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“Rainbow” Trapping and Releasing at Telecommunication Wavelengths
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The reported “‘trapped rainbow” storage of THz light in metamaterials and plasmonic graded structures
has opened an attractive new method to control electromagnetic radiation. Here, we show how, by
incorporating the frequency-dependent dielectric properties of the metal, the graded grating structures

s

developed for “trapped rainbow’

storage of THz light in um level can be scaled to nm level for

telecommunication waves for applications in optical communication and various nanophotonic circuits.
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It was demonstrated previously that very cold gases [1]
may be used to slow down electromagnetic (EM) radiation.
In recent years, researchers made several breakthroughs of
employing photonic crystals to slow down EM radiation in
both theory [2-5] and experiment [6-9], such as stopping
light all optically [5], actively controlling slow light [6],
indirectly or directly observing the guided modes for slow
light [7], trapping and delaying photons in a nanocavity
[8], and exploiting low-dispersion or even dispersionless
properties using gap solitons [9]. While promising steps
have been taken towards slowing down light in solid-state
media including semiconductor nanostructures operating
at room temperature [10], “stopping” light completely and
implementation in optoelectronic devices [11] on a chip
remain a great challenge. Recent reports on “trapped rain-
bow” storage of THz light in metamaterials [2] and plas-
monic graded structures [3] have opened a new and
attractive approach to stopping light. It was shown that
tapered waveguides with a negative refractive index core
[2] or graded metallic grating structures [3,4] were capable
of slowing light to a standstill at different locations. The
advantages of these schemes are the ability to reduce the
speed of the light over a wide range of wavelengths and
temperatures, including room temperature [3]. Since that
plasmonic structures and devices operating in the optical
domain offer significant advantages for merging photonics
and electronics within nanoscale dimensions [12], it is of
value to incorporate the dispersion properties of the metal
and scale the operating frequencies of these structures from
THz to telecommunication domain, or even to visible
domain to trap a rainbow visible to humans.

Scaling laws [13] indicate how the cutoff frequency in
the dispersion relations of periodic gratings can be easily
scaled to other frequency regimes. In this work, we explore
decreasing the feature sizes of metal gratings (see the inset
in Fig. 1) to nanoscale dimensions to extend operational
frequencies to the visible and infrared domains, and exam-
ine the dispersion properties of the metal nanostructures in
detail. We employ the complex refractive indices of the
metal, in this case silver [14] (see Fig. S1 in the supple-
mentary material [15]), and determine the dispersion rela-
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tions of the gratings by means of the finite-difference-time-
domain (FDTD) simulations [16]. As can be shown by the
results in Fig. 1, the cutoff frequencies of the silver gratings
with structure 1 (A = 230 nm, d = 200 nm, p = 400 nm)
and structure 2 (h = 140 nm, d = 200 nm, p = 400 nm)
are now both in the telecommunication domain [1.7808 X
10 Hz (A = 1.6846 um) for structure 1 and 2.266 37 X
10'* Hz (A = 1.3237 um) for structure 2, respectively].
It is known that the group velocity, v,, of surface-
plasmon-polariton (SPP) modes, which is given by the
slope of the tangent line at a given point on the dispersion
curve, decreases significantly with increasing the fre-
quency as the cutoff frequency is approached [3.4].
Consequently, if the light at the cutoff frequency is coupled
into the grating structure, its v, becomes quite low.
However, it remains a considerable challenge to overcome
the large momentum mismatch in the first Brillouin zone
and to directly couple the light into one of the SPP modes

0.5
metul
h | grating
0.4 |
o) .
R . air
a pre— 140nm
g‘ 0.3 grating
z‘
E o..-l“".....z..;(;:l'l:l..“.‘I
% 0.2
=
€3
0.1
0.0
0.0 0.1 0.2 0.3 0.4 0.5
Bk P27)

FIG. 1 (color online). Dispersion curves calculated for d =
200 nm and p = 400 nm with different groove depths (7 = 140
and 230 nm). Inset: a schematic of grating structures with a
constant depth and graded depth. In this figure, the x axis is the
reduced propagation constant with a unit of k, p/27r; the y axis is
the reduced frequency with a unit of w p/27c, here c is the light
velocity in vacuum.
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around the cutoff frequency. In a recent study, the v, of
SPP modes at telecommunication frequencies was reported
to be approximately half that of the light velocity [17],
which implies that the working frequency is still far away
from the cutoff frequency.

To address the issues of optical coupling and momentum
mismatch, we employ the graded grating structure illus-
trated in Fig. 1 to gradually couple light into SPP modes
possessing a very low v,. Assuming that the grade is small
enough, a graded grating could be approximated by a series
of many small gratings, each with a constant groove depth.
The dispersion relations for such a nonuniform grating are
expected to change gradually along the x axis as the groove
depth is increased. If a wave propagates along the surface
of such a grating, the v, of the SPP mode gradually
decreases along the propagation direction. By properly
choosing the grating depths, the v, for an incoming wave
can be greatly reduced and it can even approach zero at a
specific location. For example, let us assume that the
groove depth changes gradually from 140 to 230 nm over
the 25 pm grating length. For this structure, the dispersion
relations will vary as a function of position along the
grating, roughly changing from the dispersion curve shown
for 140 nm in Fig. 1 to that for 230 nm. At the input port,
the shallow end of the grating, we only need to overcome a
relatively small momentum mismatch to couple the light
into the SPP mode. Subsequently, this mode will couple,
step by step, as it enters into regions of increasing grating
depth. This series of steps was introduced to help overcome
the large momentum mismatch and gradually couple light
into SPP modes with a large value of k, and a very small
v,. It should also be noted that as the grating depth
changes, so does the cutoff frequency. Therefore, incoming
waves at different frequencies will be “trapped’ at corre-
spondingly different positions having different depths, cor-
responding, respectively, to different cutoff frequencies,
along the grating, leading to the so-called “trapped rain-
bow” storage of light [2,3].

The concept described above can be validated by two-
dimensional FDTD simulations. Figure 2 illustrates how
light waves at four different wavelengths in the telecom-
munication domain, i.e., 1.33 um, 1.45 um, 1.55 pum,
and 1.65 pm, are trapped at different positions along the
graded grating structures. These four wavelengths corre-
spond to the cutoff frequencies associated with the grating
depths at these positions. According to Fig. 1, the cutoff
frequencies for the gratings with constant depths of
140 and 230 nm are about 226.6 THz (i.e., A ~ 1.32 um)
and 178.1 THz (A ~ 1.68 um), respectively. These values
are in good agreement with those obtained from the FDTD
simulations, see Figs. 2(a) and 2(d): As shown in Fig. 2(a),
the 1.33 um wave is trapped at x = 13 um, where the
grating depth is about 150 nm. Similarly Fig. 2(d) shows
how the 1.65 um wave is trapped at about x = 20.5 um,
where the grating depth is about 225 nm. By further
reducing the feature size of the graded gratings, one should
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FIG. 2 (color online). Trapped rainbow for telecommunication
wavelengths obtained by using two-dimensional FDTD simula-
tions: (a)—(d) correspond to the 2D field distribution at four
different wavelengths of 1.33, 1.45, 1.55, and 1.65 pum. The
depth of the grating structure changes from 20 to 270 nm linearly
in a 25 pum region. In these simulations, the period and width of
the grating structure are 400 and 200 nm, respectively.
Nonuniform mesh sizes are employed in this modeling: The
edge grid sizes are Ax = 10 nm and Az = 2 nm, and body grid
sizes are Ax = 20 nm and Az = 20 nm. The simulation time
T = 2000 um/c, here c is the light velocity in vacuum.

be able to “trap” waves in the visible domain (see Fig. S2
in the supplementary material [15]). Interestingly, some
recent experimental results based on photonic crystals
demonstrated that a photonic-crystal waveguide with a
graded hole size is capable of slowing down and trapping
light at different wavelengths to different positions within
the waveguide [18].

The next question that arises after trapping the telecom-
munication rainbow at different locations along the graded
grating is how to release the trapped waves. One method
for releasing these waves is to cap the metal grating with a
dielectric material and temperature-tune the refractive in-
dex of the material filling the grooves via the thermo-optic
effect [19]. In this way, the optical properties of the plas-
monic structure can be tuned by changing the refractive
index of the material at the interface [12]. For a given
temperature change, the thermo-optic effect would pro-
duce a much larger change in the dispersion relations
than thermal expansion or contraction of metals (the ther-
mal expansion coefficient of silver is, e.g., about 18.9 X
107 K1), For example, the thermo-optic coefficient,
dn/dT, of GaAs is about (2.0 ~3.0) X 1074 K~! [19],
while its thermal expansion coefficient is only about 5.7 X
107% K~!. Consequently, a temperature change of 100 K
will increase the refractive index by 0.02 ~ 0.03 (about
0.6% of the refractive index of 3.37 for GaAs at a wave-
length of 1.55 pm [19]). The corresponding change in
feature size is only 0.057% and has a negligible effect on
the optical properties of the structure. The temperature-
dependent refractive index of GaAs is shown by the inset to
Fig. 3.

At 200 K, ngaas 1s approximately 3.347 and the cutoff
frequency for the grating structure (A =70 nm, d =
200 nm, p = 400 nm) is about 1.927 X 10 Hz (A =
1.557 pm) (see Fig. 3). Surface modes at this frequency
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FIG. 3 (color online). Dispersion curves calculated for d =
200 nm, p =400 nm and 4 = 70 nm with different tempera-
tures. Inset: the temperature dependence of the refractive index
of GaAs around 1.55 pm wavelength. Its thermo-optical coef-
ficient is calculated with the fitting equation: dn/dT = n(b, +
biT + byT? + byT? + byT* + bsT + beT®). For GaAs at
1.53 um wavelength, by = —3.059 X 1073, b, = 12.03 X
1077, by = —6442X107°, b3 =1820% 107", b, =
—2.720 X 10714, bs =2.047 X 10717, bg = —6.086 X
10E~?!. This equation is valid from 85 to 920 K [19].

are trapped in the structure. If the temperature is increased
by 100 K, ng,a, increases to 3.370. Assuming other grating
parameters are unchanged due to the small thermal expan-
sion coefficient, the cutoff frequency would shift to
1.920 X 10'* Hz (A = 1.563 um). In other words, the
trapped surface mode at 1.927 X 10'* Hz is no longer
supported by the grating, and therefore released at this
temperature. Similarly, if the temperature is further in-
creased to 400 K, ng,a, increases to 3.396, and the cutoff
frequency shifts to 1.913 X 10'* Hz (A = 1.569 um). As
a result, the trapped surface mode at 1.927 X 10'* Hz is
also “released.” In this way, the trapped waves can be
released one by one by temperature-tuning the refractive
index of the materials that fill the grating grooves, repre-
senting a possible way to realize the optical buffers for
future on-a-chip optical communications. Employing ma-
terials such as InAs, PbS, and PbSe [19], which exhibit a
larger thermo-optic effect, it is feasible to achieve wider
temperature tunability through an optimized design that
incorporates the actual temperature dependence of these
materials [20]. Such a thermo-optical coupling mechanism
will open a new route towards active control of the speed of
surface waves. However, thermal releasing is a relatively
slow process. High speed modulation approaches would be
required to make such structures useful for practical optical
communication applications. The discussion above indi-
cates that waves at near-infrared and visible wavelengths
can be slowed down in the graded grating structures. It
remains to be seen how completely the waves can be
“stopped” [21,22]. According to the perfect electronic

conductor (PEC) model commonly employed for terahertz
waves, loss may be neglected [3], and the v, at the cutoff
frequency could be very close to zero. However, at tele-
communication and visible wavelengths, the strong metal
absorption cannot be neglected, and v,, i.e., the slope of
the dispersion curve at the band edge, is not so close to
zero. Consequently, when absorption loss is considered,
the plasmonic modes cannot be ‘‘stopped” completely.
However, their group velocity can be significantly reduced.
At the band edge shown in Fig. 1, the v, of the SPP could
be slowed down by 103 ~ 10*, which could be used for
implementing practical slow-light applications [22].
Reflection and scattering are both possible loss mecha-
nisms after the surface modes were guided to their corre-
sponding trapped positions.

We next consider the lifetime of the plasmonic modes in
the grating structures to explore their usefulness for prac-
tical applications. While we do not directly calculate the
lifetime of the SPP in these structures, it can be estimated
indirectly from the FDTD simulations, using the expres-
sion, 7 = 1/(awv,), where « is the propagation loss coef-
ficient. The v,, which is obtained from the slope of the
dispersion curve, decreases significantly as the frequency
increases towards the cutoff frequency of the metal grating.
The propagation loss coefficient «, which depends on both
internal absorption and scattering losses, can be deter-
mined from the two-dimensional field distribution ob-
tained from FDTD simulations. A large «, which may be
expected due to strong metal absorption in the near-
infrared and visible spectral regions, would be indicative
of a shorter photon lifetime.

We first consider an incoming wave of fixed frequency
coupling into SPPs on a flat metal/dielectric interface.
When the permittivity of the dielectric layer is increased,
the cutoff frequency of the dispersion curve decreases. As
the SPP cutoff frequency decreases and becomes closer to
the frequency of the light wave, the wave is confined more
strongly at the interface. This results in an increase in the
energy confined at the interface and penetrating into the
metal. Consequently, larger metal absorption and shorter
SPP lifetime is expected, as illustrated in Fig. 4(a) (details
are discussed in the supplementary material [15]).

We next consider SPPs on grating surfaces with a metal-
air interface in the visible and near-IR spectral regions. We
currently have neither analytical expressions nor sufficient
experimental data for v g Or a, but we can still estimate the
lifetime of the plasmonic mode by extracting approximate
values of v, and & from the FDTD simulation (see Fig. S3
in the supplementary material [15]). Figure 4(b) shows that
the empirically derived surface plasmon lifetime as a func-
tion of groove depth, for a wavelength of 1.70 wm, which
is quite different from the behavior obtained for flat metal/
dielectric interfaces shown in Fig. 4(a). As the SPP is
guided along the graded grating surface in the direction
of increasing groove depth, its lifetime increases mono-
tonically with groove depth, reaching a value of approxi-
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mately 3 ps where the groove depth is 240 nm. Such a
lifetime may be long enough for some meaningful nano-
photonic applications. These estimated lifetimes are of the
same order of magnitude as a value reported recently for a
somewhat different plasmonic structure [23]. While further
investigation is needed, the capability of significantly re-
ducing the v, of light along the graded grating structures
and trapping photons for a long period of time may play a
significant role in compact optical-buffer memories,
quantum-information/optical processing, and plasmonic
active devices.

In summary, we have made feasibility studies on trap-
ping and releasing electromagnetic waves in graded grat-
ing structures in the telecommunication and visible
domains. Such a phenomenon can be exploited in the novel
designs of the plasmonic devices targeted towards the
applications in optical buffers, data synchronizers [2],
broadband slow-light systems, integrated optical filters
[3], wavelength-division multiplexing, on-chip optical in-
terconnectors, spectroscopy, imaging devices [3,12], and
nonlinear optical devices.
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