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Abstract

The ‘trapped rainbow’ mechanism of graded gratings has been demonstrated only as a type
of groove reflection. In this study, we investigate the physical mechanism of the ‘trapped
rainbow’ and demonstrate that a small step increase (~1/50λ) in the depth of a single
obstructed groove can terminate the propagation of surface terahertz (THz) waves and reflect
them back. A single obstructed groove can easily manipulate the properties of THz waves by
changing the depth or the refractive index of the groove because the cutoff frequency is highly
sensitive to the property of the groove. In addition, waves transmitted and reflected by a single
groove can be controlled periodically over a period of a 1/2  −  λ increase in depth owing to the
interference of surface spoof plasmonics and Fabry–Perot resonance. This is an easy means of
controlling surface THz waves and fabricating more compact integrated optical devices such
as THz branch waveguides, band pass filters, reflectors, and splitters.
Keywords: plasmonics, metamaterial, trapped rainbow, THz
(Some figures may appear in colour only in the online journal)

1. Introduction

LSPs and SPPs can enhance light–matter interaction on the
subwavelength scale [9, 10]. In the currently nascent stages,
usage of SPPs and LSPs is limited to visible or near-infrared
frequencies because their subwavelength confinement relies
on the penetration of the EM field into metal. At lower frequencies such as terahertz (THz) frequencies, metals behave
akin to perfect conductors (PECs), which do not support surface plasmons [11]. To extend the advantageous properties
of surface plasmons to low frequencies (far infrared, THz, or
microwave), periodic perforated plane surfaces and a variety
of structured waveguide configurations based on spoof SPPs
(SSPPs) have been developed to achieve subwavelength confinement in metal gratings at low frequencies [12, 13]. In
this manner, confinement does not rely on the finite conductivity of the metal but rather on its surface structure [12, 13].

A major driving force in the plasmonics domain is the ability
to spatially confine electromagnetic (EM) energy at visible frequencies over distances significantly smaller than
the wavelength; this ability can facilitate the development
of many promising applications related to the miniaturization of photonic circuits [1, 2], near-field optics and microscopy [3, 4], biological sensors [5, 6], and photovoltaics
[7, 8]. Surface plasmon polaritons (SPPs) and localized surface
plasmons (LSPs) at metal–dielectric interfaces have unlocked
a previously inaccessible length of scale by exploiting their
own subwavelength nature. At a more fundamental level, both
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Similar to SSPs, SSPPs are sensitive to surface properties; for
example, different surface structures or material interfaces can
significantly change the transmitted or propagated EM fields
[14–20]. Based on this property, SSPPs enable the application
of THz waves in many promising fields such as THz sensing
[21], THz imaging [22], THz spectroscopy [23], THz communication [24], and THz biosensing [25], with unprecedented
sensitivity.
1D periodic grating on a metal surface has been used as
a typical SSPP waveguide [13, 26, 27]. The properties of
SSPPs are insensitive to waveguide thickness, which provides
great flexibility and practicability in fabrication [28–31]. In
previous studies, SSPP waveguides with rectangular, slanted
rectangular, trapezoidal, V-shaped, and half-moon grooves
have been proposed and studied both theoretically and exper
imentally because groove shape apparently influences the field
confinement of SSPPs [32–34]. In addition, surface gratings
with graded depth [35–39], graded period [40], and upright
or downward pyramidal grooves [41] have been used to trap
surface waves—an effect known as ‘trapped rainbow’. In all
the aforementioned studies, the physical mechanism of the
‘trapped rainbow’ has been thought to be that the wave vector
can gradually be increased to an infinite value because of the
gradually increasing groove depth or width, which eventually
decreases the group velocity of the surface waves to zero.
We demonstrated that the aforementioned common understanding is not completely accurate, and that the physical
origin of the ‘trapped rainbow’ is merely a type of reflection as
opposed to real wave trapping [42]. However, detailed understanding of the physical mechanism underlying single-groove
reflection has not been reported. In this paper, we extend this
theory further and reveal that the transmission or reflection
of surface waves can be controlled by a single groove of varying depth or refractive index of the media. The transmission
or reflection property shows a clear periodical change as the
obstructed groove depth increases; this is caused by the interference of surface modes and waveguide modes excited in the
very narrow slit. The standing THz surface waves formed on
the grating surface have considerably higher intensities, which
can be used to develop applications such as surface sensing
and imaging.

where c is the velocity of light in a vacuum, β is the wave
vector, and ω is the angular frequency. The cutoff frequency estimated using equation (1) is slightly higher than
that obtained through finite difference time domain (FDTD)
simulation because equation (1) is a simplified equation. To
obtain a more precise prediction, an eigenvalue equation of
the corrugated conducting plane of a periodic system must
be introduced, and scattering components of a higher order
must be considered [11, 13, 43]. A grating structure for THz
waves is designed in this study. The conclusion is applicable
for other frequencies, just as various EM frequencies exhibit
the ‘trapped rainbow’ phenomenon.
Through equation (1), the theoretical or analytical results
of the dispersion curves of a surface grating can be obtained
(figure 1(a)). The period ( p ) equals 20 µm and the width (w)
is half of the period ( p ). When the depth d  =  5 µm (red curve
in figure 1(a)), the cutoff frequency is higher than 10 THz, and
thus the grating can support propagated modes below 10 THz.
As the grating depth increases, the cutoff frequency decreases.
When d  =  10 µm (blue curve in figure 1(a)), the cutoff frequency decreases to approximately 6.5 THz. When the depth
is increased to 15 µm (green curve in figure 1(a)) and 20 µm
(pink curve in figure 1(a)), the cutoff frequency decreases to
approximately 4.5 and 3.5 THz, respectively.
To validate the aforementioned theoretical results, a
grating model (figure 1(c)) is built and simulated using the
FDTD method. The FDTD simulation region is surrounded
by a perfectly matched absorbing layer with a uniform cell of
∆x  =  ∆z  =  1 µm. A p-polarized (Hy, Ex, Ez) pulsed wave is
introduced as an end fire excitation source to excite the surface THz waves. The frequency of the pulse source ranges
from 1 to 7 THz (black curve in figure 1(b)). The metal in
the simulation is modeled as a PEC. According to the FDTD
simulation results (figure 1(b)), the cutoff frequencies of such
a grating of depth d  =  5 µm (red curve), 10 µm (blue curve),
15 µm (green curve), and 20 µm (pink curve) are approximately 7, 4.7, 3.8, and 2.9 THz, respectively, all of which
are lower than the theoretical results, especially those for the
shallow grooves. We can see the intensity jump from zero to
the higher intensity of the source in figure 1(b), and the jump
region is very narrow only about 0.1 THz. To maintain consistency, when we read the cut-off frequency from the FDTD simulation as shown in figure 1(b), we took the point of strength
equal to ‘0.1’ as the cut-off frequency in the intensity jump
region. For the theoretical results shown in figure 1(a), we
took the cutoff frequencies when the slope of tangent of the
dispersion curve goes to zero. A comparison of the cutoff frequencies of various grating depths acquired using equation (1)
and through simulation is shown in figure 1(d). The theoretical
results (black dots) exhibit the same trend as the simulation
results (red dots), albeit with a shift to higher frequencies at
all data points. This frequency mismatch is more apparent for
the shallow grooves. If the grating depth is increased, groove
cavity modes of a higher order appear [30, 44]; this could be
why the mismatch between the theoretical and simulation
results decreases as the groove depth increases. For groove
depths greater than 20 µm, two propagation modes coexist,

2. Simulation and discsion
A grating with rectangular grooves perforated on a metal surface is governed by three main parameters: depth (d), width
(w), and period ( p ). Such a simple grating can be designed
to propagate and decelerate EM waves of varying frequency
simply by tuning the main parameters. For p-polarized
(Ex, Ez, Hy) EM waves propagating along a surface grating
(figure 1(b)), the dispersion relationship is determined by the
aforementioned three main parameters and expressed as follows [11, 13]:
ω
w2
ω
β=
1 + 2 tan2 ( d)
(1)
c
p
c
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Figure 1. (a) Dispersion curves of gratings of varying depth (d) calculated using equation(1). When d  =  5 µm (red line), the cutoff

frequency is higher than 10 THz. When d  =  10 µm (blue line), the cutoff frequency is approximately 6.5 THz. The cutoff frequency
decreases to 4.5 and 3.5 THz when d is increased to 15 µm (green line) and 20 µm (pink line), respectively. The grating period ( p ) and
width (w) are 20 and 10 µm, respectively. (b) Simulation results of surface-propagated frequencies. The frequency of the source pulse
ranges from 1 to 7 THz (black line). The propagated frequencies for various grating depths are represented by the red curve (d  =  5 µm),
blue curve (d  =  10 µm), green curve (d  =  15 µm), and pink curve (d  =  20 µm). (c) Schematic of metal grating showing width (w),
period ( p ), and depth (d). The surface waves propagate along the direction of the X axis. (d) Cutoff frequencies of various grating depths
calculated using equation (1) (black dots) and through simulation (red dots). The theoretical results obtained using equation (1) (black
dots) indicate shifting to higher frequencies relative to the simulation results (red dots); however, the trends of the two sets of results are the
same. Modes of a higher order appear as the groove depth increases.

grooves during propagation. Hence, gratings with graded
depth or period are used to gradually increase the wave vector
(β) and trap the surface waves (known as ‘trapped rainbow’).
However, according to our simulation results, once the frequencies of the propagated modes are sufficiently close to
the cutoff frequency, these frequencies are transformed from
propagated modes to forbidden modes that cannot be further propagated, and they are reflected back even by a single
deeper groove. Subsequently, the misleading ‘trapping effect’
appears [42].
Compared with a graded grating, a single groove offers a
simple and compact method to manipulate EM waves. Only
one deep groove is adequate to terminate the propagation of

and thus two propagation bands and two corresponding cutoff
frequencies are present. For groove depths equal to or greater
than 70 µm and equal to 130 µm, the number of propagation
modes increases to three and five, respectively. To reduce the
simulation time, the groove depth increment during calcul
ation and simulation of the cutoff frequencies is set to 2 µm
for groove depths lower than 30 µm and increased to 5 µm for
groove depths greater than 30 µm.
According to the dispersion curves, only the frequencies
near the cutoff frequency have considerable wave vectors (β),
and thus only these frequencies can be trapped by the grating.
For a typical graded-depth grating, the propagated surface
waves gradually approach the cutoff frequency of the deeper
3
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Figure 2. 2D EM field distributions of grating with two obstructed grooves as marked in (a) for different frequencies: (a) 2.7 THz; (b) 3.5
THz; and (c) 4.2 THz. A surface wave is propagated along the X direction. The depths of the two obstructed grooves are 14 and 16 µm.

Figure 3. Intensity of surface waves before (black line) and after (red line) a single obstructed groove of varying depth, n  =  1 (a) and
various refractive indices, d  =  10 µm (b).
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surface waves and reflect them back. Furthermore, propagating surface THz waves are highly sensitive to grating depth.
Herein, it is demonstrated that only a 2 µm (1/30–1/50λ) difference in the depth of a single obstructed groove can change
the frequency of the blocking wave (figure 2).
Two obstructed grooves with depths of 14 and 16 µm were
placed at two different positions on a grating with a period
of 20 µm, width of 10 µm, and depth of 10 µm (figure 2(a)).
The field distributions of EM waves with frequencies of 2.7,
3.5, and 4.2 THz are shown in figures 2(a)–(c), respectively.
Such a grating has grooves of three depths (two obstructed
grooves and one self-groove), denoting that three cutoff frequencies coexist. The 2.7 THz wave is below all cutoff frequencies and can propagate along the grating at all times
(figure 2(a)). The 3.5 THz wave is above the cutoff frequency
of the 16 µm-deep groove; therefore, it is blocked by the
single 16 µm-deep groove (figure 2(b)). The 4.2 THz wave is
above the cutoff frequencies of the 14 µm- and 16 µm-deep
grooves and is blocked by the first single 14 µm groove (figure
2(c)). Accordingly, we concluded that a single groove with a
small increase in depth can efficiently block surface waves
with frequencies above its cutoff frequency.
Next, the blocking mechanism was investigated by
changing the depth (figure 3(a)) and refractive index (figure
3(b)) of the single obstructed groove. The intensities of the 4.3
THz surface wave before (black curve) and after (red curve)
the obstructed groove were recorded using two monitors
placed on either side of the groove. The wave intensities before
and after the obstructed groove reveal the reflection and transmission through the groove, respectively. In figure 3(a) (the
medium in the groove is air, n  =  1), the maximum reflected
intensity corresponding to the minimum transmitted intensity appears when the depth of the obstructed groove equals
15, 50, and 85 µm. The maximum transmitted intensity
appears when the depth of the obstructed groove equals
10, 45, and 80 µm. Here, the thickness of the metal film is 120
µm, and we do not investigate beyond this point. At depths
greater than 120 µm, the groove is as deep as the metal film,
and thus the reflected and transmitted intensities are no longer
periodic as shown in figure 3(a). In addition, we demonstrated
that the interaction between the surface modes and groove
cavity modes leads to periodic changes in the intensity of surface waves. Therefore, the wave blocking effect changes periodically with the depth of a single obstructed groove when the
groove cavity modes are present. The period of this change is
approximately 35 µm, which is exactly half the wavelength of
the 4.3 THz wave, denoting that the groove cavity modes can
be ascribed to Fabry–Perot resonance.
If the simulation is repeated with a different wavelength
such as 100 µm, the change period increases to 50 µm, which
is half of the wavelength of 100 µm (the result is not shown).
Therefore, the groove cavity mode is a key factor in determining the single-groove blocking effect. In addition, the
refractive index of the media in the obstructed groove can
change the behavior of the surface wave (figure 3(b)). Its
effect on the transmission of the surface wave (red curve),
especially from n  =  1.2–1.8, is considerably stronger than
that on the reflection (black curve). The lowest transmission

can be achieved when n  =  1.8. However, the reflection essentially continues to decrease as the refractive index increases,
and thus a part of the surface wave is scattered out. To summarize, the propagation and reflection property of surface waves
can be controlled easily by the single obstructed groove.
Figure 4 shows the surface wave distributions for frequency of 4.3 THz blocked by a single obstructed groove of
varying depth. The depths of the obstructed groove are 10 µm
(a), 45 µm (b), and 80 µm (c) corresponding to the maximum
transmitted intensities in figure 3(a). Hence, all surface waves
are transmitted smoothly. The depths of the obstructed groove
are 15 µm (d), 50 µm (e), and 85 µm (f) corresponding to the
maximum reflected intensities in figure 3(a). In this case, the
single obstructed groove efficiently blocked most of the surface waves and reflected them back, and thus the wave intensity is considerably higher than that in the transmission case.
Moreover, the percentage of reflection or transmission can be
controlled by tuning the depth of the single obstructed groove.
A 5 µm increase in the depth of the single groove can adjust
the transmission from its highest point to its lowest point.
The propagation frequency curves of the corresponding
obstructed groove depths are divided into two groups and
shown in the upper and lower panels in figure 5. Within a certain narrow range of depth, the cutoff frequency shifts to a
lower value as the groove depth increases (i.e. 10 to 15 µm,
45 to 50 µm, or 80 to 85 µm), similar to the case of the results
shown in figure 1. However, this trend ceases to exist in the
top panel or bottom panel of figure 5 when the depth increases
in increments of 35 µm.
In the bottom panel of figure 5, the propagation frequencies of the obstructed groove with depths (d) of 10 µm (black
curve), 45 µm (red curve), and 80 µm (blue curve) show that
the transmission band is narrowed and modes of a higher
order appear as d increases. However, the center position of
the entire band shows no obvious shift. In fact, the center
frequency or center wavelength of the transmission band is
related to the Fabry–Perot resonance in the groove and can be
estimated based on the groove depth: d  =  n · λcenter/2  +  d0.
Here, d and d0 are the real groove depth and reference groove
depth—which is considerably lower than the wavelength—
respectively, and n is an integer (0, 1, 2, 3…). In our case,
d0  =  10 µm, and for the groove depths of 45 and 80 µm, the
values of n are 1 and 2, respectively. Hence, their center wavelengths are all equal to 70 µm (~4.3 THz).
For the obstructed groove of depth (d) 15 µm (black curve),
50 µm (red curve), and 85 µm (blue curve) in the upper panel,
the transmission band shows a different property. As the
groove depth increases, the width of the transmission band
decreases, whereas the center frequency shows a clear blue
shift that is the complete opposite of the shift in figure 1.
This can be ascribed to Fabry–Perot resonance. Similarly, the
center frequency of the grooves of depths 50 (integer n  =  1)
and 85 (integer n  =  2) µm can be calculated as 3.75 (λ  =  80
µm) and 4 (λ  =  75 µm) THz, respectively, showing an exact
blue shift. In addition, a wave splitter can be realized by using
a pair of obstructed grooves of depth 15 and 80 µm in different propagation directions. For example, a 3 THz wave
can pass through by a 15 µm-deep groove but is blocked by
5
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Figure 4. 2D field distribution of EM wave with a frequency of 4.3 THz obtained through grating with a single obstructed groove of
varying depth. The depths of the obstructed groove are 10 µm (a), 45 µm (b), 80 µm (c), 15 µm (d), 50 µm (e), and 85 µm (f).
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