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Introduction

Plasmonics is a potential device technology to control light in sub-diffraction regime with sufficiently high physical features and
minimized geometry [1, 2]. This natural light squeezing character of surface plasmon beyond the diffraction limit has attracted
great interest in developing optical chip minimization with high responsivity and low energy consumption [3-8]. Various developed
plasmonic devices such as waveguides, photodetectors, modulators, filters, and lensing have been numerically and/or
experimentally demonstrated [5, 13-24]. For light propagation, different types of wave-guiding structures have been introduced.
One of the popular wave-guiding configurations is Metal-Insulator-Metal (MIM) structure that is compatible with the

complementary metal-oxide-semiconductor platform [1].
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However, modulating light propagation in different conditions by external stimuli to achieve a plasmonic chip is challenging.
Tremendous progress has been accomplished in achieving active plasmonic devices, particularly waveguides and filters [25-27].
Tunable Surface Plasmon Polariton (SPP) devices by using liquid crystals, electro optical materials, shape memory alloys,
photoacoustic materials, liquid metals, piezo-electric materials, and Phase Change Materials (PCM) have been widely
demonstrated. PCM materials play a vital role because of their distinct status under various irritants, such as heat, strain, voltage,
optical pumping, and current.

Volatile PCMs such as Vanadium Dioxide (VO) which switches between two recognizable insulators and a metallic phase on a
picosecond scale, have a superior characteristic in the telecommunication regime compared with nonvolatile PCMs such as
GeSbTe, which switches between crystalline and amorphous states [28-30]. VO; has sharp variation in its refractive index when
undergoing transition from insulator to the metallic phase [31]. The transition occurs when VO is agitated by a stimulus, which
increases the temperature beyond the phase-transition temperature of 68°C [32]. Considering that the VO, layer is a film without
further implementation, the agitation straightforwardly can be accomplished by direct heating to increase the temperature. The
transition is reversible on a picosecond time scale. Quantifying this transition is introduced by the mechanism based on Peierls
instability coupled with an enharmonic phonon contribution [32]. The refractive index for VO, at telecommunication and infrared
regime is adapted from experimental results [33]. In telecommunication regime in the insulator phase, the refractive index is
approximately 3+0.4i, and it becomes 2+3i in the metallic phase [33]. Qualitatively, the effective dielectric function of VO, at
intermediate temperature is introduced by using Bruggeman effective medium theories [34]. Recently, several thermally controlled
plasmonic structures based on VO, have been proposed and experimentally demonstrated [31].

Passive plasmonic filters have been widely demonstrated theoretically and experimentally to achieve stop or pass wavelength
selection [35-37]. Active filters are mandatory to seamlessly integrate plasmonic components into a compact chip. Considerable
efforts are dedicated in achieving tunable plasmonic filters [19, 38-41]. Recently, a tunable and highly efficient but slightly compact
graphene-based band-stop filter composed of a periodic structure based on bilayer graphene nanoribbons in the mid-infrared region
is demonstrated [38]. The filter is tuned over a wide range under applied voltage varying from 1V to5V.

In this paper, first, we studied a VO,-based waveguide (VIV) features under applied heat to achieve off and on states. The
transmission is measured by a numerical approach based on the Finite Element Method (FEM). Then, we added a FP resonator
along the MIM waveguide to design a wide stopband filter and determined on/off transmission features. Finally, the structure is
modified to operate as active passband in on/off states. Given the simple configuration and compact size, a wave guiding and

filtering structure can be easily fabricated and highly integrated with other plasmonic devices on a chip.

Structure Description and Theoretical Model
As shown in FIG. 1, our proposed plasmonic waveguide is composed of two successive VIV and MIM waveguides, and p-
polarized light is concentrated into the slit from Si-wire taper waveguide. The widths of VIV and MIM waveguides are equal and

represented by W, and the length of VIV and MIM waveguides is represented by h and L, respectively. The refractive index data of
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VO is adapted from the experimental work reported by Joushaghani et al. [33]. For telecommunication regime, the refractive index
of insulator VO; is approximately 3+0.4i, whereas it is n=2+3i for the metallic VO, [33]. The permittivity of silver is characterized

by the Drude model:
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where €., wp, and T" stand for high-frequency bulk permittivity, bulk plasmon frequency, and electron collision frequency,
respectively, which are set as 4.2, 1.346x10% rad/s, and 9.617x10% rad/s [42]. The insulator layer operates as a core; thus,
narrower cores have stronger confinement. When VO; is in the metallic phase, for cores smaller than the incident wavelength, only
one propagation mode is identified, where its propagation constant () can be determined by solving the dispersion relation [43,
44]:
k,w
kym + &mKytanh (dTJ =0 @)
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Where K, and K, are defined as k, = ([3 -k, ) andk,,, = (B — &Ko ) ,and K, =27/ Ais the free space wave vector,

and &, is the permittivity of VO, in the metallic phase. Light experiences larger refractive index inside the waveguide because of

light squeezing and other observed phenomena, which is known as the effective refractive index. The fabrication process of
proposed design is straightforward; first, the silver layer is deposited on the substrate by sputtering technique, and then the VO,
film is attached by using lithography or deposition techniques. Finally, the slit is perforated by using ion beam milling. The present
study is carried out by using Finite Element Method (FEM) for the proposed device in the Radio Frequency (RF) module of
COMSOL Multiphysics software.

(a) (b)
FIG.1(a) Schematic of the proposed structure. (b) W, h, L stands for waveguide width, VIV waveguide length

and MIM waveguide length, respectively. The P-polarized incident light is coupled to the waveguide from Si

nanowire taper.

Simulation Results and Analysis
In the simulation, the fundamental TM mode of the waveguide is excited by a pulse dipole source from the taper on the left and
coupled to the waveguide in the VO, medium. P and Q are set as the entrance and exit ports of waveguide to detect the transmitted

powers of Pi, and Py and calculate the transmission of two power monitors. Transmission is defined as T=Py/Pin. The absorption
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parameter, which is a measurement of dissipation of the power in the device, can be simply deduced by A=1-R-T, where R is the
reflection. The geometrical parameters of the structure are set to be W=150 nm, h=600 nm, and L=1100 nm. When the structure is
in off state (no heating is applied), light transmission through the waveguide is negligible. For insulator VO, the VIV waveguide
becomes a dielectric waveguide because near refractive indexes of the media light cannot confine and propagate through it. When
heat is applied to the structure, VO, undergoes a transition and becomes metal, and light properly propagates through it. FIG. 2(a)
depicts the transmission in the insulator and metal phases. It is seen that for wide wavelength range, the transmission in the metal
state is considerably high, whereas in the insulator state, the transmission dropped notably. FIG. 2b and 2c represents the magnetic
field distribution in both metallic (ON) and insulator (OFF) states. In the metallic state, light propagates normally, whereas in the

insulator state, light is not confined inside the waveguide, and it propagates in the entire VO, medium.
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FIG. 2(a) Transmission profile when VO is in metallic (ON) and insulator (OFF) phase. (b) Magnetic field distribution

when VO: is in metallic phase. (¢) Magnetic field distribution when VOq is in insulator phase.

The length of the VIV and MIM layers can affect the transmission features. The longer the VIV, the more dissipation occurs and
the lower the transmission. FIGS. 3a and 3b show the transmission profile versus different VIV and MIM lengths. Longer VIV
decreases the transmission in the metallic and insulator phases. Based on our requirement, suitable compromising should be
conducted. By contrast, the transmission is not affected notably by the MIM length. However, MIM waveguides larger than the
SPP propagation length because of inherent loss of metal will decrease the transmission. FIG. 3(c) shows the transmission profile

versus the waveguide width. The narrower the waveguides, the less power is transmitted; hence, less transmission occurs.
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FIG. 3 Spectral dependence of transmission for various (a) VO2 waveguide length, (b) Metallic waveguide Length, and (c)

waveguide width. It can be seen that MIM length doesn’t affect the transmission.

In optical chips light transmission at a specific wavelength be blocked. Different configuration has been proposed as passive
stopband structures. Most popular structures are designed by employing FP cavities. If the FP cavity locates in the vicinity of a
waveguide, then it can confine portion of the propagating light within the waveguide. This light confinement merely occurs at some
specific wavelengths corresponding to resonance wavelength of the cavity. The resonant condition that can determine the resonant

wavelength can be determined through the following equation [45]:

22—”Re(|\|eﬁ )d +Ag=2mz

m ®)
where d is the FP cavity length; N is the effective refractive index of the cavity, and A® is the phase shift of the beam, which
experiences reflection on the two end facets of the cavity. The positive integer m represents the number of antinodes of the standing
wave. Am Straightforwardly can be calculated using equation 3. We embedded the FP cavity in our waveguide structure to obtain an
active stop band filter (FIG. 4a). d and t stand for cavity length and width, respectively, which are set as 580 nm and 150 nm,
respectively, whereas the gap is fixed at 10 nm. FIG. 4b depicts the transmission profile; when heat is applied, the VO, becomes
metal. Two resonances corresponding to the resonance wavelength of the cavity are distinct on the plot. For these resonances, the
transmission drops sharply. The blue line shows the transmission when heating is OFF and VO; is in the insulator phase. Magnetic
field distributions for resonance wavelength in the metallic and insulator phases of VO are presented in FIGS. 4c and 4d. Large

portion of light trapped within the cavity and standing waves is created.
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FIG 4. (a) 2D schematic of the proposed stop band filter. t and d stand for cavity length and width. The gap is considered to
be 10 nm to ensure noticeable coupling. (b) transmission profile when VOz2 is in metallic and insulator phase. (c) Magnetic

field distribution when VO: is in insulator mode (d) Magnetic field distribution when VO: is in metallic mode.

It is worthy to note that the resonance wavelengths directly depend on the cavity length (d), and the effective refractive index
indirectly depends on the cavity width (t). Therefore, wavelength tuning can be performed through tailoring geometrical parameters
of the cavity. The gap between the cavity and the waveguide is a critical parameter that can affect transmission intensity. FIG. 5a
shows the transmission profile versus the cavity length, whereas FIG. 5b shows the transmission versus the cavity width. It can
clearly be seen that there is a red-shift of the transmission spectrum as the length and width of cavity increases. Further, by the
increasing the length and width of cavity, the transmission intensity increases. For any desired resonance wavelength, the
appropriate geometrical parameters can be adjusted. The penetration depth of SPP into silver is estimated to be less than 30 nm;
therefore, considerable coupling the gap should be less than the penetration depth. FIG. 5¢ shows the gap thickness dependence of

transmission. For narrower gaps, the cavity can trap the light considerably. The wider the gap, the less the light confinement.
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FIG. 5(a) Spectral dependence of transmission for various (a) FP cavity length, (b) FP cavity width, and (c) the gap between

cavity and waveguide.

In the next step, we modified our structure to design a passband filter. We utilized the FP cavity in the waveguide to permit light
propagation in specific wavelengths. The structure is shown in FIG. 6a. The FP cavity is embedded inside the waveguide with two
narrow separating gaps. The resonance condition and propagation mechanism are similar to the stopband filter, which can be

estimated using equation 3. In the transmission profile depicted in FIG. 6b, two peaks correspond to the resonance wavelength of
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the cavity can be seen. The black line shows the transmission when VO is in the metallic phase, whereas the blue line indicates
transmission in the insulator phase. The red line shows the transmission when no cavity is presented. In general, the presence of
cavities leads to light propagation and decreases the transmission. FIG. 6¢ shows the magnetic field distribution in resonance

wavelength and the standing waves inside the cavity.
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FIG. 6 (a) 2D schematic of the proposed passband filter. The gap is considered to be 10 nm to ensure noticeable coupling. (b)
transmission profile when VO is in metallic and insulator phase. (c) Magnetic field distribution when VO: is in metallic

mode.

The above mentioned structure based on geometrical parameters has various resonances. Another configuration also shows stop
band behavior (FIG. 7a). This structure has features that depend on input-output location, which can permit only one resonance
coupling to the output port (FIG. 7b) and field distribution (FIG. 7c). Fei investigated the transmission behavior by the arbitrary
input position and superposition of magnetic fields inside the cavity and determined in what input positions single resonance can be
seen [45,46]. When input is at the center of the cavity, only first resonance will be presented (B point). For locations, where the
input port is on both end sides of the cavity, both resonances will occur (A and C). However, if the input moves from the center
about d/4, then the second resonance will be propagated. Moreover, by placing two outputs in different locations, the propagation at

specific wavelength through the particular output can occur.
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FIG. 7(a) 2D schematic of the proposed passband filter. The gap is considered to be 10 nm to ensure noticeable coupling. (b)
transmission profile when VO is in metallic and insulator phase. (c) Magnetic field distribution when VO: is in metallic

mode.

The two above mentioned configurations despite their lower transmission present a narrow transmission profile. The output port is
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modified to increase the transmission to two locations of the cavity (FIG. 8a). Ports and cavity are in parallel and located in a way
that the bottom of the input port axes is under the cavity’s center. In addition, top of output port is above the center of the cavity.
This difference in location is represented by AL in the picture and set as 250 nm. The width of the input, cavity, and output ports are
represented by Wi, W», and Ws, respectively. In general, W, and W5 are equal to the modified width of the cavity. The transmission
profile is depicted in FIG. 8b. The transmission (black line) output widths, when W- is equal to the input, are increased slightly;
however, the profile is broadened and red-shifted. Green and C lines show the transmission when W5 is set as 100 nm and 50 nm.
According to the resonance condition of the cavity, any changes in the cavity width will result in different effective refractive
indices and correspondingly different resonance wavelengths. Furthermore, the narrow cavities have less coupling. FIG. 8c shows
the magnetic field distribution at resonance wavelength. Standing waves inside the cavity can be seen.

According to our experimental obstacles, proper arrangement can be considered, and desired resonance wavelength can be tuned.
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FI1G.8(a) 2D schematic of the proposed passband filter. The gap is considered to be 10 nm to ensure noticeable coupling. (b)
transmission profile when VO is in metallic and insulator phase. (c) Magnetic field distribution when VO: is in metallic

mode.

Conclusion

In conclusion, an active subwavelength plasmonic waveguide, stopband, and passband filter are proposed by using PCM and Fabry
Perot cavity and theoretically and numerically investigated. ON and OFF states that are created by introducing heat to the system
showed two distinct features when VO, was in the metallic or insulator state. The role of the geometrical parameters is determined
in wave guiding features. Furthermore, the filtering characteristics of both filters are studied, and different arrangements based on
the location of input, output, and cavity are also presented. Given this simple configuration, the structure has high potential and

feasibility to be integrated into nanoscale plasmonic chips and circuits.
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