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Abstract

‘We propose a novel scheme of the plasmonic cavity that is based on the insulator—metal—insulator (IMI) waveguide of finite length.
Surface plasmon polaritons (SPPs) guided by the IMI structure can exhibit extremely small energy velocity if the metal film is thin
enough. In that case, the losses are determined mainly by the intrinsic properties of the metal rather than the geometry of the cavity.
Accordingly, we should care only about the purity of the metal and need not accurately control the length of the cavity that simplifies the
fabrication process. All dimensions of the cavity can be less than the wavelength of light, therefore it is a really nanoscale device. In this
paper, we characterize the cavity analytically and demonstrate the stored light using our finite difference time domain (FDTD) code.
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1. Introduction

Extremely high velocity of light makes it ideal for
communications at a long distance but unsuitable for
information handling, however, an ability to control the
velocity of ultra-short light pulses opens the door to
optical data processing and creation of all-optical routers
and memories. Slow light provides the way to compact
delay lines and strong light—matter interaction that is
necessary for detection of light signals, non-linear and
quantum operations and optical data storage. Metama-
terial waveguides may give us an ability to slow down and
stop light [1,2], but their fabrication requires the size of
metallic and dielectric inclusions to be much smaller than
the wavelength of the electromagnetic radiation that
makes them ideal for GHz and THz devices and limits
their applicability in integrated circuits at optical
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wavelengths. Photonic crystals are almost excellent
[3], but the typical dimension of modern electronic
integrated circuits is less than 50 nm as compared to the
typical dimension of optical elements of 1 wm, which is
20 times larger. Plasmonics is the most promising way to
overcome this problem [4-6]. SPPs, electromagnetic
waves propagating at the interface between a metal and
an insulator, allow to get over the usual diffraction limit
[7-10]. An exceedingly short wavelength and a very high
spatial localization of the electromagnetic field near the
interface yield to the dimension of the order of 100 nm
that is comparable with electronic components [4].
The straight way to slow down light and almost
completely stop it is to realize zero group velocity
(ZGV) dispersion. ZGV as a result of the interference of
forward and backward waves can be easily achieved by
structuring that takes place in plasmon gratings [7,8]
and plasmonic crystals [11], however a periodicity is
not the only way to obtain ZGV dispersion. Planar IMI
waveguides can exhibit ZGV modes by themselves
rather than space harmonics of periodic structures
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Fig. 1. Dispersion curves of the SPP guided by the IMI guide in the
lossless case, B is the propagation constant, w is the angular frequency.
The lower line corresponds to the symmetric mode (the amplitude of
the longitudinal electric field does not exhibit a zero inside the metal
film) and the upper line to the antisymmetric one. An illustration of the
IMI guide is shown in the inset. The core is the metal with dielectric
function &;(w), the claddings are insulators with different permittiv-
ities &, and &5 (& > &3).

[12-15] (Fig. 1). The size of the device based on a
periodic structure cannot be less than several periods,
while in the case of the ZGV mode the transverse size is
limited only by the SPP wavelength (App).

Previously [15,16], IMI and IIM (insulator—insula-
tor-metal) guides were considered in the case of small
losses and it was proposed that ZGV modes could be
used to design a cavity with a high quality factor, but a
strong absorption in the metal modifies SPP dispersion
curves and prevents us to achieve ZGV [17-19].
Moreover, the propagation length of slow SPPs (L) is
less than Agp,. Such a barrier seems to be insurmoun-
table. However, here we demonstrate a cavity with a
high Q-factor, based on extremely slow SPPs.

2. Theoretical background

The IMI waveguide under consideration is sketched
in the inset of Fig. 1. This guide provides the field
confinement along the z-direction and the guide axis
coincides with the x-axis. Dispersion relation of the SPP
guided by a thin film of thickness d, which is surrounded
by two half-spaces with different dielectric functions, is
well known [7,8,14] and there is no need to discuss it
again. In the current paper, we concentrate our attention
on the Al,03—Ag-ZrO, guide, though one can consider
another IMI structure and obtain similar results. Also,
we assume the metal to be described by the general
Drude model (& = & — a)f,/(a)2 + ilw)), where &, is
the high frequency dielectric constant, w, is the plasma
frequency and I" is the damping constant) and thus
determine the silver dielectric function as
e1(w)=5.6 — (148 x 10'9%w* + il'w) in the wave-
length range 340-550 nm according to the experimental
data in Ref. [20].

Applying the variation theorem [12,21] to the
lossless waveguide (I"= 0), we get that vg = vg, Where:

+00 +00 +00
Ug = /Re(Sx)dz//Wdz:I//Wdz (1)

is the energy velocity, the velocity of energy transfer
[22,23], (W is the time-average energy density, / is the
time-average total power flow and S, is the x-component
of the complex Poynting vector) and:

i
=

is the group velocity. In other words, the group
velocity and the energy velocity are indistinguishable

2)

Vg

Fig. 2. (a and b) Dispersion curves of the SPP in the Al,05-Ag-ZrO, waveguide structure using the complex-g8 approach (only the antisymmetric
mode is shown) for different values of the damping constant (I"=7 x 10" rad s~ (dash-dotted red line), I'=4 x 10" rad s~! (dotted black line),
I'=7 x 10" rad s~" (dashed blue line) and I"= 0 (solid green line)): angular frequency dependences on the real (a) and imaginary (b) parts of the
wavevector f. Energy velocity of the SPP versus the real part of the wavevector (c¢). Permittivities of Al,O3 and ZrO, equal 2.84 and 5.5, respectively,
and d = 15 nm. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)
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in the lossless case that is not valid for lossy guides
[22]: vg # vg, as follows from the variation theorem.
It was shown that the dispersion curves in the lossy
and lossless cases differ appreciably only on the
vicinity of the point of ZGV [19], so are energy
velocities (Fig. 2(a) and (b)). In this region, the
imaginary part of the SPP wavevector is large enough
and the group velocity given by Eq. (2) does not have a
clear meaning as a transport velocity, despite the fact
that it can be meaningfully defined even in the case of
high losses and dispersion [23], while the energy
velocity still determines the velocity of energy trans-
fer [24,25]. We are interested in extremely slow SPPs,
therefore we deal with the energy velocity instead of
the group velocity. Nevertheless, the term ZGV will be
used hereinafter but it will relate only to the lossless
waveguide (I'=0) and so it is the same as the zero
energy velocity in that case.

An explicit expression for the energy velocity of the
SPP in the IMI guide can be derived [19]:

+o00

c B 2
/Sx(x, 2 1)dz = 1 7 [Hiow(x,1)]
—00
2 2 2
y 1 & |V3+| |V3+’ +|vs-|
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Is it possible to decrease the energy velocity down to
zero? Unfortunately, no. Losses due to strong absorption
in the metal prevent us from doing so. Then, how slow
SPP can be achieved? It turns out, that the energy velocity
can be sufficiently small (=5 x 1073 ¢) (Fig. 2(c)) for the
thin silver film guide at room temperature (I"=7 X
10" rad sfl) and still less (=5 x 10°* ¢) for ten times
lower value of the damping constant (I'=7 X 10"
rad s~'). Thus, the energy velocity can be extremely
small in spite of high absorption. What is wrong with
extremely slow SPPs? The propagation length is too small
[17,19]. The figure of merit does not exceed ten for the
Al,O3-Ag-ZrO, guide at room temperature and, if the
energy velocity is close to its minimum absolute value,
the figure of merit is less than 5 (Fig. 3). If we increase the
figure of merit by changing the operating frequency, we
increase the energy velocity significantly. Therefore, if
one deals with ultra-slow SPPs, one deals with low figures
of merit. For instance, at the frequency of ZGV (Fig. 2,
=75.305 x 10" rad s~ ") the figure of merit equals 5.0
(Aspp/Lspp = 2.5) and therefore the propagation length is
less than the SPP wavelength (Fig. 4).

3. Nanocavity

At the first sight, a strong absorption in the metal
prevents us to design a device based on extremely slow
SPPs. Can we nevertheless use such modes? Consider
the energy flux in the IMI guide (Fig. 5). We will take
the small region of the waveguide between x and x + Ax.
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where quantity Hy,,(x,f) has the meaning of the com-
plex amplitude of the magnetic field at the lower

interface of the film (z= —d/2), k; = / B* — (w/c)’e;
(i=1,2,3) are penetration constants and notation
Vi+ = (k18; £ k&1 exp(£ka)) (i=2,3) is used for the
sake of brevity.

; “

Im«

In the stationary regime (I(x,f)=1(x)), the time-
average density of the energy and the Joule loss power
are time-independent (W(x.,t) = W(x), J(x,t) = J(x)),
therefore I(x) — I(x + Ax) ~ J(x + Ax/2)Ax, or more
precisely:

grad I(x) = —J(x) (5)
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Fig. 3. Figure of merit for the SPP in the Al,03;—Ag-ZrO, guide for
different values of the metal damping constant: I'=7 x 10" rad s~
(dash-dotted red line), I'=4 x 10" rad s~' (dotted black line) and
I'=7 x 10 rads™' (dashed blue line). The core thickness
d =15 nm. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of the article.)

Taking into account Eq. (1), we get:

d 1

— [ W dz=—-—1J 6
& [ Wz =) ©
Eq. (6) is a differential equation that describes the way
the amplitude of the guided mode changes with the
distance. Since the energy velocity is very small and
Joule losses are large.
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the intensity decreases rapidly with the distance.

Fig. 4. Spatial distribution of the intensity (dash-dotted red line) and
the magnitude of the electric field of the SPP at fixed time (solid blue
line) along the Al,Os-Ag-ZrO, guide (I'=7 x 10 rads™!,
©=5.305 x 10" rads™"). Also shown is the distribution of the
electric field magnitude at fixed time in the lossless cases (dotted
black line). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of the article.)

Fig. 5. Schematic diagram of the energy flux and the absorption of
energy in the IMI guide. I(x,r) and I(x + Ax,r) are the time-average
total power flow at x and x + Ax, J(x,f) is the Joule loss power per unit
guide length and W(x,?) is the time-average energy density.

Somewhat significantly different can be found when
we deal with transient processes. Now the Joule loss
term, energy density and total power flow depend on ¢
and we can write:

Ax/W(x—&—%,z,l—l—At)dz
—Ax/W(x—F%,z,t)dz
z—[l(x—l—Ax,t—i—E)—I(x,t—i—g)]At
2 2
—J(x+%,t+%>AxAt

Letting Ax tend to zero and taking into consideration
Eq. (1), we obtain:

0 0
5/ W(x,z,1)dz = —an/ W(x,z,t)dz — J(x,1)
®)

One can easily see that, if the energy velocity or the
gradient of the time-average energy per unit guide
length is small, the first term in the right-hand part of
Eq. (8) becomes much less than the second one and
the only way for the energy to dissipate is the Joule
heating:

%/ W(x,z,t)dz = —J(x,1) )

It should be noted that for the infinite film it is not
necessary for vg and dW(x,z,1)/0x to be equal to zero
simultaneously. For instance, if dW(x,z,#)/0x ~ 0 and
Ug ~ ¢, the energy flows along the guide with the speed
of about ¢ but the first term in Eq. (8) is approximately
zero. In this case, if the SPP impinges on the edge of the
film, it is mostly scattered out as photons and loses
almost all its energy, since the reflectivity coefficient r is



268 D.Y. Fedyanin, A.V. Arsenin/Photonics and Nanostructures — Fundamentals and Applications 8 (2010) 264-272

Fig. 6. Sketch of the cavity based on the IMI guide of finite length L.

much less than 1 [26]. The scattering loss power is about
(1 = 2r)ug [ W(Xedge, 2, 1)dz, Where Xegge is the x-
coordinate of the edge of the film. So, we should take
into account this type of losses because all devices are
finite and, moreover, they ought to be tiny. To minimize
scattering losses at the edge of the film, it is necessary to
decrease the energy velocity.

Also, there are other types of losses: a leakage
radiation due to coupling to other waveguides and a
leakage radiation due to a surface roughness. The first
kind of losses depends highly on the certain config-
uration and will not be analyzed here and the second one
can be decreased and becomes much less than the Joule
loss term.

Finally, we have considered all types of losses and
can conclude: if the energy velocity is close to zero,
losses are determined mainly by the Joule heating even
though the film length L is sufficiently small. So, now
we can propose a cavity based on the IMI guide of finite
length [27] (Fig. 6). Such a cavity does not require any
resonator grids owing to the fact that the energy velocity
is exceedingly small and thus Joule loss term, which
slightly depends on the cavity geometry, is much greater
than other loss terms.

The quality factor is defined as follows:

Q=2 (2n/w)EJ FRe+R)’ (10)

where the denominator is the energy dissipated in one
cycle, Rg is the radiation loss power associated with the
edge scattering losses due to the nonzero energy veloc-
ity and Ry is the leakage radiation into surrounding
media due to the roughness and coupling to other
waveguides. According to Eq. (10), in the relaxation
process the total energy stored in the cavity (U) depends

on time as U(?) = U(O)exp(—w?/Q). An analytical esti-
mation of Q can be obtained, we should only evaluate
Ry and Rg because the other terms are already known
(Egs. (4) and (7)). In our estimations, we will use the
simplest approximation of the quality factor assuming
Ry to be zero. As for Rg, it has the meaning of the ratio
of the edge scattering loss power P to the length of the
cavity L:

P_

+00
dz
Rp=— W (x0,2, ) —. 11
e=p = [ Wiz 1o an

Here, x is the certain point of the cavity and Leg is the
effective length of the cavity, i.e. the length of the
cavity, which has the zero reflectivity coefficient
(r=0) and a uniform distribution of the energy along
the waveguide core ([ W(x,z,1)dz = [W(z,t)dz) but
the same quality factor Q as the cavity under investiga-
tion. A clear analytical expression for L.g is complicat-
ed, since L.;r depends on parameters of the cavity, on x
and on the angular frequency, nevertheless we can
easily get a good approach. As was mentioned in
Section 2, the edge scattering loss power is proportional
to the total power flow and is evaluated as P ~ (1—
2r)ug [ W(Xedge, 2, 1)dz =~ (1 — r)vg [ W(xo,z,1)dz, if
Xxo lies away from the cavity edges. Consequently,
according to Eq. (11), we get:

L
Lot = —— (12)
1—r

To give an example, we have estimated the quality
factor of the Al,O3;—Ag-ZrO, waveguide of finite
thickness (d = 15 nm, L.¢ = 160 nm) at the frequency
of ZGV (w =5.305 x 10" rad s™!) and have found Q
to be equal to 66 for the backward wave mode and 58
for the forward wave mode. To increase Q, one should
decrease the energy velocity (increase the frequency)
or decrease the damping constant of the metal
(Table 1). Unfortunately, it is difficult to decrease
the energy velocity appreciably, because at small
values of vg the imaginary part of 8 is sufficiently
large (Fig. 2(b)) and hence such modes become
relatively difficult to excite. As for decreasing of
I', there are many problems in this way. However,
at least two promising techniques, that do not require
low temperatures and other specific conditions,
exist. The first of them is alloying a noble metal
with another metal [28] and the second is a compen-
sation of losses with the help of an “active” medium
[29].
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Table 1

Quality factor of the Al,03—Ag-ZrO, nanocavity for different parameters (the damping constant, the operating frequency and the mode excited),

d=15nm, L= 160 nm.

Q-factor

=7 x 10 rads™!

=4 x10Prads™!

r=7x10%rads!

w=531 x w=54 X% w=531x w=54x w=531x w=54x

10" rad s7! 10" rad s7! 10" rad s7! 105 rad s7! 10" rad s7! 10" rad s7!
Forward wave mode 61 75 132 510 760
Backward wave mode 67 76 132 530 760

4. Estimation of the quality factor

The dispersion equation for the SPP guided by the IMI
structure [7,8,14] is difficult to solve, since the angular
frequency w and the wavevector  may be both complex.
Nevertheless, there are two commonly used simplifica-
tions: to consider acomplex fand areal w [19,24,25] and,
alternatively, a complex w and a real 8 [25,30]. None of
them gives the exact solution in our case. In this paper, we
have discussed in details the case when f is complex and
o is real. This approach is almost ideal for stationary
(time-independent) regime and is suited for the descrip-
tion of the wave propagation and energy transfer. When w
is complex and B is real, the dispersion curves in this case
(Fig. 7) differ highly from Fig. 2(a) and (b). Two curves
for '=0andfor I'="7 x 10" rad s~ ' almost completely
coincide (Fig. 7), however the group velocity can not be
used as the measure of the energy transport [25], though it
is almost zero at some points. This approach is suited for
the analysis of time-dependent processes [30] but it does
not convenient for the description of energy transport.
Since the energy velocity does not achieve zero
[19,24,25], the scattering losses at the edge of the cavity
should be taken into account (Section 3) and therefore Rg

Fig. 7. Dispersion curves of the SPP in the Al,05;-Ag-ZrO, wave-
guide structure (d =15 nm) using the complex-w approach: Re(w)
versus B in the figure and Im(w) versus B in the inset, only the
antisymmetric mode is shown.

must be estimated. But if the length of the cavity is much
greater than A, Ly, and vg-Q/w, we can neglect Rg with
respect to the Joule loss term J (Eq. (10)). In that case,
0 =0, =~ —Re(w)/Im(2w). For example, Re(w)=
5304 x 10 rads™!, Im(w)=—3.12 x 10" rad s~!
and we get O, ~ 85. If one considers a finite cavity
(L s finite), then Rg must be calculated. Egs. (7) and (11)
are derived in the complex- 8 approach, however, we will
use them for comparison of two different approaches.
Egs. (7) and (11) give Rg/J=0.25 (backward wave
mode) and Rg/J =0.55 (forward wave mode) for the
cavity with L.s= 160 nm. Finally, we have Q= Q../
(1 + Rg/J): Q =~ 55 (forward wave mode) and Q = 68
(backward wave mode). For the same frequency
(w=5.304 x 10 rads™") the complex-B approach
gives Q =58 (forward wave mode) and Q = 66 (back-
ward wave mode). This example shows that the Joule
losses calculated using the complex-f approach and the
complex-w approach are identical. A more rigorous

Fig. 8. The simulation geometry, A, B and C are points, at which we
record field magnitudes. Red line is the soft source [33]. The source
radiates a two-dimensional TM wave with a Gaussian amplitude
distribution. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of the article.)
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consideration and comparison of the above approaches in
the vicinity of the ZGV point is under work and will be
presented elsewhere.

5. Stored light in the nanocavity

We have shown that it is possible to design a cavity
with a sufficiently high quality factor and extremely
small size (with all dimensions less than the wavelength
of light). In this section, we demonstrate a stored light in
such a plasmonic cavity. An ultra-short light pulse excites
the cavity. There is a number of ways to couple light to the
SPP owing to the simple shape of the cavity and its planar
geometry. In this work, the ordinary prism coupler is used
for the sake of simplicity. After the cavity is excited, it
stores the energy of the electromagnetic wave for a long
time (much greater than the pulse duration) due to a high
Q-factor. We have used our 2D finite difference time
domain (FDTD) code and have carried out simulations

with the pulse duration of 8 fs at the central frequency of
845 THz (that corresponds to the wavelength of light in
vacuum of 355 nm). Such a frequency is chosen by the
reason of a high tunability of the cavity. One is able to
change the operating frequency from 750 to 1000 THz by
means of variation of permittivities of the insulator
media. The upper limit corresponds to the frequency of
the cerium laser, where cerium is used as a dopant in the
crystal Ce:LiCaF [31]. In principle, such a laser is able to
support 3 fs pulses. The lower limit is the second
harmonic of the Ti:Sapphire laser whose pulse duration is
lessthan 5 fs[32]. Thus we have taken 845 THz (355 nm)
as an average value. The simulation geometry is depicted
in Fig. 8, it consists of a 60 nm layer of Al,O3, 15 nm
layer of silver, 100 nm layer of ZrO, right after, and
230 nm thick prism coupler on the left of the cavity. The
length of the metal strip equals 160 nm. A 30 nm
perfectly matched layer (PML) [34] surrounds the
computational space.

Fig. 9. The longitudinal electric field (E,) distribution at different moments of time and the time dependence of E| (the field at the point A — orange
line, at the point B — blue line, at the point C — black line). (For interpretation of the references to color in this figure legend, the reader is referred to

the web version of the article.)
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The component of the wavevector of the incident
light parallel to the layer interfaces is equal to
6.55 x 10° cm™!, thereby the backward wave mode
of the IMI guide is mainly excited (Fig. 2(a) and (b)).
After reflecting from the prism-Al,O; interface, the
light pulse leaves the simulation region, however the
energy of light that has been transformed into the SPP
keeps on storing. Fig. 9 shows the time dependence of
the longitudinal electric field (the component parallel to
the layer interfaces, E,) taken at three points (A, B and
C) and the spatial distribution of E, at different
moments of time. Point A is far away from the cavity
and gives information about the exciting light pulse,
points B and C lie at different boundaries of the IMI
guide core and thus show the essence of the transient
process. The relative phase of the field at the point B and
the field at C equals 7, since the antisymmetric mode is
excited. After excitation (r=3-13fs Fig. 9), the
amplitude of the electric field in the cavity begins
slowly decreasing but after t ~ 43 fs (about 30 fs after
exciting) the rate of decay increases dramatically
(Fig. 9). This feature of such a cavity can be easily
explained: the energy velocity of the SPP is about
—25%x10°ms™! (Fig. 2(c)), points B and C are placed
at a distance of 80 nm from the edges of the cavity thus
8 x 107 m/2.5 x 10°m s~ ' = 32 fs. The energy flows
upward along the waveguide core (the backward wave
mode is excited) with the speed vg. At the initial time
(t = 13 fs) the SPP occupies the entire volume of the
cavity (the full length L) but after 7 = 45 fs it occupies
only about a half of the cavity, i.e. the energy of the SPP
is mostly localized between the point C and the upper
edge of the cavity. Therefore, the effective length of the
cavity is time-dependent. It decreases with time:

[L — |uglt]
L
~ (1 —=r)(L - |vel), (13)

Lefr = Lege (1) = Legr(0)

consequently, the quality factor is time-dependent too:
0 = 0O(Leg()) = O(t) (Egs. (10) and (11)). We obtain
that U(¢) = U(0)exp(—wt/Q(f)), in other words the total
energy stored in the cavity does not depend exponen-
tially on time, it decays faster than the simple exponen-
tial decay function U(¢) = U0)exp(—wt/Q(0)).
Fortunately, our estimations demonstrate that Rg/
J=024 for Lg=160nm and Rg/J=0.46 for
Legr = 80 nm, that is why Q(Ley = 80 nm) ~ 0.85 x O(-
L.t =160 nm), i.e. Q depends slightly on the effective
length of the cavity, therefore O depends slightly on ¢
and U(¢) = U(0)exp(—wt/Q(0)).

6. Conclusion

In conclusion, we have studied extremely slow
SPPs guided by the IMI guide whose energy
velocities are close to zero and have obtained that
the energy velocity can be less than 1/100 c. It was
shown that for such SPPs the IMI guide of finite
length can be a cavity with a high Q-factor. We have
theoretically estimated Q and numerically demon-
strated a possibility to store light by means of
transformation into the slow SPP guided by the IMI
guide. The storage time equals 10-200 fs and depends
on the damping in the metal film and the length of the
cavity. In addition, the cavity is easily fabricated due
to its planar geometry and three layer structure. The
nanocavity obtained in this work could be utilized in
many fields of optical science and engineering, as
example, detection of ultra-short and few-cycle pulses
in ultraviolet and design of optical memory.
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