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Abstract The impact of loss on the plasmonic resonances in metal-insulator-
metal slits is analyzed, particularly the significant effect of loss on the reflection
phase. The reflection is calculated analytically using single mode matching the-
ory with the unconjugated form of the orthogonality relation. This theoretical
calculation agrees well with comprehensive simulations, but differs substan-
tially from the conjugated orthogonality result, as was used in past analytical
works. This reflection phase has a large impact on the plasmonic resonance
wavelengths, which are calculated using a Fabry-Pérot theory and compared
with past experiment and finite-difference time-domain simulations.

Keywords Plasmonic resonances - Plasmonic gaps - Slit in a real metal

1 Introduction

Subwavelength slits in metal allow for confining light to the nanometer scale
[1-4], which is a million times smaller than the wavelength for millimeter waves
[5,6]. While the non-resonant case already supports 10* field enhancement [7],
the resonant case gives even larger enhancement by constructive interference
with multiple reflections from the end faces of the slit [8-11]. Metal-insulator-
metal (MIM) plasmonic slits also enhance optical absorption [12,13]. There
has also been great interest in analyzing the dispersion properties of MIM
structures[14-16]. The easy fabrication of the MIM structures makes this ge-
ometry well-suited for nanophotonic applications [17-21].
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The theory of the transmission of light through single slit in a perfect elec-
tric conductor has been studied extensively in the past [22,23]. It was shown
that the maxima in the transmission spectrum are different from the normal
Fabry-Pérot resonances, with zero phase shift upon reflection, as confirmed by
experiment [24]. In MIM structures, the plasmon wavevector and the phase of
reflection from the end faces determines the resonant length of the cavity. The
resonance length is not equal to the simple multiple of the half-wavelength in
general because of large reflection phase [25,26]. Therefore, to predict MIM
cavity resonances, calculation of the reflection phase is necessary.

SPP reflection has been investigated for single slit with different dielectric
and metallic materials [27-29]. For MIM cavities, analytical calculations of the
reflection phase have been done for lossless and dispersion-free metals by our
group [23]. Another group advanced this theory for a real metal while still
using the conjugated form of the orthogonality relation [30].

In this paper, we calculate analytically the reflection coefficient and phase
acquired by SPPs upon reflection from the slit end-face using a simple mode
matching model for real metals exhibiting both dispersion and loss. The ap-
proach is similar to past works [23,30] except that we employ the unconjugated
form of the orthogonality relation. Our method shows good agreement with
comprehensive finite difference time domain (FDTD) simulations, even for thin
slits at the nanometer scale. By comparison, we show that the conjugated form
of the orthogonality, as used in past works, differs considerably from the simu-
lation results at shorter wavelengths, especially for narrower slits. We use the
reflection phase to calculate plasmon resonances and plot the dispersion. The
resulting dispersion shows good agreement with past experimental results [1].
The unconjugated approach is more accurate than the conjugated form be-
cause the conjugated form is not a proper orthogonality relation (i.e., it gives
non-zero values for different modes) when there is loss or gain [31] The uncon-
jugated form is a proper orthogonality relation for the loss/gain cases and it
isolates each mode given a value of zero for different modes — for the case of
single mode matching approximation, the unconjugated form is therefore more
accurate. It is possible to calculate the phase for non-resonant cases. We at-
tempted this approach to calculate the phase [32], however we found that it is
numerically challenging and does not give a clear physical interpretation. Our
theory shows a clear physical peak that makes the analysis more transparent.

2 Unconjugated orthogonality reflection theory

Fig. 1 shows a schematic of the MIM waveguide resonator. Two infinitely
thick metal layers are separated by a thin dielectric. The thickness of the
dielectric is denoted by w and the SPPs propagate in the z direction. The
metal permittivity and the insulator (dielectric) permittivity are ¢, and eg4.
Loss affects the cavity resonance by changing the phase of reflection, in
addition to the quality factor. In general, MIM waveguides support SPP modes
with both symmetric and antisymmetric electric field profiles. If the dielectric
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Fig. 1 Schematic representation of the slit with complex permittivity €, in a real metal with
complex permittivity €,,. The electric field profile of the symmetric SPP mode is shown.

is sufficiently thin, only the mode with a symmetric field profile is propagating;
such cavities are considered here. We calculate the propagation constant and
the reflection coefficient at the interface to free space for the fundamental TM
mode within a slit.

The spatial dependence of the x component of the electric field for the
lowest order TM mode within the slit can be formulated as:

cosh (\/adk‘% — k:g:v) exp (ik,z) if|z] < w/2
L cosh (\/gdkg - k?g) F (ks @) exp (iks2) if|z] > w/2

f (k. x) =exp {—\/kg — emkd(jx] — w/2)]

where the superscript s denotes the MIM surface plasmon electric field, k,
is the propagation constant in the z direction, kg is the free-space wave vector.
The corresponding y component of the magnetic field can be found using the
Maxwell-Ampere relation.

The propagation constant is given by:

— k2 — mk2
tanh <\/k§ - edkgw/Q) = VB T tmip (2)
emn\/ k2 — €ak?

We solve this equation for complex k, by an iterative approach.

The reflection coefficient is calculated using single mode matching theory
with the unconjugated orthogonality. Continuity of the tangential electric and
magnetic fields at the boundary, z=0, gives:

E(z,2) =

(1+r)E; = /OO t (k) exp (ikzx) dk, (3)

—00



4 Zohreh Sharifi, Reuven Gordon*

s ° t(ky) weg
L By -y
—oo 0~ "z

where the electric field in the free space region is written as an infinite sum of
plane wave modes and ¢ and r are transmission and reflection coefficients.

Using the unconjugated form of the orthogonality relation we multiply both
side of Equation 3 and 4 by Hg % and E7, where Hg % which is the free space
magnetic field equals

exp (ik,x) dky (4)

Hl* = / exp (iklz) dx (5)

— 00
where k!, is the free space plane wave propagation constant. Then Equa-
tions 3 and 4 convert to

/ (1+r)eikéwE;d:c:/ t (k) exp ((ik, + ikl) ) dk, (6)

/_0;(1 - r)%g (E%)? dz = weg /_D; \/’;ék%)kg [/: E® exp (z‘ka)} dky (7)

solving Equations 6 and 7 for r, the reflection coefficient can be found:

2
L_1-G oo iffoo ZO\/% [ffoo E7 exp (ikmw)] dk, s
C14+G T o I Bz, 0)Hy (2, 0)dx

where H is the surface plasmon magnetic field in the cavity, Zy is the char-
acteristic impedance of free space. We calculate k, from Equation 2 for lossy
and lossless cases (with and without considering the imaginary part of the rel-
ative permitivity of the metal) and use the values to calculate the elctric and
magnetic field using Equation 1 and then calculate the reflection coefficient
in Eqution 8. Comparing Equation 8 with past work [30], the unconjugated
orthogonality is different here and appears in the denominator of G. This has
a significant impact on the reflection coefficient when loss is considered.

Fig. 2 shows the impact of loss for an Au-air-Au structure. As it is clear
for shorter wavelengths and shorter width, the metal loss affects phase of
reflection. In a lossy MIM structure, the mode index does not get as large as
in the lossless case at short wavelengths. Consequently, the smaller index and
the decreased confinement lead to the difference for lossy and lossless case. At
longer wavelengths, because the SPP mode is pushed out of the metal, losses
are negligible and the reflection characteristics are similar to the lossless case.
A huge difference can also be seen when considering the unconjugated form
of the orthogonality relation. To make a comparison with past work [30], the
phase of reflection has been calculated for three different metals (Au,Al,Ag).
Fig. 3 compares phase of reflection for slit width of 50 nm considering loss of the
metal using both conjugated and unconjugated forms. Comparing the results
for Ag with the results past works [30], the difference of reflection phase in the
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two methods is obvious. This shows the importance of considering both the
metal loss and conjugated form of the orthogonality relation in the calculation
of the reflection phase.
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Fig. 2 Reflection phase for an Au-air-Au structure as a function of wavelength for different
slit width. Solid lines show the results for the lossy cases and dashed lines show the results
for the lossless cases.

Fig. 4 compares reflection coefficient phase for an Au-air-AU structure for
different slit width using both the conjugated [30] and unconjugated forms of
the orthogonality. The unconjugated form results are plotted with solid lines
and the conjugated results are plotted with dashed lines. A clear and significant
difference is seen between the two approaches, which is most profound for
narrower slits and shorter wavelengths. The reflection phase decreases with
increasing wavelength and is larger for a thicker slit. The phase is clearly
affected by the introduction of losses in the metal, which is different from
what was suggested in past works [30].

3 Comparison with FDTD simulations

To determine the validity of this theory, we used commercial FDTD simula-
tions (Lumerical FDTD ver. 2020 R2.3). Perfectly matched layer boundary
conditions were used to prevent reflection of the outgoing waves. The simula-
tion cross-section area was chosen to surround the whole structure. The mesh
sizes along the x and z directions were reduced in size to ensure convergence
(which was achieved at 0.01 nm for the smallest slit). A normally incident
plane wave source was used to excite the structure. The simulation domain
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Fig. 3 Reflection phase as a function of wavelength for a MIM structure for different metals
and using the conjugated and unconjugated form of the orthogonality relation for slit width

of 50 nm.
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Fig. 4 Reflection phase for an Au-air-Au structure as a function of wavelength for different
slit width. Solid lines show the results using unconjugated form of the orthogonality and
dashed lines show the results using the conjugated form of the orthogonality.

was 1.6 x 1.5 pum. A frequency domain power monitor was placed at the exit
side of the slit to record the transmission. In addition to convergence tests,
the simulations were compared with past simulations for the same conditions.
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Fig. 5 shows the power distribution inside the slit for the slit width of 20 nm
and L=250 nm. A TM-polarized plane wave of A=1.08 pm is incident from
the left. The white dashed lines are the borders of the slit.
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Fig. 5 Power distribution inside the slit for the slit width of 20 nm and L=250 nm. A

TM-polarized plane wave of A=1.08 um is incident from the left. The white dashed lines are
the borders of the slit.

Fig. 6 a and b shows the electric and magnetic fields inside the struc-
ture along the z and x directions. The figure compares well with past simu-
lations [20]. Energy confinement is clearly visualized in the Figures. Further-
more, the field distribution shows a standing wave inside the MIM region. Note
that the electric field is maximized near the entrance and the exit surfaces.
The strong energy confinement of MIM cavities can give strong light-matter
interaction, even with losses considered.

Fig. 7 shows the numerically simulated transmission through slit width
of 20 nm for different values of L. Resonant transmission peaks are observed
with a wavelength that increases as the slit length increases. The propagation
constant, k,, at the resonance wavelength was calculated in FDTD using the
mode-source feature. The phase of reflection, @,., was calculated using

D, =mm —k,L 9)

where L is the length of the slit, m is integer order of resonance.

Figure 8 compares the phase of reflection calculated using the formulation
above and the FDTD simulations with the theory presented in the last section.
Equation 9 is the usual formula for the FP case. Here the difference is that
@, is modified for the lossy case following the theory outlined above. Good
agreement is seen between the analytic theory and the comprehensive FDTD
results, thus supporting the use of the unconjugated orthogonality formulation.
Although a slight difference can be seen for shorter wavelengths and especially
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Fig. 6 Electric and magnetic fields inside the structure a) in the z direction (for x = 0. b)
in the z direction (for z = 150 nm.

for the shortest slit width, comparing this Figure with Figure 4 shows that the
unconjugated method results are close to the simulation results. The difference
between our results and the simulation results comes from simulation accuracy
and the approximation in the single mode matching theory.
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Fig. 7 Transmission through a 20 nm wide slit in an Au-air-Au structure as a function of
wavelength. The transmission peak wavelength increases by increasing the slit length.
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flection phase using unconjugated method in comparison with FDTD simulations

in an Au-air-Au structure. Solid lines show the results using unconjugated form of the
orthogonality and dotted lines are from the simulations.

4 Comp

arison with experimental data

We compare the theory with a past experiment of narrow slits using a silica
spacer layer [1]. A dielectric constant of €5 = 2.1 was used in Eq. 2 to match
the experimental conditions.
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Fig. 9 shows the experimental data of the MIM waveguides for different slit
widths and lengths, digitized from [1]. The theoretical dispersion curves are
shown for three different cases: the dashed line ignores the phase of reflection,
the thick solid line is from the theory presented above and the dotted line is
our FDTD simulation. Clearly, the phase of reflection plays an important role
in determining the plasmonic resonances seen in experiment, and the simple
theory presented above accurately accounts for this phase.
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Fig. 9 Dispersion relation for an Au-Silica-Au structure. Solid lines: calculation of disper-
sion considering the effect of the reflection phase calculated using unconjugated form of
the orthogonality relation. Dashed lines: calculation of dispersion ignoring the effect of the
reflection phase as was done in the past analysis. Dotted lines: FDTD simulation. Discrete
points: experimental results using the experimentally measured plasmonic resonances [1].
The theory presented above shows good agreement with both FDTD and experiment.

5 Conclusion

In conclusion, we have provided a theory for the phase of reflection from a plas-
monic slit that incorporates the real loss of the metal using the unconjugated
form of the orthogonality relation. The impact of the real loss on the reflection
phase is significant. Thereby, the imaginary part of the permittivity impacts
not only the quality factor, but also the plasmonic resonance wavelength. The
results for the unconjugated form differ significantly from the conjugated form
that was presented in past works. The theory presented here agrees well with
full-field FDTD simulations and past experiments, showing promise for simple
theoretical investigation of future plasmonic MIM structures.
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