fig. 4. (color online) (a) Distribution of magnetic field |Hy|. The wave-
length of incident light is 800 nm; at this wavelength the nanocavity
stops SPPs propagating through the left port. (b) The Poynting field
along the x direction in the middle of the output port.

The distributions of magnetic field |H, | and Poynting field
|Sy| are shown in Fig. 4. When the wavelength of incident light
corresponds to cavity resonance mode, the cavity resonance
mode is excited and captures the SPs propagating through the
left port as predicted. The simulation result in Fig. 4(a) dis-
plays that the light is reflected from the left port and merely
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is guided through the right port. Figure 4(b) reveals the x-
component of the Poynting field |S,| along the x direction in
the middle of the output channel. It is obvious that the main
portion of the energy is transferred through the right port, how-
ever, the Poynting field amplitude decays along the left port
due to absorption loss.
The coupling distance between the nanocavity and port,
g, should be investigated in depth. To estimate this distance,
some considerations on the coupling distance should be per-
formed. The penetration depth of the SPPs in the metal is
given by
1 1/2

5m:%

g +é&4
2
gm

)

where €/ represents the real part of the metal permittivity.!!”]

The penetration depth differs slightly from the wavelength in
our working wavelength range. The penetration depth is ap-
proximately 30 nm for our structure. The taking of a value
smaller than 30 nm for the gap between port and nanocavity
provides the coupling between nanocavity and port. For this
reason, the gap between the nanocavity and port (g) is taken to
be 20 nm to insure the coupling. Our simulation also reveals
that for much smaller values of g the nanocavity and the port
couple strongly and weaken the “cavity” effect, which reduces
the output power. Due to the coupling effect, the nanocavity
should be located far from the output interface to prevent tun-
nelling effect.

Figure 5(a) shows the transmission spectra of the struc-
ture at different gaps, while the nanocavity width and length
are set to be 50 nm and 500 nm, respectively. Figure 5(b)
shows the second (m = 2) and third (m = 3) order resonance
wavelength dependence on the coupling distance. The reso-
nance wavelengths shift slightly toward a shorter wavelength
with gap increasing and the bandwidths become a bit narrower
at the same time. The phenomenon of gap-dependence of res-
onance wavelength can be attributed to the weak dependence
of the effective index on the gap. This is because Nes of the
region is different from that of the standard MDM waveguide.
The larger the coupling distance, the less the deviation from
the standard MIM waveguide is and the smaller the N is.
Moreover, the bandwidths of minimum points in transmission
profile become a bit narrower with g increasing, because a
large coupling distance results in a small coupling strength,
which will enhance the “cavity” effect due to the small amount
of energy coupled out of the nanocavity. Furthermore, by in-
creasing the gap, the transmission of resonance wavelength is
far from zero, owing to the fact that light trapping efficiency
of the cavity decreases with gap increasing.

Afterwards, the nanocavities with different widths ad-
jacent to both ports are introduced to obtain a splitter with
spectrally selective function in both directions as shown in
Fig. 6(a). Due to effective refractive index dependence on

nanocavity parameters, various nanocavities result in different
resonance modes. Therefore, any desired splitting frequency
can be obtained by utilizing various nanocavities. Here, the
widths of left and right nanocavity are considered to be 80 nm
and 40 nm, respectively. The lengths of the nanocavities are
both set to be 500 nm. The widths of input and output ports
are kept the same as the previous ones.
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Fig. 5. (color online) (a) Transmission spectra of the structure for dif-
ferent coupling distances, and (b) dependences of second and third peak
wavelengths on coupling distance.

Figure 6(b) shows the transmission spectra of the struc-
ture as a function of wavelength. The minimum transmittances
in the transmission profiles of left and right ports correspond
to nanocavities? resonance modes. Attention is paid to the
second order resonances for brevity. The explanation can be
easily generalized to other resonance orders. The second order
resonances for left and right nanocavities occur at 710 nm and
840 nm, respectively. Third order resonance mode can also be
seen in the transmission spectra. Figure 7 shows the distribu-
tions of magnetic field |H,| and Poynting field at the resonance
wavelength 710 nm. As seen from Fig. 7(a), at this wavelength
the resonance mode of the left nanocavity is excited and cap-
tures the SPPs. Therefore, the light transmission is blocked
through this port. However, light is guided through the right
port. The light intensity in the left port decays along the port as
shown in Fig. 7(b), which confirms the light is captured within
the cavity. Furthermore, the light intensity passing through the
right port is small compared with that in the non-cavity case,
which can be attributed to the loss effect in the presence of the
nanocavity.
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Fig. 6. (color online) (a) Schematic plot of spectrally selective splitter.
The nanocavity lengths are both set to be 500 nm, and w; = 80 nm and
wy =40 nm. The coupling distances between the nanocavity and port
are all 20 nm. (b) Transmission profile of the structure as a function of
wavelength. The minimum transmission points correspond to the res-
onance modes of nanocavities. The circle and square curves are the
outputs of left and right ports, respectively.
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Fig. 7. (color online) (a) Magnetic field |H,| distribution when the
wavelength of the incident light is 710 nm. At this wavelength, the
left nanocavity stops SPPs propagating through the left port, and (b)
Poynting field along the x direction in the middle of the output port.
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Fig. 8. (color online) (a) magnetic field |H,| distribution when the
wavelength of incident light is 840 nm. At this wavelength, the right
nanocavity stops SPPs propagating through the right port, and (b) the
Poynting field along the x direction in the middle of the output port.
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Fig. 9. (color online) (a) Distribution of magnetic field |Hy|. The wave-
length of incident light is 950 nm; for this wavelength, the nanocavities
do not affect SPPs travelling through the ports; (b) The Poynting field
along the x direction in the middle of the output port.
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Figure 8 shows the simulation result for the incident light
with a wavelength of 840 nm. As seen from Fig. 8(a), at this
wavelength, the resonance mode of the right nanocavity is ex-
cited and traps the SPPs; therefore, the light can be guided
only through the left port. The light intensity in the right port
is decaying as shown in Fig. 8(b), which means that the light
transmission is blocked through the right port.

For the rest of the wavelengths, the nanocavities do not
affect the splitting nature, each of which behaves as a regular
T-shaped splitter. The simulation result for one of the non-
resonance frequencies is shown in Fig. 9. The light beams
transmitting through the ports in the presence and the absence
of nanocavities are approximately identical. The small differ-
ence in throughput between the ports is due to the loss occur-
ring in the presence of nanocavities.

As mentioned before, for the wavelengths satisfying the
resonance conditions of the nanocavities via Eq. (4), the
nanocavities stop the light transmission, which enables us to
have a spectrally selective control of light transmission. It is
shown that the resonance wavelengths depend on effective re-
fractive index of the nanocavity, which is directly related to
the nanocavity parameters.

4. Conclusions

In this paper, an approach based on a Fabry—Perot res-
onator nanocavity for spectral splitting is suggested. The light
is captured within the cavity when the wavelength of incident
light satisfies the nanocavity resonance condition. For the rest
of the wavelength spectra, the presence of nanocavities does
not affect the light transmission nature. By using the FP reso-

nance condition of the nanocavity, the resonance wavelengths
are determined. Obviously, one can realize the function of
selecting any wavelength in the way of changing the param-
eters of the nanocavity, such as width, length, and coupling
distance. We believe that this compact and simple structure
will facilitate the design of nanoscale structures, which can be
utilized in integrated optical circuits and opto-electronic appli-
cations such as SPP transistors.
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