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The group velocity of long-range surface plasmon polaritons (LRSPPs) in a wide frequency bandwidth at infrared
frequencies is significantly reduced by dielectric gratings of graded thickness on both sides of a thin metal film. This
structure can reduce the propagation loss of slow surface plasmons in “rainbow trapping” systems based on plasmonic
Bragg gratings. Compared with dielectric gratings of graded thickness on a single side of a metal film, the proposed
structure is able to guide slow light with a much longer propagation distance for the same group index factor. Finite-
difference time-domain simulation results show that slow LRSPPs with the group velocity of ¢/14.5 and the propagation
distance of 10.4 pm are achieved in dielectric gratings of uniform thickness on both sides of a thin metal film at 1.62 pm.
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1. Introduction

Reducing the group velocity (vg) of light waves in op-
tical materials at room temperature is an important issue be-
cause of a broad range of potential applications,!!! includ-
ing enhanced light-matter interactions, optical buffers, and
filters.
erate only at specific resonant frequencies, so it remains a

However, most current slow-light systems can op-

great challenge to slow down v, in a wide frequency band.
Metamaterials and plasmonics are cross-disciplinary fields
that are emerging into the mainstream of many scientific
areas.>] Recently, “rainbow trapping” has been proposed as
a scheme for localized storage of wide-band electromagnetic

(101 plasmonic grating structures, [!1-1°]

fields in metamaterials,
and plasmonic heterostructures.!!’-1°1 This demonstrates that
these tapered waveguide structures are capable of localiz-
ing light waves of different frequencies at different positions.
Quite recently, the “rainbow trapping” effect has been exper-
imentally observed in adiabatically graded metallic gratings,
where light of different wavelengths in the 500 nm-700 nm
region is “trapped” at different positions along the grating.!'6]
However, metallic slow-light systems suffer from high propa-
gation loss at optical wavelengths, which severely limits their
use in practical applications.!?’! It is therefore not surprising
that overcoming loss restrictions in metamaterials has become
one of the most important topics in nanophotonic research. [>!1
In this letter, we propose the use of dielectric gratings of
graded thickness on both sides of a thin metal film to realize

plasmonic “rainbow trapping” in the telecommunication do-
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main. We reveal that the propagation loss of slow-light modes
in the plasmonic grating structures can be significantly re-
duced as opposed to our previously proposed plasmonic grat-
ing structures.!'>~151 As a result, this novel plasmonic struc-
ture is able to guide slow-light with a much larger group index
(ng = ¢/ g, c is the speed of light) and longer propagation dis-
tance simultaneously.

2. Long-range plasmonic grating waveguides

We first compare four plasmonic models shown in
Fig. 1, where models A and B are employed to construct
the previously proposed plasmonic gratings for “rainbow
trapping.”!!3-11 It is well-known that, in models C and D,
symmetrical coupling of surface plasmon polariton (SPPs) on
both surfaces of a thin metal supports the long-range SPP (LR-
SPP) mode with a much smaller propagation loss because less
light energy will be located in the metal film.[??>=2%! In the cal-
culation, the dielectric layer is Si (nq = 3.48) while the metal
film is silver, whose dielectric properties are gotten from the
experimental parameters.?”! It is interesting to note that, for
a fixed thickness of the Si layer, /, the propagation distances
(A/47ne’") of the LRSPP mode in models C and D, respec-
tively, are 1 and 2 orders of magnitude greater than that of
SPPs in models A and B for a given A (see Fig. 1). And the
corresponding n.¢’ values of LRSPP mode in the former mod-
els are only slightly smaller than those of SPPs in the latter
models. More interestingly, similar to model A, for a fixed
wavelength, the corresponding neg’ of the LRSPP mode in
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model C increases monotonically with 4. Therefore, instead of
the plasmonic gratings reported in Refs. [13]-[15], we propose
a long-range plasmonic Bragg grating (LRPBG) [see inset (a)
of Fig. 2] to guide the slow LRSPP mode. The dispersion
curve can be determined by incorporating the effective indices
of LRSPP models in modes C and D into the secular equation

for periodic structures. !
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Fig. 1. (color online) (a) Dependence of the real part neg, and imagi-
nary part neg’ of the effective refractive index of SPPs on wavelength A
for different grating thicknesses 4. Model A: metal—dielectric—air model
(h # 0), model B: metal-air model (4 = 0). (b) Dependence of the real
part nef’, and imaginary part neg” of the effective refractive index of the
LRSPP mode on wavelength A for different grating thicknesses, where

the thickness of the silver film is 20 nm. Model C: air—dielectric—metal—
dielectric—air model (4 # 0), model D: air-metal—air model (h = 0).

Our calculation results show that the dispersion proper-
ties of the LRPBG can be tuned by systematically varying the
grating thickness. Figure 2 shows the dispersion curves of the
LRPBG with different grating thicknesses 4. It can be seen
that, with the increase of #, the cutoff frequency of the LR-
SPP mode in the LRPBG shifts from 300 THz (A = 1 pum)
with 7 =60 nm to 161 THz (A = 1.86 um) with 4z = 600 nm,
which is due to the fact that the ne’ value of the LRSPP mode
in model C increases as & increases. Given that the v; of a
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light wave will become very low as the light frequency ap-
proaches the cutoff frequency, we can infer that the v, of the
LRSPP mode can be reduced significantly as incident light at
A =1 pumand A = 1.86 um is coupled into the structure with
h =60 nm (or A = 600 nm).
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Fig. 2. (color online) Dispersion curves of a thin metallic film coated
with a binary dielectric grating with thicknesses # = 60 nm and 600 nm,
respectively. The widths of the Si and air layers are w; = 100 nm and
wy = 250 nm, respectively. Inset (a) Schematic of the LRPBG. Inset (b)
Schematic of the ALRPBG for LRSPP “rainbow trapping.”

However, LRPBG can only slow down the v, of the LR-
SPP mode within a very narrow bandwidth near the cutoff fre-
quency. To effectively enlarge the bandwidth of slow LRSPP
mode, an adiabatic long-range plasmonic Bragg grating (AL-
RPBG) is proposed as shown in the inset (b) of Fig. 2, where
the grating thickness # is linearly increased from 100 nm (left-
hand side) to 670 nm (right-hand side) with steps of 5 nm,
and the total length of the structure along z direction is ap-
proximately 40 pm. Since the grating thickness 4 is gradually
increased along the propagation direction, the dispersion re-
lations for ALRPBG vary monotonically with positions, indi-
cating that the incident light of different wavelengths will be
localized at different positions along the propagation direction.
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Fig. 3. (color online) FDTD simulated magnetic field intensity distributions (| H,|?) of light waves through the graded plasmonic
structure shown in the inset of Fig. 2 as the incident light is at (a) 1310 nm, (b) 1370 nm, (c) 1430 nm, (d) 1490 nm, (e) 1550 nm, and
(f) 1610 nm, respectively. In the calculations, the grating thickness % increases linearly from 100 nm to 670 nm with steps of 5 nm,

and the total length of the structure is approximately 40 um.
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The “rainbow trapping” concept described above can be
confirmed by two-dimensional finite-difference-time-domain
(FDTD) simulations. To effectively excite the LRSPP mode
in the ALRPBG, a light source with a symmetrical distribution
is set incident into the ALRPBG from the left-hand side. Fig-
ure 3 illustrates that light waves of different wavelengths in the
infrared domain, i.e., 1310 nm, 1370 nm, 1430 nm, 1490 nm,
1550 nm, and 1610 nm, are localized at different positions
along the grating structures. The corresponding grating thick-
nesses, where the six wavelengths are localized, are consistent
with those predicted by the dispersion curves. We note that in
a recent study chirped photonic crystal waveguides were also
demonstrated to be capable of localizing light waves of differ-

ent frequencies at different positions. 28]

3. Group velocity and propagation distance

To verify the slow-light characteristics of the LRPBG, the
time evolution of LRSPP pulse propagation is theoretically
demonstrated by FDTD simulation. A TM-polarized Gaus-
sian pulse with pulse width (o) of 103 fs and central wave-
length 1.62 um is incident into a LRPBG (4 = 540 nm) from
the left-hand side. Figure 4 shows the field intensity profiles
of the LRSPP pulse at two positions (7 pm and 35 pum from
the incident port, respectively). The time interval between the
two positions is Az = 592.7 fs and the n; of LRSPP mode is
ng = cAt/d = 6.35, where d (= 28 um) is the distance between
the two positions.
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Fig. 4. (color online) Time evolution of the LRSPP wave packets at two
spatial positions [7 pm (red solid line) and 35 pm (blue solid line) away
from the incident port of an LRPBG with 4 = 540 nm]. In the calcula-
tions, the incident light is a TM-polarized Gaussian pulse with a pulse
width (o) of 103 fs and a 1.62-pm central wavelength. Inset shows the
schematic of the LRPBG.

While the v, of the SPP mode in the previous plasmonic
grating structures can be significantly reduced due to the high-
index contrast between the neighboring dielectric layers, the
propagation distance is limited to around 10 pum because a
large portion of light energy is located in the metal film.[13-13]
For practical applications, a large group-index factor and a
long propagation distance must be satisfied simultaneously.
We note that in a recent study, a plasmonic Bragg grating was
found to be capable of supporting a usable propagation dis-

tance of slow SPP mode, however, the maximum vy is only

approximately half of the light velocity in vacuum."! For
our proposed LRPBG, on one hand, the high-index contrast
between the neighboring dielectric layers will ensure a much
smaller vg. On the other hand, since a much smaller portion
of light energy will be located in the metal film, a larger prop-
agation distance can be expected.
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Fig. 5. (color online) Dependence of the attenuation coefficient o and
group velocity vg (a) and lifetime 7gpp (b) of SPP mode on grating
thickness /4 for the structure shown in the inset of Fig. 2(a) in Ref. [5].
And dependence of the attenuation coefficient o and group velocity vg
(c) and lifetime (d) of LRSPP mode on grating thickness 4 for the struc-
ture shown in the inset of Fig. 4. Here, the widths of the Si and air
layers for the two structures are w; = 100 nm and w, = 250 nm. The
excitation wavelength for both structures is 1620 nm.

Next, we will make a direct comparison between the
previous plasmonic gratings with uniform dielectric gratings
[shown in the inset of Fig. 2(a) in Ref. [5]] and LRPBG in
terms of vy and propagation distance. For both structures,
the propagation attenuation coefficient ¢ (the propagation dis-
tance is defined as L = 1/2¢) can be extracted from FDTD
simulated field distributions, while the v, can be indirectly ob-
tained by recording the time evolution of a light pulse at differ-

[13.15] The two struc-

ent positions along the grating structures.
tures are compared at the same wavelength (A = 1.62 pum). In
order to have a meaningful comparison, we consider the same
widths of the dielectric and air layers for both structures. In
this case, the grating thicknesses associated with the cutoff fre-
quency (185.2 THz) for both structures are different. For both
structures, increasing the grating thickness 4 can monotoni-
cally reduce v, but at the cost of the increased propagation
loss [see Figs. 5(a) and 5(c)]. The v, reaches the minimum
value as the grating thickness approaches the “cutoff thick-
ness” associated with the cutoff frequency, where the propa-
gation loss is increased to a maximum value. As the grating
thickness is tuned away from the “cutoff thickness,” the v,
evolves gradually to the value of a straight SPP waveguide,
where the propagation loss is minimal. However, the propaga-
tion loss of LRSPP mode in the LRPBG can be much smaller
even with a larger ny. For example, the n, and the propagation
distance of the LRSPP mode in the LRPBG with 4 = 515 nm

077301-3



Chin. Phys. B Vol. 22, No. 7 (2013) 077301

are 5.35 um and 55.3 um, respectively. In contrast, the cor-
responding n, and propagation distance of SPP mode in the
previous plasmonic gratings with 7 =480 nm are 5.23 wm and
26.2 um, respectively. As the grating thickness approaches the
“cutoff thickness,” where the v, is significantly reduced, the
propagation loss of LRSPP mode in the LRPBG is still smaller
than that in the latter one. The vy of the LRSPP mode in the
LRPBG with & = 635 nm is significantly reduced to ¢/14.5,
while the propagation distance is reduced to 10.4 pm. As for
the previous plasmonic gratings with 7 = 600 nm, the corre-
sponding v, and propagation distance are ¢/14.3 and 6.8 pm,
respectively. Consequently, the corresponding photon lifetime
(defined as Tspp = 1/@v,) can be greatly enhanced in the
LRPBG [see Figs. 5(b) and 5(d)].

4. Conclusion

In conclusion, we have proposed dielectric gratings of
graded thickness on both sides of a thin metal film for realiz-
ing LRSPP “rainbow trapping” at telecom frequencies. Com-
pared with the reported slow SPP mode obtained by dielectric
gratings of graded thickness on a single side of a metal film,
the propagation loss in such plasmonic grating structures can
be made much smaller due to the fact that a smaller portion
of the light energy is located in the metal film. Our simula-
tion results demonstrate that the proposed structure is capable
of guiding slow LRSPP mode with a much smaller v, and
longer propagation distance. The present paper opens avenues
for reducing propagation loss in broadband slow-light systems
based on plasmonic grating structures, implying great poten-
tial applications in optical buffers, memories, data processors,
optical filters, and sorters.
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