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We theoretically demonstrate that a metallic film covered by a dielectric grating of graded thickness can
strongly slow light as the propagation velocities of surface plasmon polaritons �SPPs� are reduced over a large
frequency bandwidth at visible frequencies. Since the dispersive relation of SPPs is dependent on the dielectric
grating thickness, the guided SPPs at different frequencies can be localized at different spatial positions of the
plasmonic grating. We numerically demonstrate that a true rainbow from violet to red colors can be separately
localized, resulting in the spatial separation of the visible spectrum on a chip.
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Slow light has attracted tremendous research interest be-
cause of a broad range of potential applications, including
optical buffers,1 filters,2 and enhanced light-matter
interactions.3 To address the needs of various applications, it
is highly important to design novel structures and explore
new mechanisms that can significantly slow down or even
stop light.4 In recent years, a series of discoveries revealed
that it is possible to obtain ultraslow light.5–8 Typical ex-
amples include the use of quantum interference effects,5 pho-
tonic crystals �PCs�,6 stimulated Brillouin scattering,7 and
electromagnetically induced transparency8 to achieve such a
purpose.

As electromagnetic waves bounded to the interface of
metals and dielectrics, surface plasmon polaritons �SPPs� of-
fer a great potential for carrying optical signals in nanoscale
networks.9 Currently, much effort is being focused on slow-
ing light in plasmonic structures, i.e., the reducing group
velocity ��g� of SPPs.10,11 The concept of a “trapped rain-
bow” storage of terahertz light in metamaterial waveguides12

and metal grating structures13 has attracted special attention
because of the ability to stop light of different wavelengths at
different positions. More recently, the metal grating struc-
tures have been successfully scaled to nanoscale level for a
trapped rainbow in the telecommunication domain, or even
in the visible domain.14 Alternatively, chirped photonic crys-
tal waveguides or tapered plasmonic waveguides have been
demonstrated to be capable of gradually slowing down and
even stopping light waves.15,16 In this Rapid Communication,
we demonstrate that a metal film covered by a dielectric
grating with a graded thickness can trap a true rainbow, rang-
ing from violet to red spectral regions. As a white light beam
is coupled into the structure, each frequency component of
the beam could be localized at different spatial positions,
resulting in spatial separation of different colors in the vis-
ible spectrum, and lead to a real trapped rainbow at the nano-
scale domain on a chip.

We first consider two plasmonic structures shown in in-
sets A and B of Fig. 1. The dispersive relation of TM-
polarized light modes �here, the SPP modes propagate along
the z direction� in the metal-dielectric-air model �inset A of
Fig. 1� can be expressed as

kdh = arctan��dka

�0kd
� + arctan��dkm

�mkd
� , �1�

with km=��2−�mk0
2, kd=��dk0

2−�2, ka=��2−�0k0
2, and nef f

=� /k0, where � is the propagation constant of TM modes in
the dielectric layer and k0 �=2� /�� represents the wave vec-
tor of light in the air. �m, �d, and �0 are the dielectric con-
stants of metal, dielectric layer, and air, respectively. nef f
�=nef f� + jnef f� � is the effective refractive index of the SPP
mode and h is the thickness of the dielectric layer. Figure 1
shows the dependence of nef f� on the wavelength � as a func-
tion of h. In the calculation, the dielectric layer is Si3N4
�nd=��d=2.03� while the metal film is silver, whose dielec-
tric properties are described by the Drude model �m=1
− fp

2 / �f2+ i�f� with the plasma frequency fp, loss component
�, and frequency of the incident light f , respectively. By
fitting the experimental data17 as shown in inset �i� of Fig. 1
�n is the refractive index and k is the extinction coefficient�,

FIG. 1. �Color online� Dependence of the real part nef f� of effec-
tive refractive index of SPPs on wavelength � for different grating
thicknesses h. Inset A: metal-dielectric-air model �h�0,
silver-Si3N4-Air�. Inset B: metal-air model �h=0, silver-air�. Inset
�i�: optical properties of silver in the visible domain. Blue solid line:
the refractive index n, and red dashed line: the extinction coefficient
k.
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we obtain fp=2.04�1015 Hz and �=9.37�1012 Hz in the
range of wavelength from 390 to 780 nm. From Fig. 1, one
can see that nef f� decreases with � for a fixed h but increases
with h for a given �. This is consistent with previously re-
ported results:18 the real part of the SPP wave vector in-
creases monotonically with dielectric thickness if the fre-
quency of the incident light is lower than the characteristic
frequency of the metal-dielectric models. As the thickness of
the dielectric layer decreases to h=0, which corresponds to
the metal-air model �inset B of Fig. 1�, the dispersion equa-
tion of SPPs becomes �=2� /���0�m / ��0+�m�. The corre-
sponding SPP nef f� values are also shown in Fig. 1 �h=0,
cyan dashed line�. From this figure we can see that nef f� of
SPPs in the metal-air model �h=0� is lower than that in the
metal-dielectric-air model �h�0� for a fixed � in the visible
domain. Therefore, similar to metal Bragg grating structures
used to guide slow SPPs,11 we can design a plasmonic Bragg
waveguide by alternately stacking the two plasmonic models
discussed above, which can be realized by coating a metallic
film with a binary dielectric grating �see the inset of Fig.
2�a��, to guide slow SPP modes. The band dispersion of this
periodic structure can be obtained from the well-known
secular equation19

cos kd = cos k1w1 cos k2w2 −
1

2
�n1

n2
+

n2

n1
�sin�k1w1�sin�k2w2� ,

�2�

where k is the Bloch vector along the z axis, d=w1+w2 is the
lattice constant �w1 and w2 are the widths of the dielectric
and air layers, respectively�, and nj and kj =nj	 /c �j=1,2�
are the effective refractive index and wave vector of SPPs in
the metal-dielectric-air model �j=1� and metal-air model �j
=2�, respectively. From Eq. �2� we can obtain the SPP propa-

gation band structure in the plasmonic waveguide. Since n1
is related to h in Eq. �1�, the band dispersion will differ for
different h. Our calculations reveal a redshift of the wave-
length near the upper edge of the band gap with the increased
thickness of the dielectric layer h, which is attributed to the
fact that n1 increases with h for a given � �see Fig. 1�. Figure
2�a� shows the calculated band dispersion of the structure
with h=5 nm �blue solid line� and h=350 nm �red dashed
line�, respectively, where the widths of the dielectric layers
and the air are fixed at w1=70 nm and w2=110 nm, respec-
tively. It can be seen that, at h=5 nm, the wavelength � at
the upper edge of the gap is �1=405 nm while, at h
=350 nm, � shifts to �2=680 nm.

Following the fact that Bragg grating structure can
strongly reduce �g of the light near the edge of the band
gap,11 we can deduce that �g of an SPP mode will be reduced
as the incident light at �=�1=405 nm �or �=�2=680 nm�
is coupled into the plasmonic structure with h=5 nm �h
=350 nm�. However, similar to PCs, such structures with a
constant dielectric thickness h can only slow down SPPs
within a very narrow frequency range near the edge of the
band gap. Therefore, we design a planar plasmonic structure
constructed by a metal film coated with a graded binary di-
electric grating �infinite along the x axis� as shown in Fig.
2�b� to enlarge the bandwidth of the slow SPP modes. The
coated grating thickness h is linearly increased from the left-
hand side �h=5 nm� to the right-hand side �h=350 nm�
along the z direction. Note from Fig. 2�a� that the wavelength
� of the upper edge of the band gap shifts from �1
=405 nm to �2=680 nm as the grating thickness changes
from h=5 to 350 nm. We conclude that the graded plasmonic
structure shown in Fig. 2�b� can in principle slow down or
confine the SPPs ranging from �1=405 nm to �2=680 nm.
Figure 2�c� shows the calculated transmission spectrum of
the designed plasmonic structure �Fig. 2�b�� in the visible
domain from 390 to 780 nm, obtained by two-dimensional
�2D� finite-difference time-domain �FDTD� simulations.20

Considering the metallic dispersion and intrinsic loss, the
iterative equation of 2D FDTD was modified according to
the polarization equation approach.21 The total length of the
structure is approximately 25 
m �140 periods�. We can see
that there exists a plasmonic band gap in the range of wave-
length from 390 to 650 nm �see Fig. 2�c��, implying that
SPPs in the band gap cannot pass through the structure but
are localized at different spatial positions instead.

To confirm the prediction above, we employ the 2D
FDTD method to simulate the magnetic field intensity distri-
butions ��Hx�2, where Hx is the magnetic field along the x
axis� as SPPs pass through the plasmonic structure con-
structed by a metal Ag and a dielectric Si3N4 �Fig. 3�. The
excitation wavelengths are set at 390 �violet�, 490 �blue�, 560
�green�, 585 �yellow�, 610 �orange�, and 635 nm �red�, re-
spectively, while all the other parameters are the same as that
used in Fig. 2�c�. From Fig. 3 we can see that SPPs excited
by different wavelengths are localized at different spatial po-
sitions along the metal surface: the SPP modes excited by
shorter wavelengths will be localized at the positions closer
to the input port of the structure �with thinner h�, while those
launched by longer wavelengths will be localized at the po-
sitions further away from the input side of the structure �with

FIG. 2. �Color online� �a� Calculated band dispersion of a me-
tallic film coated with a binary dielectric grating with thickness h
=5 nm �blue solid line� and 350 nm �red dashed line�, respectively.
The widths of the dielectric and air layers are set at w1=70 nm and
w2=110 nm, respectively. Inset: schematic of the structure. �b�
Schematic of the designed graded plasmonic structure �infinite
along the x axis� for trapping rainbow in the visible domain. �c�
Calculated transmittance of SPPs passing through the structure of
�b�. In the calculations, the grating thickness h increases linearly
from 5 to 350 nm with the step of 2.5 nm, and the total length of the
structure is approximately 25 
m. Other parameters are the same
as that of �a�.
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thicker h�. Since the guided SPPs are localized at different
spatial positions, we can conclude that �g’s of SPPs are sig-
nificantly reduced.

It was experimentally demonstrated that �g of SPPs can be
estimated by the time evolution of SPP pulse through the
slow plasmonic waveguide structures.11 Here, we will esti-
mate �g of SPPs using this method through FDTD simula-
tion. In the calculations, a time-domain TM-polarized Gauss-
ian pulse �magnetic field is parallel to the x axis; see Fig.
2�b�� with a pulse width ��� of 90 fs, centered at a single
wavelength is used. Figure 4�a� shows the calculated gray
distribution of the SPP field intensity ��Hx�2� in time-position
plane �along the z axis, 5 nm above the metal surface� as a
light pulse centered at 635 nm �within the band gap of the
plasmonic structure; see Fig. 2�c�� is coupled into the struc-
ture. It can be seen that the field intensity of SPPs increases
with both the propagation distance and time, and finally
reaches its maximum, implying the localization effect or, in
other words, the significant reduction in �g.15 The short-range
oscillation behavior along the propagation direction can be
attributed to both the Bloch wave characteristics of the

guided SPPs and the interference between the forward and
reflected SPPs.15

To more clearly show the time evolution of the SPP
propagation, we present in Fig. 4�b� the dependence of the
intensity profile of the SPPs on the propagation time at eight
spatial positions of the structure, with a spacing of 2.5 
m
along the propagation direction �the first position is 1.5 
m
away from the input port of the structure�. The figure shows
that the SPPs around the last position �19 
m away from the
input port� show the strongest intensity �red solid line�, cor-
responding to the localization around the coordinate point
�19 
m, 0.37 ps� of Fig. 4�a�. On the other hand, Fig. 4�b�
shows the propagation evolution of the SPP pulse along the
plasmonic structure: the SPP wave packet arrives sequen-
tially at the eight positions from the nearest one �1.5 
m
away from the input port of the structure� to the furthest one
�19 
m away from the input port� with a slower and slower
group velocity. For example, it takes only about 10 fs for the
SPP mode to pass through the first 2.5-
m-long distance
�from 1.5 to 4 
m away from the incident port of the struc-
ture�, while it takes about 80 fs for the last 2.5-
m-long
distance �from 16.5 to 19 
m�. The relation between the
propagation distance and the propagation time of the SPP
wave packet is plotted in the inset of Fig. 4�a�. The curve
becomes steeper and steeper with the increased propagation
distance, clearly confirming the gradual slowing down of the
SPP modes through the structure. Therefore, as incident light
is coupled into the structure, �g of the SPPs will gradually be
slowed down and, in principle, eventually approach the
“stopped” condition as the light frequency approaches the
band-gap edge of the structure.

From the practical point of view, however, the SPPs can
never be completely stopped due to the metallic absorption.22

For instance, �g �	d	 /dk� of SPPs excited by the incident
light ��=680 nm� around the upper edge of the band gap of
a plasmonic structure with a thickness of 350 nm �red dashed
line in Fig. 2�a�� is approximately c /15 in our case. To sup-
press the effect of the metallic absorption, we can employ a
gain medium to compensate for a portion of the losses.23 In
this case, the group velocity �g of SPPs is expected to be
further slowed down.

In addition to the need for a low group velocity, a suffi-
ciently long SPP lifetime is required to design and implement
novel elements such as plasmonic waveguides or
resonators.14,24,25 The lifetime of SPPs can be expressed as
TSPP=1 / ���g�, where � is the attenuation constant. Here, we
consider a plasmonic structure covered by a dielectric grating
with a constant thickness. � can be extracted from the FDTD
simulated field intensity distribution,14 and �g of SPPs can be
indirectly obtained, as has been discussed before, by record-
ing the time evolution of SPP pulse at different positions
along the structure. Figure 5�a� shows the calculated mag-
netic field intensity ��Hx�2� distributions of SPPs in a plas-
monic structure in the time-position plane �along the z axis, 5
nm above the metal surface�, where the central wavelength
of the incident light, the grating thickness, and total length of
the structure are 645 nm, 270 nm, and 100 periods, respec-
tively. From this figure we can obtain the group velocity �g
of SPPs guided in the structure. The inset of Fig. 5�a� shows
the field intensity profiles of SPPs at two positions �1.5 
m

FIG. 3. �Color online� FDTD simulated magnetic field intensity
distributions ��Hx�2� of SPPs through the graded plasmonic structure
shown in Fig. 2�b� as the incident light is at 390 �violet�, 490 �blue�,
560 �green�, 585 �yellow�, 610 �orange�, 635 nm �red�, respectively.
Other parameters are the same as that of Fig. 2�c�.

FIG. 4. �Color online� �a� Calculated gray distribution of SPP
field intensity ��Hx�2� in time-position plane �along the z axis, 5 nm
above the metal surface�. Inset: arrival time of SPP wave packets at
eight spatial positions, with an equal spacing of 2.5 
m along the
propagation direction. The first position is 1.5 
m away from the
input port. �b� Time evolution of SPP wave packets at the above
eight spatial positions of the structure. In the calculations, the inci-
dent light is a TM-polarized Gaussian pulse with a pulse width ���
of 90 fs and 635 nm central wavelength �magnetic field is parallel to
the x axis�. All the geometrical parameters are the same as that of
Fig. 3�c�.
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�cyan solid line� and 6.5 
m �red dashed line� from the in-
cident port, respectively�. The propagation time of SPPs
from 1.5 to 6.5 
m is 81 fs, which is 4.9 times longer than
that for a free space light, which means that the group veloc-
ity of the surface mode is reduced to �g=c /4.9. � and �g as
functions of h are shown in Fig. 5�b�. We can see that �g is
monotonically reduced with increasing h. The SPP lifetime is
plotted in Fig. 5�c�. In the propagation mode �h
330 nm�,
the growth rate of � is slightly greater than the reduction rate
of �g. Thus, the SPP lifetime decreased with increased grat-
ing thicknesses. As the grating thickness is increased further,
so that SPP will be localized �h�330 nm�, the SPP lifetime

will increase due to the greater reduction in �g �see Fig.
5�b��. Finally, as the grating thickness reaches the value h
=350 nm, the SPP lifetime reaches about 0.36 ps. This
longer lifetime is on the same order of magnitude as that of
plasmonic nanocrystals.24 It should be pointed out that, if our
proposed plasmonic structure is developed for trapped rain-
bow at telecommunication wavelengths, the SPP lifetime can
reach several picoseconds �not shown here� due to the lower
metallic absorption.

Finally, our proposed structure can also function as plas-
monic color sorters26 on a chip since it can separate different
frequency components of the white light. For future experi-
ment implementation, we can use chemical deposition to ex-
actly control the thickness of the dielectric layer and employ
e-beam lithography and chemical etching to etch the dielec-
tric layer rather than the metal substrate,27 which is useful for
enhancing light coupling into SPPs due to the planar metal
substrate-based plasmonic structures.28 We can also employ
nanoimprint technology to fabricate such metal-dielectric-air
structures in a large scale relatively easily.29 Consequently,
we believe that such a structure might be “designed” freely
based on the current nanofabrication technologies.

In conclusion, metal films covered by a graded dielectric
grating have been demonstrated to trap true rainbows in the
visible domain at different spatial positions. Our structure
provides a way to slow or even trap the light signals in the
nanoscale domain, offering potential applications in con-
structing chip-based nanoscale buffers, spectrometers, filters,
data processors, and quantum optical memories.
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FIG. 5. �Color online� �a� Calculated magnetic field intensity
distribution ��Hx�2� of SPPs in the time-position plane �along the z
axis, 5 nm above the metal surface� as the grating thickness and the
total length of the structure are 270 nm and 100 periods, respec-
tively. The incident pulse is the same as that used in Fig. 4 but
centering at 645 nm. Inset: time evolution of the SPP intensity at
two spatial positions �blue solid line: 1.5 
m and red dashed line:
6.5 
m away from the incident port�. �b� and �c� Dependence of
the �b� attenuation coefficient � and group velocity �g and �c� life-
time of SPPs on grating thickness h.
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