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By using a finite difference time domain (FDTD) method, the effects of a one-dimensional (1D) surface defect on

designer surface plasmon polaritons (designer SPPs) supported by a 1D metallic grating in THz domain are investigated.

When the size of the defect is in a special range which is not too large, the designer SPPs reflected and scattered by the

defect are weak enough to be neglected. The defect only induces a disturbance in the energy distribution of the designer

SPP supported by the whole defect grating. If the defect size exceeds the said range, the reflecting and scattering

are dominant in the influences of the defect on designer SPPs. Our analysis opens opportunities to control and direct

designer SPPs by introducing a 1D defect, especially in low frequency domain.
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1. Introduction

Surface plasmon polaritons (SPPs) are electro-
magnetic (EM) waves bound to a dielectric-metal in-
terface and caused by the surface oscillations of the
electron plasma of the metal.[1,2] Their unique op-
tical properties have, among other applications, the
potential for designing highly integrated photonic cir-
cuits with length scales much smaller than those cur-
rently achieved.[3] There have been several theoreti-
cal studies of the scattering or reflecting of SPPs by
isolated or periodic defects of various types on an
otherwise planar metal surface,[4−9] as well as sev-
eral experimental studies of such scattering or reflect-
ing processes.[10−12] These works have shown evidence
of drastically distinct effects of surface defect size on
SPPs. Specifically, surface defects favouring SPP re-
flection and light coupling, called SPP mirrors and
light emitters,[5,6] have been described respectively.
However, the studies mentioned above have not taken
low frequency regime (such as THz regime and mi-
crowave regime) into account, in which metals can be
regarded as perfect electrical conductors (PECs), and
SPPs are highly delocalized. Pendry and co-workers
have shown that bound electromagnetic surface waves
mimicking SPPs, namely spoof SPPs, can be sustained
even by a PEC, provided that its surface is periodi-

cally corrugated.[13] If the size and spacing of the cor-
rugations is much smaller than the wavelength, the
electromagnetic response of the surface can be de-
scribed as an effective medium, and the dispersion
relation of spoof SPPs can be engineered via the ge-
ometry of the surface,[13,14] thus spoof SPPs has a
name of designer SPPs. The existence of designer
SPPs was indirectly verified by microwave reflectiv-
ity measurements.[15] It was believed that a measured
enhanced transmission phenomenon at THz regime
should originate from the crucial contribution of de-
signer SPPs.[16] Designer SPPs propagation on struc-
tured metal surfaces was directly observed and the
results were quantitatively consistent with theoreti-
cal predictions.[17] The designer SPP theory was also
used to study the slow-light characteristics of struc-
tured metal surfaces with a one-dimensional graded
grating of varying depth in THz domain.[18] Recently,
a method to design transmission resonances through
subwavelength apertures based on designer SPPs was
proposed in THz regime.[19] However, in previous
works, little attention has been paid on the effects of
surface defects on designer SPPs.

Designer SPPs promise the ability to engineer sur-
face EM modes on structured metal surfaces at low fre-
quency regime. This property allows us to actively de-
sign some relevant experiments, such as microwave re-
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flectivity measurements[15] and highly confined guid-
ing THz surface wave.[17] However, to actively de-
sign periodically corrugated surfaces with some struc-
ture defects, which may lead to designer SPP reflec-
tion and coupling, has not been considered so far.
In this paper, by using finite difference time domain
(FDTD) method[20] we investigate the effects of a one-
dimensional (1D) surface defect on designer SPPs,
which is supported by a 1D metallic grating in THz
domain. Results show that when the size of the defect
is small enough, the defect only induces a disturbance
in the energy distribution of the designer SPP that is
supported by the whole defect grating. If the size ex-
ceeds the said range, the reflecting and scattering are
dominant in the effects of the defect on designer SPPs.
These results allow us to control and direct designer
SPPs by introducing a 1D surface defect.

2. Model and method

First, we pay our attention to a uniform 1D metal-
lic grating, which consists of an array of 1D grooves
formed just beneath the metallic surface, with depth
h, width d, and lattice constant p (see the inset to
Fig. 1(a)). For such a structure, if d < p ¿ λ0,
where λ0 is the wavelength of radiation, externally
incident radiation is insensitive to the details of the
grooves. In most previous works of SPPs in metallic
structures for THz domain, the metals were treated
as PECs.[13,18] Under these assumptions, by employ-
ing the designer SPP theory, the dispersion relation
for transverse magnetic (TM) waves (Ex, Ez and Hy)
propagating in the z direction can be obtained[13,14,18]

as follows:
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where β is the propagation constant, βn = β +2πn/p,
τn is the exponential decay factor, β2

n − τ2
n = k2

0 =
ω2µ0ε0, and ε0 and µ0 are the permittivity and per-
meability in vacuum. Figure 1(a) shows the dispersion
relation calculated for h = 70 µm, d = 20 µm, and
p = 50 µm, which are suggested in Ref. [21]. The same
dispersion relation could also be obtained by replacing
the array of grooves by an effective medium with ef-
fective permittivity and effective permeability.[14] In
other words, the effective medium can support de-
signer SPPs when the frequency of incident wave f is
below the cutoff frequency fc, which is obtained from
the dispersion relation. Moreover, if the frequency of
incident wave approaches fc, the electromagnetic en-
ergy will be confined tightly near the grating surface,
as shown in Fig. 2(a). Note that in our work we paid
close attention on designer SPPs in region I as illus-
trated in the inset to Fig. 1(a), in which structure
defect would mainly influence on designer SPPs.

In order to investigate the effects of a 1D surface
defect on designer SPPs, we introduce a size defect in
the metallic grating mentioned above at the position
of z = +60 µm. One can see from Fig. 1(b) that the
defect is a grating protuberance with changing height
h + ∆h or changing width a + ∆a, where a = p − d.
In our model, the electric intensities of designer SPPs
in region I are considered respectively in the following
three parts: the vicinity of the defect (region D), and

Fig. 1. (a) Dispersion curve calculated for the uniform grating with h = 70 µm, d = 20 µm, and p = 50 µm,

where β is the propagation constant in z direction. Inset: A model of uniform 1D metallic grating with

depth h, width d, and lattice constant p. (b) A grating with the same parameters illustrated in (a) has a

defect with changing height h + ∆h or changing width a + ∆a.
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the regions to the left (region L) and right (region
R) of the defect. By using a two-dimensional (2D)
FDTD simulation tool,[20] namely Fullwave 3.0.1, we
simulated the process of designer SPPs propagating
along the defect grating. We have assumed the depth
h, width d, and lattice constant p of the defect grating
to be 70, 20, and 50 µm, respectively. The simulation
region has dimensions of 2100 µm×400 µm, and it is
surrounded by a perfectly matched layer absorber. A
uniform cell dimension of ∆x = 2 µm and ∆z = 2 µm
is employed. The total length L of the grating is set
to 2000 µm, and the calculation time tc is approx-
imately 65536 µm/c0. It is enough for steady-state
designer SPPs propagating from the left-hand side to
the right-hand side of the simulation region within the
calculation time. Under these assumptions, we set
the frequency of the incident TM wave to 0.8 THz
(375 µm), which is close to the cutoff frequency fc

shown in Fig. 1(a).

3. Numerical results and discus-

sion

The 0.8-THz TM wave with power of 0.1 a.u. is
incoming from the left-hand side of the simulation re-
gion. Note that the electric intensity distribution for
the uniform/defect grating was obtained at the plane
of 10 µm above the metallic surface, as illustrated
in Fig. 2(a). Figure 2(b) shows the electric inten-
sity distributions for the uniform grating (thin solid
line) displayed in Fig. 1(a), and for defect gratings

with ∆h = 30 µm, ∆a = 0 (thick solid line) and
∆h = 0, ∆a = 30 µm (dashed line), respectively. One
can see from Fig. 2(b) that each of the distributions
consists of many electric intensity peaks, which can
be described by their locations (zp) and magnitude
(|E|2p). These regularly spaced peaks in field intensity
across the z direction of the structure are caused by
the accumulated charge near the grating ridge corners,
which were mentioned in Ref. [22] and investigated
thoroughly in Ref. [23]. It is clear that the distance
between two adjacent peaks in each distribution is rel-
atively unchanging. Moreover, for each distribution,
the difference of |E|2p between any two electric inten-
sity peaks, which are located in each of regions L and
R, is very small. Otherwise, there is only one electric
intensity peak in region D, thus the characteristics of
the electric intensity in region D can be directly rep-
resented by zp and |E|2p of this peak, which is around
zD. Based on these findings, we pay our attention
on three electric intensity peaks, which are at or near
zL = −455 µm, zR = +545 µm and zD = +45 µm,
as shown in Fig. 1(b) and Fig. 2. The changes of zp

and |E|2p of these three peaks can represent the defect
size dependence of the electric intensity distributions
for region L, region R and region D, respectively. For
simplicity, the locations of zL, zR, and zD, at which
these three peaks for the uniform grating are located,
are taken as reference positions. Then the change of
zp corresponding to each of the three peaks can be
described by the peak position variation ∆zp, where
∆zp is determined by zp − zL/R/D.

Fig. 2. (a) The electric intensity versus distance from the metallic surface at zL, zR and zD for the uniform

grating with h = 70 µm, d = 20 µm, and p = 50 µm. (b) The electric intensity distributions for the uniform

grating (black solid line) displayed in Fig. 1(a), and for defect gratings with ∆h = 30 µm, ∆a = 0 (solid line)

and ∆h = 0, ∆a = 30 µm (dashed line).

We first consider the effect of defect height variation ∆h on designer SPPs. Thus, the width variation ∆a

is fixed at 0. Figure 3 shows the defect height variation dependence of the magnitude and position variation of
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the three electric intensity peaks, which are near zL, zR and zD respectively. Note that ∆h increases by steps
of 5 µm from −70 µm to 40 µm in Fig. 3. Specifically, ∆h = −70 µm corresponds to the situation that the
grating ridge at z = +60 µm is missing.

Fig. 3. The defect height variation (∆h) dependence of (a) magnitude and (b) position variation of the electric

intensity peaks around zL = −455 µm, zR = +545 µm, and zD = +45 µm.

When ∆h is in the range of −25 µm to 20 µm, the
variation tendencies of |E|2p for zL and zR are similar,
while both of the peak position variations for zL and
zR are nearly zero, as shown in Figs. 3(a) and 3(b).
It means that the defect height variation dependence
of the electric intensity distributions for regions L and
R resembles each other. Generally, due to the effects
of SPP reflecting and scattering by defect, the varia-
tion tendencies of the electric intensity magnitude for
region L and R may not be similar[6] unless the en-
ergy reflected and scattered by the defect is very weak.
Thus, the influence of reflecting and scattering by the
defect on designer SPPs can be neglected in the range
of −25 µm< ∆h < 20 µm. Figures 3(a) and 3(b) also
show that |E|2p and ∆zp for region D change more dra-
matically with ∆h and the defect size dependence of
them is different from that for regions L and R. These
results indicate that the defect grating responses to
the incident EM wave as a whole, and the structure
defect only induces a disturbance in the electric in-
tensity distribution in region D. In other words, the
designer SPP state, whose energy distribution has a
defect in region D, is supported by the whole grating,
when ∆h is small enough.

In the range of ∆h < −25 µm, figure 3(a) shows
that |E|2p for zL slightly increases and |E|2p for zR

decreases with increasing |∆h|, which represents that
the variation tendencies of the electric intensity mag-
nitude for regions L and R are opposite. Thus, re-
flecting and scattering of designer SPPs are dominant
in the effects of the defect on designer SPPs. Ac-
cording to Fig. 3(a), it is reasonable to infer that the
designer SPP reflection coefficient slightly increases
with increasing |∆h| while the transmission coefficient

slightly decreases, which is similar to the real situation
of SPPs.[6] Figure 3(a) also shows that |E|2p for region
D approaches 0.006 and changes very slowly with in-
creasing |∆h|. It means that the energy of the de-
signer SPPs, which are scattered to the upside of the
defect, is not sensitive to the change of ∆h, when ∆h

is less than −25 µm. On the other hand, the electric
intensity peak positions for regions L and D change
from 0 to +30 µm and −20 µm, respectively, when
∆h < −25 µm. It means that the position where the
accumulated charge is located moves to the other cor-
ner of the same grating ridge (for ∆zp = +30 µm) and
the corner of the adjacent ridge (for ∆zp = −20 µm),
which can be easily deduced from Fig. 3(b). Specifi-
cally, if ∆h is larger than 25 µm, the energy of trans-
mitted and reflected designer SPP is very weak, as
shown in Fig. 3(a). The transmission and reflection
ability of designer SPPs is poorer than that of real
SPPs when the defect height is rather large. More-
over, in the range of ∆h > 20 µm, one can deduce
from Fig. 3(b) that the positions of the electric inten-
sity peaks in regions L and D move about −20 µm,
while that of region R changes about +30 µm. The
reason for these peak position movements are similar
to the situation of ∆h < −25 µm. These character-
istics allow us to control the distribution of electric
intensity along the defect grating.

We then consider the influence of defect width
variation ∆a on designer surface plasmon polaritons,
while the height variation ∆h is set to 0. Figure 4 il-
lustrates the defect width variation dependence of the
magnitude and position variation of the three electric
intensity peaks, which are around zL, zR and zD. For
real surface plasmon polaritons, ∆h = 0 means that
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there is no defect on the metal surface. However, since
the designer surface plasmon polaritons are supported
by an array of subwavelength grooves, it is very dif-
ferent that the defect still has influences on designer

surface plasmon polaritons with ∆h = 0 and ∆a 6= 0.
Notice that ∆a changes from −25 µm to 40 µm by
steps of 5 µm in Fig. 4, and ∆a = 40 µm is the largest
width of the isolated defect in the grating.

Fig. 4. The defect width variation (∆a) dependence of (a) magnitude and (b) position variation of the electric

intensity peaks around zL = −455 µm, zR = +545 µm, and zD = +45 µm.

As the defect width ∆a is in the −20 µm to 0
range, one can see from Figs. 4(a) and 4(b) that the
variation tendencies of |E|2p for zL and zR are simi-
lar, and both of the peak position variations for them
are nearly zero. These characteristics resemble those
of −25 µm< ∆h < 20 µm. Thus, the energy of de-
signer SPPs reflected and scattered by the defect is
weak enough to be neglected. Furthermore, figure 4
renders that |E|2p and ∆zp for region D are sensitive
to the change of ∆a, which is similar to the situation
of −25 µm< ∆h < 20 µm. These results show that
the designer SPP state is supported by the whole grat-
ing, whose energy distribution only has a disturbance
in the vicinity of the defect, but the disturbance is
weaker than that for −25 µm< ∆h < 20 µm.

When ∆a is larger than 0, the results shown in
Fig. 4 can be compared with those of Fig. 3 in the
range of ∆h < −25 µm. We can infer from Fig. 4 that
reflecting and scattering are the main effects of the
defect on the designer SPPs. The transmission coeffi-
cient decreases with increasing |∆a|, which is also sim-
ilar to real SPPs when ∆h is not zero. Since the po-
sition where the accumulated charge is located moves
to the corner of the adjacent grating ridge, the inten-
sity peak position of the transmitted designer SPPs
changes about −20 µm when ∆a is larger than 0. No-
tice that |E|2p and ∆zp for zL hardly change with in-
creasing |∆a|, which is different from the situation of
∆h < −25 µm. These results imply that the defect
mainly works influence on the transmitted designer
SPPs.

Finally, it is necessary to have a further discussion

based on these results. Compared with the incident
wavelength (λ0) 375 µm, −25 µm< ∆h < 20 µm and
−25 µm< ∆a < 0 are corresponding to −0.067λ0 <

∆h < 0.053λ0 and −0.067λ0 < ∆a < 0, respec-
tively. For the situation of ∆a = 0 and −0.067λ0 <

∆h < 0.053λ0, the defect grating responses to the in-
cident EM wave as a whole, and the designer SPP
state, whose energy distribution has a disturbance in
region D, is supported by the whole grating. If the de-
fect height variation exceeds this range, reflecting and
scattering are dominant in the effects of the defect on
designer SPPs. On the other hand, for ∆h = 0 and
−0.067λ0 < ∆a < 0, the situation resembles that of
−0.067λ0 < ∆h < 0.053λ0, although the disturbance
is weaker. When ∆a exceeds this range, the results re-
semble those of ∆h < −0.067λ0 or ∆h > 0.053λ0, but
the defect mainly has influence on the transmitted de-
signer SPPs. Based on these findings, by introducing
a defect, we can actively design the energy distribu-
tion of designer SPPs propagating on a grating. For
example, if we set ∆a and ∆h to 0 and 10 µm re-
spectively, more energy will be localized at the defect,
as shown in Fig. 3. This characteristic may be used
in the coupling between designer SPPs and external
field. Moreover, a kind of designer SPP attenuator
can be obtained when ∆h = 0 and ∆a is larger than
0. These examples mean that designer SPPs can be
controlled actively by an appropriate defect grating
integrated on a chip.
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4. Conclusion

In this article the effects of a 1D surface defect on
designer SPPs are discussed in detail. When the defect
size is small enough, the defect only induces a distur-
bance in the energy distribution of the designer SPP
supported by the whole grating, and the reflecting and
scattering can be neglected. If the defect size exceeds
the said range, the reflecting and scattering are domi-
nant in the influences of the defect on designer SPPs.

Our analysis opens opportunities to control and direct
designer SPPs by introducing a 1D defect, especially
in THz to microwave regimes. Such a feature could re-
alize novel applications such as devices integrated on a
chip for controlling the energy distribution of surface
waves. However, further theoretical work is needed to
thoroughly explain the effects of 1D or 2D defects on
designer SPPs. We also expect experimental work to
demonstrate our results.
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