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Abstract— We propose an anti-symmetric grating structure for 

effective excitation of the short-range surface plasmon polariton 
(SR-SPP) mode of a metal stripe waveguide. The structure 
consists of two corrugated Bragg gratings offset by half of a 
period formed on the two sides of the metal stripe, respectively. 
The SR-SPP mode is excited in the backward direction by the 
long-range surface plasmon polariton (LR-SPP) mode launched 
into the waveguide. We investigate in detail the effects of the metal 
stripe thickness, the grating corrugation depth and the number of 
grating periods on the transmission and reflection characteristics 
of the grating with the finite-difference time-domain method. Our 
numerical results show that a peak reflection of ~ 57% in the 
SR-SPP mode can be achieved with a 50-µm long grating on a 
40-nm thick gold stripe.   

 

 
Index Terms—Bragg gratings, long-range surface plasmon, 

short-range surface plasmon, optical filters, optical sensors.  
 

I. INTRODUCTION 
thin metal stripe embedded in a dielectric can support 

two modes: the long-range surface plasmon polariton 
(LR-SPP) and the short-range surface plasmon polariton 
(SR-SPP) mode, which are characterized, respectively, by their 
symmetric and anti-symmetric field distributions [1]. The 
LR-SPP mode can propagate over a distance of several 
millimeters with a low loss and be excited efficiently with a 
standard single-mode fiber [1-2]. These properties of the 
LR-SPP mode are well appreciated in the development of 
compact integrated optical devices, such as Y-splitters [1,2], 
multimode interference devices [1,2], couplers [1-3], 
modulators [4], switches [4], and attenuators [5]. Bragg grating 
filters based on periodic corrugation along the width or the 
thickness of a metal stripe for light coupling between 
contra-directional propagating LR-SPP modes have also been 
studied experimentally [6,7] and theoretically [8,9]. On the 
other hand, the SR-SPP mode has a much higher propagation 
loss and stronger field confinement at the metal surface, and 
can find promising applications in surface sensing [10,11] and 
quantum efficiency enhancement for silicon nanocrystals [12]. 
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Because of its compact anti-symmetric field distribution, it is 
difficult to excite the SR-SPP mode with conventional 
waveguide excitation techniques and the SR-SPP mode is 
generally excited with a bulky prism coupler. Recently, a robust 
method for the excitation of SR-SPP mode has been 
demonstrated with an integrated hybrid coupler, which is based 
on evanescent-field coupling between a gold stripe waveguide 
and a SiNx dielectric waveguide [13]. In this paper, we propose 
a grating structure for the excitation of a SR-SPP mode. The 
structure consists of a thin metal stripe embedded in a dielectric, 
where a short section of the metal stripe is corrugated with a 
double-sided anti-symmetric grating. The grating allows the 
SR-SPP mode to be excited in the backward direction by the 
LR-SPP mode launched into the waveguide. We analyze the 
structure with the finite-difference time-domain (FDTD) 
method and investigate in detail the effects of the metal stripe 
thickness, the grating corrugation depth, and the number of 
grating periods on the transmission and reflection spectra of the 
structure. It is verified that light can be coupled efficiently to 
the SR-SPP mode and a peak reflection of ~57% can be 
achieved with a 50-µm long grating formed on a 40-nm thick 
gold stripe. The use of a thicker metal stripe can further 
increase the peak reflection but at the expense of high loss in 
the transmission spectrum.  

II. SPP MODES AND THE COUPLING SCHEME  
Figure 1(a) shows a thin metal film of thickness t embedded 

in a dielectric. The refractive index of the dielectric is assumed 
to be 1.5. The metal assumed in our analysis is gold, which has 
a complex refractive index of 0.56 + 9.81j at the wavelength 
1550 nm [14]. The wavelength dependence of the refractive 
index (i.e., the dispersion) of gold [14] is taken into account in 
the simulation. The magnetic field (Hy) distributions of the 
SR-SPP and LR-SPP modes of a gold stripe waveguide with t = 
20 nm at 1550 nm are shown in Fig. 1(b). Compared with the 
LR-SPP mode, the SR-SPP mode has much stronger field 
confinement at the gold surface, resulting in a much larger 
propagation loss. It is also noted that the modal field of the 
LR-SPP mode is symmetric with respect to the center of the 
gold film while the SR-SPP mode has an anti-symmetric field 
distribution. The small mode size and the anti-symmetric field 
distribution of the SR-SPP mode make it difficult to excite the 
mode efficiently with a single-mode fiber using the 
conventional end-fire coupling scheme. Figures 1 (c) and (d) 
show the dependence of the mode index and the propagation 
loss on the gold stripe thickness t. Both the mode index and the 
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propagation loss of the SR-SPP mode decrease with an increase 
in the gold stripe thickness, while the modal properties of the 
LR-SPP mode are relatively insensitive to the stripe thickness.  
Both modes turn into decoupled SPP modes supported by each 
gold-dielectric interface, as the gold thickness becomes 
sufficiently thick.  

Figure 2 shows three types of gratings formed by 
periodically corrugating the gold stripe thickness. The grating 
period is Λ and the corrugation depth is h. Figure 2(a) is a 
double-sided symmetric grating where corrugation applies 
symmetrically on both sides of the gold stripe. This type of 
grating has been demonstrated for the coupling between the 
forward- and backward-propagating LR-SPP modes [6-9]. It 
does not allow the forward-propagating LR-SPP mode to 
couple to the backward-propagating SR-SPP mode, because the 
overlap integral of the electric fields of the two modes is zero. 
Figure 2(b) shows a single-sided grating where corrugation 
applies to only one side of the gold stripe. With this grating, the 
forward-propagating LR-SPP mode can be coupled to both the 
backward-propagating LR-SPP and SR-SPP modes. Figure 2(c) 
shows a double-sided anti-symmetric grating, where the 
gratings on the two sides are offset by half of a period. This 
grating allows the forward-propagating LR-SPP mode to 
couple only to the backward-propagating SR-SPP mode, as 
demonstrated in a two-mode all-dielectric waveguide [15]. In 
practice, the LR-SPP mode can be excited with a single-mode 
fiber and then coupled to the SR-SPP mode in the backward 
direction through the grating.  According to the coupled-mode 
theory [15], for all the gratings shown in Fig. 2, the strongest 
coupling happens at the resonance wavelength λ0 when the 

phase-matching condition λ0=(NLR-SPP+NSPP)Λ is satisfied. 
NLR-SPP is the average mode index of the forward-propagating 
LR-SPP mode along the grating and NSPP is the average mode 
index of the backward-propagating mode, which can be the 
LR-SPP or SR-SPP mode, depending on the grating type. In the 
next section, we compare the characteristics of the three 
gratings.  

III.  COMPARISON OF THREE TYPES OF GRATINGS 
We use the FDTD method (Lumerical FDTD Solutions) to 

simulate the light propagation along the grating. Calculations 
are performed in a simulation window surrounded with 
perfectly matched layers (PMLs) to strongly absorb the 
outgoing light from the interior of the simulation window 
without reflecting them back into the interior. The grating 
structure is excited by launching the LR-SPP mode into the 
gold stripe waveguide. The metal grating not only couples the 
input light to the in-plane backward-propagating modes, but 
also scatters light into out-of-plane waves [8,9]. We place field 
profile monitors at the waveguide input and output ends to 
monitor the fields and calculate the reflection and transmission 
spectra from the overlap integrals between the fields at the 
waveguide input and output ends, respectively, with the 
corresponding SPP mode field. We obtain the out-of-plane 
scattering (OUPS) by subtracting the power in reflection and 
transmission spectra from the total power collected from the 
simulation window. 

Figure 3(a) shows the transmission (T) and reflection (R) 
spectra of three gratings, assuming a gold stripe thickness of 20 
nm, a grating period of 500 nm, and a grating length of 50 µm 
(i.e., 100 periods). The corrugation depth is 10 nm for both the 
double-sided symmetric and anti-symmetric gratings and 20 
nm for the single-sided grating. Figure 3(b) shows the spectra 
of out-of-plane scattering (OUPS: dashed line), in-plane waves 
(R+T: solid line), and the sum of reflection, transmission, and 
OUPS (R+T+OUPS: dotted line). We can find the loss due to 
gold absorption from 1-(R+T+OUPS). As shown in Fig. 3(a), 
the single-sided grating (black line) produces two resonances 
which correspond to the SR-SPP and LR-SPP modes, 
respectively. The double-sided grating allows coupling only to 
the LR-SPP mode for the symmetric grating (blue line) or the 
SR-SPP mode for the anti-symmetric grating (red line). 
According to the phase-matching condition and the mode index 
shown in Fig. 1(c) for a 30 nm-thick gold stripe (the average 

 
Fig. 3. (a) Transmission (T), reflection (R) and (b) out-of-plane scattering 
(OUPS) for three types of gratings formed in a gold stripe waveguide with t = 20 
nm. The grating period Λ is 500 nm and the number of periods is 100. The 
grating corrugation depth h is 10 nm for both the double-sided symmetric and 
anti-symmetric gratings and 20 nm for the single-sided grating. 
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Fig. 1. (a) Waveguide formed with a metal stripe of thickness t embedded in a 
dielectric. (b) Magnetic field distributions (Hy) of the SR-SPP and LR-SPP 
modes of a gold stripe waveguide with t = 20 nm. Dependence of (c) the mode 
index and (d) the propagation loss for the SR-SPP and LR-SPP modes on the 
gold stripe thickness t. 

 
Fig. 2. Structures of (a) a double-sided symmetric grating, (b) a single-sided 
grating, and (c) a double-sided anti-symmetric grating formed along a thin gold 
stripe waveguide. 
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thickness of the corrugated gold stripe), the resonance 
wavelengths for the SR-SPP and LR-SPP modes are 1.532 µm 
and 1.505 µm, respectively, which agree well with the FDTD 
results in Fig. 3(a). As shown in Fig. 3(a), the resonance dips 
for the SR-SPP mode are larger and broader than those for the 
LR-SPP mode, which can be explained by the stronger field 
confinement and higher loss of the SR-SPP mode [15]. 
Although more light is coupled to the SR-SPP mode, its peak 
reflection is actually weaker than that of the LR-SPP mode, 
which can be attributed to the high propagation loss of the 
SR-SPP mode − much light is lost before it returns back to the 
input end. This can also be verified by the R+T+OUPS curves 
shown in Fig. 3(b). The curve for the double-sided symmetric 
grating is less sensitive to the wavelength as compared with the 
single-sided and double-sided anti-symmetric gratings, both of 
which has a large dip in the resonance region for the SR-SPP 
mode. Because the single-sided grating generates more OUPS, 
it produces weaker reflection than the double-sided gratings. 
The peak reflections produced by the single-sided grating for 
the LR-SPP and SR-SPP modes are 25% and 8%, respectively, 
whereas the corresponding values obtained, respectively, from 
the two double-sided gratings are 27% and 18%. The large 
difference for the SR-SPP mode is due to the much stronger 
OUPS generated by the single-sided grating when the highly 
confined SR-SPP mode propagates through it. Although both 
the double-sided anti-symmetric grating and the single–sided 
grating can excite the SR-SPP mode, the former can produce 
stronger peak reflection and a cleaner spectrum. In the next 
section, we focus on the discussion of the double-sided 
anti-symmetric grating. 

IV. DOUBLE-SIDED ANTI-SYMMETRIC GRATING 
In this section, we study the dependence of the performance 

of the double-sided anti-symmetric grating on the grating and 

waveguide parameters. 

A. Metal Stripe Thickness 

Figures 4(a) and (b) show the effects of the gold stripe thickness 
on the transmission and reflection spectra of the double-sided 
anti-symmetric grating. The grating corrugation depth h is 10 
nm and the grating length is 50 µm. As shown in Fig. 4, the 
resonance wavelength shifts towards the shorter wavelength, as 
the gold stripe thickness increases. This is due to a decrease in 
the average mode index of the SR-SPP mode. An increase in 
the gold stripe thickness also leads to a decrease in the 
propagation loss of the SR-SPP mode and hence an increase in 
the peak reflection, as shown in Fig. 4(b). A peak reflection of ~ 
48% can be achieved with t = 50 nm. The overall transmission 
loss at non-resonance wavelengths also increases with the gold 
stripe thickness, as shown in Fig. 4(a). The propagation loss of 
the LR-SPP mode, which increases with the gold stripe 
thickness, contributes to the overall loss (~1.3 dB in the longer 
wavelength region and ~2.5 dB in the shorter wavelength 
region as t varies from 10 nm to 50 nm). The OUPS on the 
long-wavelength side of the resonance decreases as the gold 
stripe thickness increases, which leads to a small decrease in 
transmission at long wavelengths. On the other hand, the OUPS 
does not change much with the gold stripe thickness on the 
short-wavelength side of the resonance (not shown here). 

Figure 5 shows the magnetic field intensity distribution 
along an anti-symmetric grating with a gold stripe thickness of 
30 nm, excited with the LR-SPP mode at the incident 
wavelengths 1600 nm and 1527 nm. As shown in Fig. 5(a), the 
light at the non-resonance wavelength 1600 nm is transmitted 
with gradual attenuation. The light at the resonance wavelength 
1527 nm, however, is largely reflected, as shown in Fig. 5(b). 
The reflected field has an anti-symmetric distribution, which 
confirms the coupling to the backward-propagating SR-SPP 
mode. 

B. Number of Grating Periods 
Figures 6(a) and (b) show the effects of the number of the 
grating periods on the transmission and reflection spectra of the 
grating for two values of the gold stripe thickness, t = 20 nm 
and 40 nm. The grating corrugation depth h is 10 nm. As shown 
in Fig. 6(a) for t = 20 nm, the contrast of the grating increases 
with the number of periods up to ~100 periods. For t = 40nm, 
the grating contrast can increase slightly further up to ~ 200 
periods (~ 1.5% increase as the number of periods varies from 
100 to 200), as shown in Fig. 6(b). The results can be explained 

 
Fig. 6. Transmission (T) and reflection (R) spectra of double-sided 
anti-symmetric gratings with different numbers of periods formed in gold stripe 
waveguides with (a) t =20nm and (b) t = 40nm. The corrugation depth h is 10 
nm. 
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 Fig. 5. Magnetic field intensity distributions along a gold stripe waveguide at 
the incident wavelengths (a) 1600 nm and (b) 1527 nm. The grating is 100 µm 
long and the corrugation depth h is 10 nm. The gold stripe thickness t is 30nm. 
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Fig. 4. (a) Transmission and (b) reflection spectra of a 50-µm long double-sided 
anti-symmetric grating with a corrugation depth of 10nm for different values of 
gold stripe thickness. 
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by the higher loss of the SR-SPP mode in a thinner gold stripe. 
While the grating in a thicker gold stripe can produce stronger 
peak reflection, the transmission loss at non-resonance 
wavelengths becomes higher.  

C. Grating Corrugation Depth 
Figures 7(a) and (b) show the effects of the corrugation depth 

on the transmission and reflection spectra of the grating for two 
values of the gold stripe thickness, t = 20 nm and 40 nm. The 
number of the grating periods is 100. As shown in Fig. 7, for 
corrugation depth h = 20 and 25 nm, it is more difficult to 
identify the resonance wavelength from the transmission 
spectrum because the transmission on the longer-wavelength 
side of the resonance region can be comparable to or even 
smaller than the transmission in the resonance region. For a 
large corrugation depth, the transmission spectra become more 
complicated than having just a dip because coupling in and out 
of the grating, OUPS, and absorption can result in very low 
transmission also for wavelengths well outside the resonance 
region [9]. As shown in Fig. 7(b), the peak reflection decreases 
as the corrugation depth increases from 20 nm to 25 nm, which 
is believed to be the consequence of OUPS, as observed 
previously for the double-sided symmetric grating [9].  A peak 
reflection of ~57% can be achieved with a 50-µm long grating 
formed on a 40-nm thick gold stripe.  

V. CONCLUSION 
In summary, we have proposed an anti-symmetric grating for 

the excitation of the SR-SPP mode of a metal stripe waveguide, 
which assumes that the input light is in the LR-SPP mode. The 
LR-SPP mode is coupled to the SR-SPP mode in the backward 
direction by propagating through the grating. The effects of the 
key parameters, such as the metal stripe thickness, the number 
of grating periods, and the corrugation depth on the 
performance of the transmission and reflection spectra have 
been investigated in detail. Due to the large loss of the SR-SPP 
mode, increase of the corrugation depth is a more effective 
means to achieve high peak reflection than increase of the 
grating length. A thick metal stripe also helps to achieve high 
peak reflection, however it leads to a high transmission loss at 
non-resonance wavelengths. For the sake of simplicity, our 
analysis assumes a metal stripe with an infinite width. The 
metal stripe used in an actual device should have a finite width. 
In practice, it may be easier to form the grating by corrugating 
the width, instead of the thickness, of the metal stripe [6]. Our 
proposed grating structure offers a robust approach to the 

excitation of the SR-SPP mode and is expected to find potential 
applications in surface sensing and optical filtering. 
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