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An investigation has been performed of the low order guided modes in TiN 2D hollow metallic waveguide. The
dispersion characteristics of the TiN 2D hollow metallic waveguides key guided modes are identified and analyzed.
Dispersion manipulating is proposed by changing the material of the cladding region. The dispersion analysis of 2D
plasmonic waveguide using TiN has been investigated for the first time and compared to that of silver. A study has
been conducted on the effect of varying the material on the cutoff in the modes dispersion. The effect of changing
the plasmonic material on the dispersion curve key characteristics is also identified. Finally the effect of shifting the
cutoff on the enhanced transmission phenomena is investigated.

1. INTRODUCTION
The possibility of increased confinement of the propagating modes is offered through plasmonic waveguides,
promising a subwavelength photonic infrastructure suitable for integration on Silicon based photonic chips [1].
Plasmonic waveguides could help in reducing the size mismatch between electronic systems with footprint
currently as small as 22 nm and typical photonic devices usually being built on the scale slightly smaller than the
light wavelength at best [43]. Plasmonic waveguides suffer, however, from the drawback of increased losses, yet
many applications, like sensing and extraordinary transmission [36-39], that lack the need of large propagation
length, are not hindered by such drawback. Metallic gap [2-4], wedge [5], groove [6], nanowires [7], and the MetalInsulator-Metal (MIM) plasmonic waveguide structures have been proposed. A great attention for MIM and IMI
structures in particular are in the literature from many researchers due to the realitive simplicity of their
manufacturing process and the range of interesting applications they possess [8-19], such as negative refractive
index and slow light [20-24], sensing and interconnects applications [25] and in multiplexed sensing using MachZehnder interferometer [26]. MIM and IMI plasmonic waveguides received a detailed study for their guided modes
in the symmetric and asymmetric cases of the claddings [9]. The long-range propagation and high spatial
confinement characteristics of the Ag/SiO2/Ag MIM waveguide guided modes have been studied numerically
before [25]. In the work presented here, we investigate whether rectangular waveguide can offer MIM applications
for both polarizations. Most of the studies for the rectangular plasmonic waveguide type focused on a certain
effect or phenomenon at a specific wavelength band [27-28]. Rectangular plasmonic waveguide is expected to
offer greater capabilities in comparison to MIM since rectangular metallic waveguide can offer the MIM
capabilities for both polarization as found in [29] instead of single polarization as in MIM. Rectangular plasmonic
waveguide offers sensing and energy transmission applications and shows much higher sensitivity than MIM
waveguide [29].
Dispersion engineering of rectangular plasmatic waveguide using shape variation from
rectangular to trapezoidal shape has been the focus of the work in [45]. The focus of the work presented here is on
dispersion manipulation using Titanium Nitride (TiN) as a material variation compared to silver. TiN is selected for
the study as a plasmonic material since it has recently received attention in literature as a possible alternative
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plasmonic material to noble metal plasmonic materials like gold and silver. TiN has been demonstrated to show
plasmonic behavior in the visible and near-IR frequencies. TiN also demonstrates better performance in
transformation optics and metamaterial devices than conventional gold and silver plasmonic materials. An inherit
advantage of TiN is that it is compatible with standard silicon manufacturing processes, unlike gold and silver [34].
In the work presented here, we first briefly review in the second section the formulation for the MIM lowest order
guided modes as well as the numerical analysis approach adopted in this work that is based on full vectorial finite
element analysis and employed in the commercially available tool [30]. We then focus on identifying the key low
order guided modes in TiN rectangular plasmonic waveguide with air filling. In section 3, The dispersion analysis of
modes of interest in the 2D TiN plasmonic waveguide has been investigated for the first time in comparison to that
of silver cladding. The effect of varying the cladding plasmonic material from silver to TiN on the dispersion of key
guided modes is discussed. In section 4, an investigation of the effect of cutoff shift on enhanced transmission
peaks is conducted. Finally, the conclusion is given in section 5.
2. RECTANGULAR PLASMONIC WAVEGUIDE KEY GUIDED MODES
MIM Waveguide Key Guided Modes Formulation
We expect that the guided modes in rectangular plasmonic waveguide will be related to or derived from the guided
modes in MIM waveguides, as rectangular plasmonic waveguide with dielectric filling can be viewed as the
intersection between a horizontal MIM waveguide and a vertical MIM waveguide. Hence, it is worth highlighting
the MIM waveguide guided modes dispersion before embarking on performing numerical modal analysis for
rectangular metallic. It has been shown from the MIM waveguide analysis of lowest order modes in [9]and [31]
that when the upper and lower claddings are made from the same metal, the dispersion relation can be split into a
pair of equations: one equation represents odd modes where Ez is odd while Hx and Ey are even for the coordinate
system shown in Fig 1 while the other equation represents even mode (Ez is even while Hx and Ey are odd) Hence,
for MIM waveguide structure, it is expected to find a fundamental even mode as well as a fundamental odd mode.

Fig 1: Geometry of an MIM waveguide where the direction of propagation is in the z direction.

Numerical Method and Geometrical Structure
Numerical modal analysis of 2D rectangular plasmonic waveguide by solving a full vectorial wave equation using
the finite element method is the analysis approach selected in the work presented here. Full vectorial wave
equation solution using finite element takes into account polarization coupling and allows for high index
differences in the waveguide being simulated. Fig 2 shows the rectangular plasmonic waveguide geometrical
structure. The dielectric filling to have a width of 270 nm and a height of 105 nm which is a typical size that has
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been used throughout the paper as well as in other literatures for studying the enhanced transmission phenomena
in rectangular holes [28][32]. Periodic boundary conditions are employed to facilitate a study of the extraordinary
transmission (EOT) phenomena [37][38] later in this paper. The distance from dielectric center to adjacent
dielectric center in a hole array is 450 nm in the x direction and 300 nm in the y direction.

Fig 2: Geometric structure for rectangular plasmonic waveguide. The region labeled (Metal) is the metallic region while the area
labeled (Insulator) is the dielectric region. The dimension for the dielectric region is 270x105 nm.

TiN Rectangular Plasmonic Waveguide Key Guided Modes
An Investigation has been conducted for the key guided modes in TiN rectangular plasmonic waveguide with the
geometry shown in Fig 2 and dimension 270x105 nm where the cladding region is chosen to be TiN while the
dielectric is air. Naik’s experimental values for the TiN material dielectric function are used [35]. Four low order key
guided modes have been identified and shown in Fig 3 as a result of the numerical modal analysis using Comsol
[30]. There is a resemblance between the four guided modes and the odd and even modes components parity of
the vertical and horizontal boundaries of the dielectric rectangular region if both of them act as MIM waveguides.
The Vertical Odd (VO) mode profile in Fig 3.a, 3.b, and 3.c below has a low order odd Ez component and a low
order even Ex and Hy components which resembles the profile of the odd mode in a vertical MIM waveguide
(parallel to Y- axis) [9] [31]. In addition, the Vertical Even (VE) in Fig 3.d, 3.e, and 3.f matches the expected profile
for a vertical MIM even mode as it has even Ez and odd Ex and Hy components. In a similar manner, the mode
profiles for HO and HE shown from Fig 3.g, to Fig 3.l resemble the key odd and even modes of horizontal MIM
waveguide (parallel to x axis) [9] [31]. This indicates that the rectangular plasmonic waveguide key guided modes
might be related to or derived from the key guided modes of the two MIM waveguides formed from the vertical
and horizontal boundaries of the rectangular waveguide. As a result, some of the benefits of the guided modes of
two MIM waveguides of different sizes could be encapsulated in the guided modes of a single rectangular
waveguide with TiN cladding. In order to investigate that, dispersion analysis is needed.
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Fig 3: Mode profiles for the lowest order modes (named VO, VE, HO, and HE) in rectangular metallic waveguide. The dielectric
filling is air while the metal is TiN. The dimensions of the waveguide dielectric filling is 270x105 nm. Sub figures from (a) to (l)
show the respective modes profiles written in their captions. (a), (b) and (c) show that Ez is odd while Ex and Hy are even in the
lowest order odd mode VO. (d), (e) and (f) show that Ez is even while Ex and Hy are odd in the lowest order even mode (VE). (g),
(h) and (i) show that Ez is odd while Ey and Hx are even in the lowest order odd mode (HO). (j), (k), and (l) show that Ez is even
while Ey and Hx are odd in the lowest order even mode (HE). The insets in (a), (d), (g), and (j) represent the xy projection of their
respective mode profiles. The generated mode profiles are at wavelength 850 nm.

3. DISPERSION ANALYSIS: SILVER VERSUS TITANIUM NITRIDE CLADDING
In order to investigate the TiN material effect compared to traditional noble metal plasmonic material, a
comparison of the dispersion relation for the four key guided modes VO, VE, HO, and HE when using silver versus
TiN as cladding are shown in Fig 4. Palik’s experimental values for the permittivity of silver have been utilized [33].
The horizontal axis represents the wavelength while the vertical axis represents the effective index. It is noticed
that a rectangular waveguide of size 270x105 nm offers a cutoff in the VO and VE guided modes at around 440 nm
and another cutoff in the HO and HE guided modes at 760 nm and 330 nm respectively in the silver cladding case.
The cutoff for the TiN dispersion curve of the VO mode is around 600 nm wavelength at an effective index around
0.5 while for the HO mode, the cutoff is around 1100 nm. The peak in the HO mode of the TiN case is at 600 nm
and is lower than that of the silver HO mode peak. Fig 4-(a), (b), and (c) indicate that both VO, HO and HE
dispersion peak and cutoff suffer from red shift in the case of TiN when compared to silver. Also for VO, HO, and VE
as shown in (a), (b) and (d) the cutoff in case of TiN happens at an effective index around 0.5 instead of 0 as in the
case of silver waveguide. In (d), the dispersion peak for TiN VE mode is very small and slightly red shifted compared
to silver. The peak height in the TiN VO mode is almost half of that of the silver VO mode. The dispersion of the
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guided modes VO and VE for the vertical (short) boundaries are very similar regardless of the material. In general,
when comparing HO dispersion curve and VO curve we notice that the general shape of the curve is similar, yet HO
guided mode has its cutoff red shifted compared to the cutoff in VO curve. This can be a possible indication that
when increasing the length of certain boundaries in the dielectric region boundaries, a red shift happens in the
cutoff of their respective odd mode since the length of the horizontal boundaries causing HO is larger than that of
the vertical boundaries causing VO. It is noticed also that VO and HO curves have their dispersion peak at
approximately the same wavelength in the silver case. This indicates that although increasing the length of any of
the dielectric region boundaries (vertical or horizontal) causes red shift in the cutoff of its respective odd mode (VO
or HO), this does not red shift the dispersion peak as well when the cladding material is silver. By red shifting the
cutoff while the peak still at the same position, a stretch of the region from the peak to the cutoff occurs. Hence,
the slope of such region can be manipulated by adjusting the length of the dielectric region boundaries when using
silver. In the TiN case, the peak is extended and becomes broader instead of being shifted. Although the dispersion
curves for VO and VE caused by the vertical (short boundaries) are almost identical, this is not the case for the
dispersion curves of HO and HE caused by the horizontal (long) boundaries. The HE guided mode of the rectangular
waveguide has a negative effective index at certain intervals. This can be explained that the wave in the HE mode is
a backward wave [24] at such wavelength intervals. It is worth noting that the HO and VO guided modes are
similar, in terms of spatial mode profile, to the widely known TE10 and TM11 guided mode profiles respectively in
rectangular metallic waveguide at microwave frequencies. However, there is a red shift in the cutoff wavelength of
the HO mode compared to the TE10 microwave guided mode. As indicated in Fig 4, the cutoff wavelength of the HO
mode is around 760 nm for silver and 1100 nm for TiN while the cutoff wavelength for a TE10 microwave mode in a
rectangular waveguide of 270x105 nm should be around 2*270=540 nm [44]. A detailed study of the red shift in
the cutoff of TE10 mode due to plasmonic effect is published earlier [42]. Also for the TM11 microwave mode, it is
expected that the cutoff wavelength for a 270x105 nm rectangular waveguide to be around 195 nm [44], however
the cutoff wavelength of the VO guided mode is around 440 nm in silver and 600 nm in TiN, as shown in Fig 4-a,
indicating a red shift as well.
What has been shown in this section represents an example on shifting the dispersion curve key characteristics
using material manipulation. By selecting the appropriate plasmonic material, the waveguide designer can tune the
rectangular waveguide to exploit its applications at different frequency ranges.
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d) Silver vs TiN VE mode Dispersion Comparison
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Fig 4: Comparison between the dispersion relation of VO, HO, HE, and VE modes in silver versus TiN cladding. The waveguide in
both cases is a rectangular waveguide 270x105 nm with air hole. (a), (b), and (c) indicates that both VO, HO and HE dispersion
peak and cutoff suffers from red shift in the case of TiN when compared to Silver. Also for VO, HO, and VE as shown in (a), (b)
and (d) the cutoff in case of TiN happens at an effective index around 0.5 instead of 0 as in the case of silver waveguide. In (d),
the dispersion peak for TiN VE mode is very small and slightly red shifted compared to silver.

4. NEAR CUTOFF ENHANCED TRANSMISSION ANALYSIS IN SILVER AND TITANUM NITRIDE
In this section an analysis of the near cutoff enhanced transmission [27-28] [32] [36-39] in rectangular TiN and
silver waveguides is presented. The objective is to investigate the effect of the red shift that has been reported in
the TiN HO mode cutoff on the enhanced transmission phenomena for the rectangular structure. The objective as
well is to investigate the effect of having a dispersion cutoff at 0.5 effective index in TiN HO mode instead of near
zero effective index on the near cutoff enhancement. Numerical simulation using FDTD photonic simulation
package [40] has been used as the chosen approach for the enhanced transmission analysis. The simulated
structure consists of a plasmonic material (TiN/silver) wall (modeled using Lorentz-Drude model) that has an air
hole at its center with dimensions 270x105. The thickness of the material wall is 300 nm. Periodic boundaries are
utilized in the transverse plan while anisotropic PML boundaries are utilized as the z plan boundaries. The source is
a y-polarized Gaussian modulated continuous wave with wavelength 700 nm. Fig 9 shows the power spectrum
normalized to the input power and the area for the rectangular air hole with silver cladding (solid line) and TiN
cladding (dashed line). From Fig 5, the enhanced transmission peak in TiN is red shifted in correspondence to the
cutoff red shift that has been reported in the previous section for the TiN rectangular waveguide HO mode in
comparison to the silver HO mode. However, the red shift is a slight shift also the enhancement is much weaker
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enhancement than silver. This is probably due to the cutoff of the TiN HO mode being near 0.5 effective index
instead of zero as in silver. The enhanced transmission curve of the silver shows as well the well-known Rayleigh
minima of Wood’s anomaly [41] reported before in similar enhanced transmission calculation by Ebbesen [37].
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Fig 5: The enhanced transmission phenomena observed in a simulation for a TiN (dashed) and silver (solid) wall with air
hole. The vertical axis in (b) represents the transmitted power normalized to the input power and area. The curves
indicate a slight red shift in the enhanced transmission peak of the TiN material that corresponds to the red shift in its
HO mode cutoff compared to silver cutoff yet with significant reduction in enhancement. The minima shown in the
silver enhancement curve correspond to the Rayleigh minima of Wood’s anomaly [41]. (a) shows 3D schematics of the
structures being simulated using Optiwave FDTD package [40].

5. CONCLUSION
In this paper a modal analysis of the key low order guided modes in 2D rectangular plasmonic waveguide has been
conducted which reveals the existence of four low order guided modes: VO odd mode, VE even odd, HO odd mode
and HE even mode. The VO odd mode and VE even mode are related to an MIM waveguide modes formed by the
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dielectric region vertical boundaries. Similarly the HO and HE modes are related to an MIM waveguide modes
formed by the horizontal boundaries. Dispersion analysis of the 4 guided modes of the rectangular plasmonic
waveguide, with silver and TiN cladding, shows that each of the HO mode and the VO mode dispersion has a cutoff
wavelength. The cutoff of the HO mode happens at a wavelength larger than that of the cutoff wavelength of the
VO mode due to longer horizontal boundaries in comparison to the vertical boundaries of the dielectric region in
the rectangular waveguide studied in this work. This implies that the cutoff location can be controlled by
controlling the boundaries lengths. It implies as well that by using rectangular plasmonic waveguide we would gain
the benefits of 2 wavelength cutoffs at different wavelengths proportional to the dielectric boundaries length. A
cutoff in the dispersion can be exploited in applications like filtering and near cutoff extraordinary transmission
phenomena [38]. Such phenomena provides an interesting capability of transporting the electromagnetic energy
with minimum losses by tunneling [36-39]. Altering the cladding material to shift the cutoff in order to exploit its
related applications in a desired wavelength range is investigated. By using TiN instead of silver as a plasmonic
material for the cladding, a red shift was identified in the dispersion cutoff and peak for the VO and HO modes in
TiN rectangular waveguide compared to their counterparts when using silver. This demonstrates an approach for
shifting and engineering the dispersion by varying the dielectric material rather than the shape or the dimension of
the waveguide. Finally we investigated the near cutoff extraordinary transmission phenomena [36-39] in the TiN
rectangular waveguide in comparison to the silver and the extraordinary transmission peak is found to slightly red
shifted in the case of TiN in correspondence to the red shift in the TiN HO mode cutoff. The enhancement however
in TiN is much weaker than in silver and the red shift is small probably due to the cutoff of the TiN HO mode being
near 0.5 effective index instead of zero as in silver.
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