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Rainbow trapping arisen from slow light effect has been attracted lots of attention for the past two decades.
However, until now only unidirectional rainbow trapping has been proposed, which relies on a complicated
configuration or technique. Here we propose and investigate a metal-dielectric-semiconductor-dielectric-metal
structure, where the semiconductor layer is applied with an external DC magnetic field. We show that in

such a waveguide configuration there exist branches of dispersion curves showing slow-light bands at finite
propagation constants. The positions of the slow-light bands can be tuned by varying the thickness of the
semiconductor or the dielectric layers in the waveguide. By tapering the waveguide, we first demonstrate
bidirectional rainbow trapping in such a simple waveguide configuration, and more importantly the trapped
rainbow can be easily released by changing the external magnetic field.

1. Introduction

Surface magnetoplasmon (SMPs) are nonreciprocal surface plas-
mons that were sustained at the interface of a magnetized plasmonic
material and a dielectric. SMPs can exhibit one-way propagation under
certain conditions. Such one-way SMPs are physically similar to the chi-
ral edge states based on the quantum-Hall effect [1]. In 2008, F. D. M.
Haldane and S. Raghu predicted the possibility of one-way electromag-
netic (EM) mode in photonic crystals (PhCs) made of magnetic-optical
(MO) materials [2]. Later, Wang and his colleagues experimentally
demonstrated the one-way EM mode in the PhC made of gyromagnetic
yttrium-iron-garnet (YIG) in microwave regime [3]. As an alternative
form of one-way EM mode, one-way SMP was soon proposed as well,
and due to the simple configuration, it draws more and more attentions
recently [4-7].

The manipulation of EM wave or light is very attractive in both
physics and technology. Particularly, slowing light is an interesting and
meaningful issue due to its potential applications in energy storage [8—
10], nonlinearity enhancement [11-13] and quantum optics [14,15].
At the very beginning, scientists studied the slow-light by using elec-
tromagnetically induced transparency (EIT), which is appropriate for
fundamental investigations. However, that method is not applicable for
practical applications [16,17]. In the past decade, many researchers
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were trying to slow light in PCs by introducing defects and photonic
bandgap (PBG) [11,18-20]. Alternatively, some others preferred to
utilize metamaterials [8]. Recently, we proposed a simple tapered
metal-dielectric-semiconductor-metal (MDSM) structure in terahertz
regime [21]. It was shown that this MDSM structure is capable to slow
wave (SMP) and to trap ‘rainbow’.

In this paper, we further propose an improved model, which is
a metal-dielectric-semiconductor-dielectric-metal (MDSDM) structure.
The propagation properties of SMPs in this MDSDM structure are
studied theoretically. It is shown that the dispersion property of SMPs in
the MDSDM structure could be tailored by varying the thickness of the
dielectric or semiconductor layers. Furthermore, we propose a tapered
MDSDM structure, and show that bidirectional slow waves, rainbow
trapping and its releasing can be realized in this structure by using the
COMSOL and the finite-difference time-domain (FDTD) method.

2. Physical model and dispersion property

The proposed MDSDM waveguide is illustrated in Fig. 1(a), and
its dispersion property is investigated at first. In the terahertz regime,
the metal in the waveguide can be approximated as perfect electric
conductor (PEC) [22]. The semiconductor is gyroelectric anisotropic
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Fig. 1. (a) The schematic of the MDSDM structure. (b) The dispersion curves of
SMPs for the cases of D; = (0.0254,,0.0254,) (red lines) and D, = (0.0254,,0.0064,)
(cyan lines). The solid and dashed lines correspond to the modes 1 and 2 of SMPs,
respectively. (c) The group velocity (v,) versus frequency for the higher dispersion
branch of mode 1. The yellow shaded area indicates the frequency region between
the different asymptotic frequencies. The green shaded areas represent the bulk-mode
zones in the semiconductor. The other parameters are as follows: ¢, = 11.68, ., = 15.6,
v =0, and w, = 0.lw,. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

under the external DC magnetic field (B), and its relative permittivity
has the form of [23]:
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where  is the angular frequency of wave, w, and @, = eBy/m*
(m* is the effective mass of electron) are the plasma and electron
cyclotron frequencies in the semiconductor, respectively; e, is the
high-frequency (relative) permittivity of the semiconductor, and v is
the electron scattering frequency. To distinguish the propagating mode
from the evanescent one, we will take the (material) loss parameter
v = 0 in analyzing the dispersion for the MDSDM waveguide. In the
later simulations, nonzero value of v will be taken into account, and
it will be shown that the propagation property in the lossy case is
in good agreement with the dispersion diagram. In this paper, the
semiconductor is assumed to be InSb with ¢, = 15.6 and w, = 47 X
10'2 rad/s [24], and the dielectric is the silicon (Si) with the relative
permittivity €, = 11.68 [5].

As in the case of the single dielectric-semiconductor interface,
SMPs in the MDSDM waveguide have modal fields that are transverse-
magnetic-polarized. From the Maxwell’s equations and the boundary
conditions, the dispersion relation of SMPs in the MDSDM structure
can be derived, which is given by
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where k is the propagation constant; ¢, is the relative permittivity
of the dielectric, ¢, = ¢, — e% /€, being the Voigt permittivity; a« =

\/ K> — e,k and @y = 1/k? — ¢,kZ, being the attenuation coefficients in

the semiconductor and dielectric layers, respectively. The SMP modes
in the MDSDM structure are numerically calculated with Eq. (2), and
there exist two types of SMP modes, whose fields peak at the upper
and lower interfaces, which are labeled by interfaces 1 and 2 in
Fig. 1(a), respectively. Evidently, the two modes are mainly supported
by interface 1 or interface 2, and we refer to them as mode 1 and
mode 2, respectively. The dispersion curves for modes 1 and 2 are
symmetrical with respective to k = 0. For each mode, there are two

different asymptotic frequencies, at which k — +oo0. From Eq. (2), the
(1) (2)

asymptotic frequencies w,, and w;, are found to be
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For mode 1, the right dispersion branch with k > 0 is higher with the
asymptotic frequency co(si,), and the left dispersion branch with k£ < 0 is
lower with the asymptotic frequency a)g,) . The situation is opposite for
mode 2.

A waveguide parameter of D = (d,,d,) was introduced for conve-
nience. Fig. 1(b) shows the dispersion curves for the SMPs for the cases
D; =(0.0254,,0.0254,) (the cyan lines) and D, = (0.0254,,0.0064,,) (the
red lines), where 4, = 27c¢/w,, and c is the light speed in vacuum. The
shaded yellow area represents the (frequency) region between the two
asymptotic frequencies. In the D, case, there is no SMP mode above
this region. In contrast, in the D, case, where the semiconductor is
thinner (than that for the D, case), the higher branches of dispersion
curves peak at finite k above that region, and hence SMPs are slow
waves around the peak points for both modes. Evidently, these slow-
wave peaks result from the coupling between SMPs sustained by the
two InSb-Si interfaces in the waveguide. As there is no SMP mode above
the slow-wave peak, the peak point determines the cutoff frequency,
which is quite different from that in our previous work [21]. In the
previous work, it is the lower branch with a)g,) peaks at finite k, so
there is still SMP mode above the slow-wave peak. The reason for this
phenomenon should be that there is only one Si-InSb interface in the
previous asymmetric waveguide. For the present symmetric waveguide,
the group velocity (v,) on the higher branch of mode 1 is plotted in
Fig. 1(c) for the D, case. Evidently, Vg vanishes at the vertex of the
slow-wave peak. From Fig. 1(b), it is clear that v, is always positive
for finite positive k in the D, case, and v, — 0 only as k — oco.

The relation between the slow-wave peak and the waveguide pa-
rameter D is illustrated detailedly in Fig. 2. The higher dispersion
branches for the two modes are plotted in Fig. 2(a) for the four different
D cases, where d; +d, = 0.0314, is kept. The four case are as follows:
D, = (0.0254,,0.0062,), D3 = (0.03,,0.0014,), D, = (0.0154,,0.0164,),
and D5 = (0.014,,0.0214,). As seen in Fig. 2(a), the slow-wave peaks
occur in the D, and Dj cases, and the corresponding cutoff frequencies
@, s, at which v, = 0, are different. It is found that w_, increases with
d, and decreases with d,. In Fig. 2(b) the relation between w., and
D = (dy,d,) is further revealed in the ultra thin waveguide condition
d,dy ~ 10‘2/1p). The white dashed line represents the dividing line of
@, ;= wg,). On the left side, o, , > wg,), and on the right side, o, ; < w(;,)
Obviously, both d; and d, can affect @ ,, and either increasing d, or
decreasing d, lead to increasing o, .

3. Bidirectional rainbow trapping and releasing

Fig. 2 shows that the cutoff frequency of SMPs varies with the
waveguide parameter D. It implies a possible way to achieve bidirec-
tional rainbow trapping, which has never been reported before. For this
purpose, a MDSDM structure consisting of two tapered sections and
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Fig. 2. (a) The higher dispersion branches of SMP modes for different D cases. The
solid and dashed lines correspond to modes 1 and 2, respectively. The dash-dotted
lines represent the light lines in Si, and the dotted line indicates the frequency of mgj.
(b) The cutoff frequency w,, as a function of D. The white dashed line represents the
dividing line, at which w,, = ng The four cases in (a) are D, = (0.0254,,0.0064,),
Dy = (0.034,,0.0014,), D, = (0.0154,,0.0164,), and Ds = (0.014,,0.0214,). The other
parameters are the same as in Fig. 1. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. The schematic of the structure for bidirectional rainbow trapping. The total
thickness of the Si and InSb is kept constant along the whole structure. L, = L, = 100
pm.

one uniform section is designed, as illustrated in Fig. 3. The length
of the uniform part is L, and the two tapered parts have the same
length of L,. The geometric parameter is D; = (0.034,,0.0014,) for the
uniform part and D, = (0.0164,,0.0154,) at the structure ends. Note
that d; +d, = 0.0314, is kept along the tapered parts, which is marked
by the red dashed line in Fig. 2(b). The upper red point on that line
corresponds to the case of D, and the lower one corresponds to the
case of D,. Our numerical calculation shows that w., is 0.98w, (the
largest value on the red line) for the uniform waveguide, and it is 0.81w,
(= mgj) at the structure ends. Thus, the local cutoff frequency in this
structure varies in the range from 0.81w, to 0.98w,.

The full-wave simulations was performed in the loss case of v =
0.00lw, by using the commercial software COMSOL. Fig. 4 shows
the electric field distributions at four different operating frequencies,
ie, (a) ®=0.82w, b)) w= 0.85,, (¢) @ = 0.88w,, and (d) w = 0.94w,,.
As expected, once a magnetic current source is placed in the middle of
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Fig. 4. The electric field distributions in the tapered structure for different frequencies.
(@) 0.82w,, (b) 0.85w,, (c) 0.88w,, and (d) 0.94w,. For all cases, w, = 0.lw, and
v=0.001w,.

the designed structure, clear bidirectional rainbow trapping is observed
in it, and the wave with higher frequency (o > wgi) ) is trapped at the
thinner InSb position. The result shows that the designed waveguide is
capable to trap waves for the frequencies in the range [0.81w,,0.98w),].

Another important function of the designed waveguide is the ca-
pability of releasing the trapped wave. The optical property of MO
material could be tuned by changing the external magnetic field. In
Fig. 5(a), the asymptotic frequencies and cutoff frequency w,, are
plotted as the functions of @, for D = (0.034,,0.0014,). The green and
yellow shaded zones correspond to the regions for cogll,)
and coi]z)) <w< willj), respectively. For convenience, the two zones are
named as the trapping zone and releasing zone, respectively. The four
points in the trapping zone correspond to the four working frequencies
in Fig. 4. Nevertheless, once the external magnetic field is increased to
@, = 04w, all of the four frequencies fall into the releasing zone (see
the right four points). The SMPs lie in the releasing zone can always
propagate along the InSb-Si interfaces since |v,| > 0, i.e., the SMPs can
not be trapped again in the waveguide. The simulation was performed
for an example, whose result is shown in the inset of Fig. 5(a). In that
simulation, w, = 0.4w, and @ = 0.94w,. It is obvious that the SMPs
excited by the source can propagate to the structure end, instead of
being trapped. Additionally, different structure for rainbow trapping
and releasing can also be designed based on the present theory. An
example is illustrated in Fig. 5(b)-(d). In this structure, the total
thickness of the Si and InSb layers varies in the tapered parts, but the
thickness of the Si layers is kept constant [d; = 0.024,, corresponding
to the horizontal green line in Fig. 2(b)]. The bidirectional rainbow
trapping can also be achieved, as shown in Fig. 5(c), where w, = 0.1w
and only one frequency is presented, which is @ = 0.94@,. Fig. 5(d)
shows the wave releasing when o, = 0.4w,.

To get insight into the process of trapping and releasing wave,
additional simulations were performed by using the FDTD method. For
the semiconductor, the simulation equations in time domain can be
written as follows

<o < oy

oj¥ _

0: +22(VFiw,)jt = 2n’e ey, (4a)
i+

& +27(V Fiw,)jE = 2n’e e (4b)
o ey €y

oh, dey L
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& — 0& = _ahz (46)
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where ®, = o./w,, and V = v/w,; jf and jT represent the effective
electric current components. In Eq. (4), the spatial variables are nor-
malized by 4, and the time variable by 7, = 27 /®,. e,, e,, and h, are
the normalized EM field components, i.e., e, , = \/eoE, y, h, = \/HoH.-
For the Si layer, j¥ = 0 and iy =0, thus the simulation equations are
simplified to
oh,  de,
=&—,
dy ot

(5a)
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Fig. 5. (@) o, w‘SL’, and wg‘ as functions of w, for the uniform waveguide with
D = (0.034,,0.0012,). The upper and lower shaded areas represent the trapping and
releasing zones in a tapered structure. The four points in the trapping zone correspond
to the four cases in Fig. 4. The inset shows the electric field distribution in the first
tapered structure for o, = 0.4w, and @ = 0.94w,. (b) The schematic of the second
tapered structure for bidirectional rainbow trapping and releasing. The thickness of the
Si layers is kept to be d; = 0.024,. (c),(d) The electric field distributions in the second
tapered structure for o, = 0.lo, and 0.4w,, respectively. The operation frequency in
(c) and (d) is w = 0.94aw,. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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The quantities (ex,ey,hz, it j;ﬁ) can be sampled in time and space
domains as shown in Fig. 6(a,b). One of the challenges in applying
the FDTD method in the MDSDM structure is how to define some
material boundaries, i.e., the InSb-Si interfaces in the tapered parts.
In the present simulations, zig-zag interfaces [see the upper panel in
Fig. 6(c)] were employed instead of the original smooth interfaces
[the blue dashed lines in Fig. 6(c)] in the real situation. In order
to ensure the zig-zag interfaces are equivalent to the original ones,
it is necessary to make the spatial steps (dx and dy) far less than
the effective wavelength and the penetration depths (in the Si and
semiconductor) of SMPs. The computation domain for the structure in
Fig. 3 is discretized appropriately, as shown in Fig. 6(c), where only the
straight-tapered joint region is displayed, and the time discretization is
shown in Fig. 6(a). The FDTD simulations were performed with Egs.
(4) and (5), and the obtained results are shown in Fig. 7. Fig. 7(a)-
(d) display the electric field distributions at the evolution times of
t = 5T, 2007, 3007, and r = 1000T, s respectively. Note that o, = 01w,
for t < 2007,. As seen in Fig. 7(a,b), the EM energy is definitely
trapped in the waveguide, which agrees well with the results shown
in Fig. 4(d), which was obtained from the frequency-domain solution.
When ¢ > 2007, ., = 0.4w, was set instead of w, = 0.1w,. Fig. 7(c)
shows that the EM energy is no longer trapped. Instead, the energy is
being released gradually. When ¢ = 10007, the EM energy is localized
near the structure ends, for which the PEC boundary condition was
applied. The results at this time is almost identical to those shown in the
inset of Fig. 5(a). The rainbow trapping and releasing we numerically
demonstrated are instructive for designing some functional devices.
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Fig. 6. The scheme of the FDTD simulation for a tapered structure. (a) Sampling points
in time. (b) Sampling points in space. (c¢) The treatment of material boundaries. The
blue dashed line in the upper panel represent the InSb-Si interface. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version
of this article.)

S
source

Fig. 7. The electric field distributions from the FDTD simulation at different evolution
times. (a) 57,,, (b) 2007, (c) 3007, and (d) 10007,. The value of w, is set at 0.1w, for
t < 2007,), and it is changed to 0.4w, for # > 2007,. The other parameters are the same
as in Fig. 4(d).

4. Conclusion

In this paper, a metal-dielectric-semiconductor-dielectric-metal
(MDSDM) structure with an applied external DC magnetic field has
been proposed and studied theoretically. For such a guiding structure,
the dispersion curves have slow-wave peaks at terahertz frequencies.
The cutoff frequency for the waveguide is just determined by the peak
points. By varying the thickness of the semiconductor or the dielectric
layers, the slow-wave peak can be effectively tuned. Therefore, waves
can be manipulated by tapering the waveguide. Two tapered MDSDM
structures have been proposed, in which rainbow trapping can be
achieved bidirectionally. More importantly, the trapped rainbow can be
well released by increasing the external magnetic field. These phenom-
ena have been numerically demonstrated by both the frequency-domain
(with the software COMSOL) and FDTD simulations. The proposed
approach for trapping and releasing rainbow has promising applica-
tions in optical isolator, optical buffer, optical switch and other optical
functional devices in optical integrated circuit.
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