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A B S T R A C T   

We propose a numerical investigation of slow light rainbow trapping and releasing in a tapered photonic crystal 
waveguide which is formed by linearly modifying the structural parameters in low-symmetric photonic crystals. 
Through dispersion analysis and numerical simulations, the electromagnetic waves of different frequencies in a 
normalized bandwith of ~5% can be trapped at different positions, as called “rainbow trapping”. Moreover, the 
tapered photonic crystal waveguide is created on polystyrene subtract, of which refractive index can be adjusted 
by tuning the external voltage based on electro-optic effect. Therefore, when the applied voltage is properly 
modulated, the trapped wave will be captured in different positions even released. The structure has broad 
application prospects in optical switch, wavelength-division multiplexing, and other optical communication 
devices.   

Introduction 

Recently, slow light has been investigated by many researchers, 
thanks to its promising properties in optical storage, optical caching, 
optical information processing and other areas [1–5], which are 
considered to be the key technologies for future all-optical communi-
cation and information storage. Initially, slow light was realized based 
on quantum effects such as electromagnetically induced transparency 
(EIT), coherent population oscillation (CPO), stimulated Raman scat-
tering (SRS) and stimulated Brillouin scattering (SBS) [6–9]. However, 
the ultra-low working temperature/pressure and the narrow working 
bandwidth limited their practical implementations. As a new artificial 
material to realize slow light, photonic crystals (PCs) have attracted 
much attention because of their support for room-temperature and their 
fine device miniaturization [10–14]. In order to obtain wide working 
bandwidth for practical applications, many efforts have been made in 
obtaining flat bands on dispersion curves by locally modifying the 
effective index of PCs [15]. Recent reports on slow light “rainbow 
trapping” in some artificial materials (such as PCs, metamaterials, etc.) 
have opened a new way to slow down the speed of light over a wide 
frequency range [16–18]. 

Rainbow trapping refers to the trapping of electromagnetic waves of 

different wavelengths in different spatial locations, just like sunlight 
scattering into a continuous color spectrum through a prism (hence the 
name rainbow). Since the first theoretical work was reported, many 
researchers have been trying to find different ways to realize rainbow 
trapping. For instance, metallic grating structures, topological PCs and 
chirped PCs [19–28]. When analyzing the previous researches, we found 
that most of the implementations are based on metallic materials or 
graphene-dielectric compositions [29,30]. It is well known that metallic 
structures are lossy at optical wavelengths, and gain is usually intro-
duced to compensate for the loss. In addition, the complex fabrication 
process of graphene makes the fabrication of graphene-based optical 
devices more complicated. Considering these two issues, we think that 
using all-dielectric structure may be a superior alternative for rainbow 
trapping. 

In modern information technology, it is necessary to adjust the 
trapping properties after the device is fabricated. For example, optical 
switches need to trap and release the electromagnetic waves under 
external commands, which can be controlled as an “off” and “on” mode 
by actively adjusting some conditions. Unfortunately, most rainbow 
trapping structures cannot be tuned once they are fabricated. In 
Ref. [31], a chirped PCs using all-dielectric materials was proposed, the 
distance between each neighboring column of dielectric rods has been 
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linearly increased along the propagation direction, finally, a broadband 
rainbow trapping was achieved. In Ref. [32], a tapered PC waveguide 
composed of alumina cylindrical rods was reported to slow down and 
trap the propagating light. However, the common disadvantage of these 
two structures is that they cannot modulate the rainbow trapping and 
releasing without changing the structures. 

In general, some physical effects can realize the dynamic modulation 
of PC devices, including electro-optic effects [33], magneto-optic effects 
[34] and thermo-optic effects [22]. Among all these methods, electro- 
optical materials have been widely used since they have a high 
electro-optical coefficient and nanosecond electro-optical response. In 
this paper, a tapered PC waveguide composed of dielectric rods is 
created on a polymer substrate; the polymer is highly nonlinear electro- 
optic polystyrene (npoly = 1.6). We demonstrate theoretically and 
numerically that electromagnetic waves of different frequencies in the 
wideband region can be trapped at different positions. Meanwhile, the 
optical properties of polystyrene can be adjusted by tuning the external 
voltage [33,35]. Therefore, when the applied voltage is changed, the 
trapped wave will continue to propagate and be captured in other po-
sitions, or even be released and outputted from the edge of the wave-
guide. The structure has broad application prospects in optical switch, 
wavelength-division multiplexing, and other optical communication 
devices. 

Structure design and dispersion analysis 

As shown in Fig. 1, the two-dimensional (2D) low-symmetric PC is 
created on a polymer substrate (npoly = 1.6). Two basic dielectric rods 
(nsi = 3.75) with the radii of R = 0.2a and r = 0.1a fill the square-lattice 
holes on the polymer substrate, where a is the lattice constant. The 
bigger rods are located at the unit-cell center and the smaller ones are 
placed 0.35a away from the center along the y-direction. According to 
the dispersion analysis using 2D plane-wave expansion (PWE) method, 
the photonic band gap (PBG) of this PC structure lies between normal-
ized frequencies 0.2453 (2πc/a) and 0.2927 (2πc/a) for transverse 
magnetic (TM) polarization. To form the PC waveguide, a mirrored copy 
of the PC is created along the y-direction. Therefore, a mirror- 
symmetrical waveguide is constructed and the waveguide width W 
can be adjusted by moving two PC regions. 

Firstly, it is necessary to study the influence of structural parameters 
on waveguide modes. Based on previous work, such parameters 
including the waveguide width W, positions and sizes of the first two 
rows of the elements, and so on [31]. Considering the difficulty of 
theoretical design and experimental preparation, we will modify the 
positions of the first row of smaller elements, while W is fixed at 1.54a. 

As can be seen from Fig. 1, Δx represents the horizontal moving dis-
tance, Δy represents the vertical moving distance, and when the smaller 
elements move from the bigger ones, Δy is positive, otherwise, it is 
negative. In Fig. 2(a) and (b), the band diagram analyses of the structure 
at specific locations are presented. When Δx is kept at zero and Δy is 
increased (corresponding to Fig. 2(a)), the band curves move down and 
keeping the slope almost constant. However, the situation changes when 
Δy is kept at zero and Δx is increased (corresponding to Fig. 2(b)). In this 
case, the rear of each curve near the edge of Brillouin zone is more 
affected than the front. As a result, the slopes of the bands vary between 
positive and negative, and the inflection points emerge when Δx is near 
0.2a or beyond. 

As is well known, the group velocity (defined as vg = ∂ω/∂k) of a 
guided mode can be obtained from the slope of the dispersion curve, and 
the calculated results have been shown in Fig. 2(c) and (d). To minimize 
out-of-plane losses of slab, we only focus on the waveguide modes under 
the light-line. Evidently, the group velocities maintain around 0.2c for 
different Δy in Fig. 2(c). When we select two frequencies (0.29 (2πc/a) 
and 0.28(2πc/a)) in the dispersion curves corresponding to Δy = − 0.10a 
and Δy = 0.15a in Fig. 2(a) for modal-field distribution simulation, it is 
found that the distribution of fast-light mode does not change with Δy. 
Then we turn to the case in Fig. 2(d). When Δx is 0.2a or beyond, 
extremely small or even zero group velocity occurs near the inflection 
points of the dispersion curves. According to the field patterns as shown 
in Fig. 2(b), the slow-light mode (corresponding to the inflection fre-
quency of 0.282 (2πc/a) for Δx = 0.5a) shows more obvious mode 
compression for the lateral field distribution than the fast-light mode. 
Unfortunately, the uniform waveguide (with fixed Δx and Δy) can only 
slow down the group velocity within a rather narrow bandwidth near 
the inflection point, which hinders further improvement of slow-light 
capacity. 

Based on the above analysis, on the one hand, we found that the most 
efficient reduction of the group velocity occurs when the frequency 
approaches to the inflection point of a given Δx. It means that the 
electromagnetic wave incident at a specific frequency will propagate in 
the waveguide at a very small group velocity, or even be trapped. On the 
other hand, the increase of Δy can make the dispersion curve move 
down rapidly while maintaining the shape. Therefore, to broaden the 
spectral region where light signal can be trapped, a tapered PC wave-
guide by linearly increasing Δy while keeping Δx as a constant is pro-
posed, as illustrated in Fig. 3(a). Here, Δx is set as 0.5a, Δy is chosen to 
gradually increase from − 0.14a to 0.15a by a fixed step of 0.01a. When 
a = 440 nm, the proposed waveguide is 12.94 μm long and 4.38 μm 
wide. Fig. 3(b) showns linear change of Δy along the x-direction. 

Fig. 4(a) shows the dispersion curves for three cases of Δy = − 0.08a, 
0, 0.11a, corresponding to three different positions of x = 2.67 μm, 6.24 
μm, and 11.15 μm, respectively. Fig. 4(b) shows the group velocities for 
these three cases. It can be seen that extremely small or even zero group 
velocities occur near three specific points marked with I, II and III, which 
represent the normalized frequencies of 0.287 (2πc/a), 0.284 (2πc/a) 
and 0.278 (2πc/a), respectively. It means that the electromagnetic wave 
fixed at these specific frequencies can be trapped at specific transmission 
locations, which are corresponding to the waveguide position x. Fig. 4(c) 
summarizes the theoretical prediction results of the trapped positions of 
electromagnetic waves at various frequencies within the range of 0.276 
(2πc/a) to 0.29 (2πc/a). On the one hand, it means that the electro-
magnetic waves of different frequencies in a normalized bandwidth of 
~5% can be “rainbow trapped” in this tapered waveguide. On the other 
hand, compared with the uniform waveguide with fixed Δx and Δy, the 
bandwith supporting the extremely slow light has been greatly broad-
ened in this tapered waveguide, which can promote the design of large 
capacity optical buffer devices. 

In order to verify above results, numerical simulations are performed 
using the two-dimensional finite-dimensional time-domain (FDTD) 
method with a boundary conditions of perfectly matching layers. Fig. 4 
(d) illustrates the electric field distributions in x–y plane for incident 

Fig. 1. Schematic representation of the proposed PC structure based on poly-
mer and its structural parameters. 
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wavelengths of 1.53 μm, 1.55 μm, and 1.58 μm, which corresponds to 
the specific frequencies with zero group velocities marked with I, II, and 
III in Fig. 4(b), respectively. It can be found that the incident waves are 
trapped at different positions along the waveguide which result in 
“rainbow trapping”. Obviously, the electric field intensity attains its 
maximum value closing to the corresponding trapping position. There-
fore, this kind of tapered PC waveguide can be used for temporary 
storage of light. 

Switchable slow light rainbow trapping 

Once the wave is trapped, the problem we face is how to release the 
trapped wave at different positions in our proposed waveguide. To do 
that, the polymer subtract is polystyrene, whose refractive index can be 
adjusted by Pockels effect in the presence of an external voltage. Thus, 
two electrodes are placed on each side of the waveguide as shown in 
Fig. 3. The refractive index of variation can be calculated as [33,35] 
Δn = − 1

2× n3
poly × γ33 ×

U
d. Where γ33 is the electro-optic coefficient, U is 

the applied voltage, and d is the distance between the two electrodes. 
In slow light PC waveguide, the nonlinear effects can be greatly 

enhanced due to the compression of local density of states. In this case, 
the electro-optic coefficient becomes γ33 × f3, where f is the local-field 

factor, which can be calculated as f =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
vBULK

g /vPC
g

√
. Where vBULK

g and 

vPC
g are group velocity in the bulk polystyrene and in the PC waveguide, 

respectively. Thus, the refractive index variation can be expressed as 
Δn = − 1

2× n3
poly × γ33 × f3 × U

d. Here, we set npoly = 1.6, f = 2.89, γ33 =

80 pm/V and d = 4.38 μm. 
Fig. 5(a) shows the shift of the guided mode due to different applied 

voltages for Δx = 0.5a and Δy = − 0.8a. It is clear that, the mode moves 
to higher frequency with the increase of external voltage. Meanwhile, 
the inflection point undergoes blueshift. It means that, with the increase 
of propagation distance, the electromagnetic wave fixed at a specific 
frequency can obtain continuous modulation between the slow light 
trapped state and large group velocity release state. In addition, the 
trapped positions can be shifted with the increasing voltage. Fig. 5(b) 
shows the relationships between different incident frequencies and the 
corresponding trapped positions at different voltages of 0, 55 V, and 177 
V. It can be found that the trapping positions for 0.288 (2πc/a) shifts 
from 2.67 μm to 6.25 μm when the voltage increased from 0 to 55 V. 
when U further increased to177V, the wave will be released from the 
waveguide. These theoretical predictions are verified by the FDTD 
simulation results in Fig. 5(c). Evidently, for cases I and II, the incident 

Fig. 2. Dispersion relations and group velocity of PC waveguide. (a) The dispersion curves and the corresponding (c) group velocities for different Δy. (b) The 
dispersion curves and the corresponding (d) group velocities for different Δx. 

Fig. 3. (a) Schematic representation of the tapered PC waveguide. (b) Graph of 
linear change in the vertical moving distance Δy along the x-direction. 
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wave with wavelength of 1.53 μm (corresponding to normalized fre-
quency of 0.288 (2πc/a)) maintain the maximum field intensity at spe-
cific locations, which are roughly consistent with the calculated results 
in Fig. 5(c). Additionally, for case III, the trapped wave is released and 
outputted from the edge of the waveguide. Therefore, the waveguide 
modes can be switched among the slow light trapped state and releasing 
state by tuning the external voltage. 

Conclusions 

Finally, it is necessary to emphasize the originality of our work. In 
Ref. [33], the dynamic modulation of slow light has been realized with 
the help of the electro-optic effect of the polystyrene substrate. In our 
work, the polystyrene substrate is also be used to design the photonic 
crystal waveguide. However, there are several differences between these 
two works. Firstly, owing to the different photonic crystals supporting 
slow light used, the mechanism of slow light effect is also different. In 
Ref. [33], the slow light is realized in photonic crystal coupled resonator 
optical waveguide (PC-CROW). The slow light in PC-CROW is based on 
weak coupling of located mode between cavities, so that the cavity 
spacing and the size of dispersion unities surrounding cavity will affect 

the slow light properties in PC-CROW. However, in our work, the linear- 
defect waveguide based on low-symmetric photonic crystal is used. The 
slow light of the linear-defect waveguide is due to the influence of the 
back scattering of the boundary on the Bloch modes induced by photonic 
band gap effect. Therefore, the structural parameters of the adjacent 
defect element have a great influence on the slow light mode. As seen 
from the Section 2 in our paper, the positions of the first row of smaller 
elements (including longitudinal movement Δx and lateral movement 
Δy) have been briefly studied for the dispersion analysis. It can be found 
that, compared with Δx, the change of Δy has a greater influence on the 
group velocity. The reason may be that the lateral movement Δy could 
produce a stronger surface mode, and the coupling between the surface 
mode and the Bloch mode reduces the group velocity of transmission 
mode, as called slow light. Secondly, in order to obtain broadband slow 
light effect, different solutions are used. In Ref. [33], the purpose of 
parameter optimization is to produce the flat-band region with nearly 
constant group velocity on dispersion curves. Considering both the 
bandwidth of flat-band region and group velocity, the slow light and 
buffer performance of PC-CROW can be optimized. However, in our 
work, the flat-band region of dispersion curve is not important. As seen 
from the Fig. 2(b) in Section 2, we focus on the inflection points on the 

Fig. 4. (a) The dispersion curves for three cases of Δy = − 0.08a, 0, 0.11a, corresponding to three different positions of x = 2.67, 6.24, and 11.15 μm, respectively. (b) 
The group velocities for different cases. (c) Trapping position as a function of cutoff frequency. (d) The electric field distributions in x–y plane for incident wave-
lengths of 1.53 μm, 1.55 μm, and 1.58 μm, respectively. 
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dispersion curves when the slopes change from positive to negative. 
When Δx is 0.2a or beyond, extremely small or even zero group velocity 
occurs near the inflection point. We also found that, with the increasing 
of Δy, the inflection point can be moved to higher frequency. Therefore, 
to broaden the spectral region with extremely small or even zero group 
velocity, a tapered photonic crystal waveguide by linearly increasing Δy 
while keeping Δx as a constant is proposed. As a result, the electro-
magnetic waves of different frequencies in a normalized bandwidth of 
~5% can be slowed down or even be trapped at different positions, as 
called rainbow trapping. 

In conclusion, we present the modulation of slow light rainbow 
trapping and releasing using a tapered PC waveguide based on polymer 
substrate. To do that, the positions of the first row of smaller elements in 
square-lattice PC with composite elements are linearly modified to 
obtain a tapered waveguide. Through dispersion analysis by PWE 
method and numerical simulations by FDTD, the electromagnetic waves 
of different frequencies in the wideband region can be trapped at 
different positions, as called “rainbow trapping”. Meanwhile, the poly-
mer substrate is highly nonlinear electro-optic polystyrene, of which 
refractive index can be adjusted by tuning the external voltage based on 
electro-optic effect. Therefore, when the applied voltage is changed, the 
incident wave at a fixed frequency can be trapped in different positions, 
or even be released and outputted from the edge of the waveguide. The 
structure has broad application prospects in optical switch, optical 
storage, signal processing, nonlinear optical enhancement and other 
fields. 
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