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ABSTRACT: We propose theoretically and demonstrate experimentally a dislocated
double-layer metal grating structure, which operates as a unidirectional coupler capable of
launching surface plasmon polaritons in a desired direction under normal illumination.
The structure consists of a slanted dielectric grating sandwiched between two gold
gratings. The upper gold grating has a nonzero lateral relative displacement with respect to
the lower one. Numerical simulations show that a grating structure with 7 periods can
convert 49% of normally incident light into surface plasmons with a contrast ratio of 78
between the powers of the surface plasmons launched in two opposite directions. We
explain the unidirectional coupling phenomenon by the dislocation-induced interference
of the diffracted waves from the upper and lower gold gratings. Furthermore, we
developed a simple and cost-effective technique to fabricate the structure via tilted two-
beam interference lithography and subsequent shadow deposition of gold. The experimental results demonstrate a coupling
efficiency of 36% and a contrast ratio of 43. The relatively simple periodic nature of our structure lends itself to large-scale low-
cost fabrication and simple theoretical analysis. Also, unlike the previous unidirectional couplers based on aperiodic structures,
the design parameters of our unidirectional coupler can be determined analytically. Therefore, this structure can be an important
component for surface-plasmon-based nanophotonic circuits by providing an efficient interface between free-space and surface
plasmon waves.
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Modern information processing demands ultracompact
photonic devices at the chip scale. Surface plasmon

polaritons (SPPs) present an intriguing approach to implement
ultracompact photonic devices, because with SPPs one may
overcome the diffraction limit encountered in conventional
optics.1,2 Many photonic devices based on SPPs have been
investigated in recent years3,4 and integrated plasmonic circuits
are starting to emerge.
To envision the incorporation of such plasmonic circuits into

an overall optical system, however, an important challenge is to
be able to generate SPPs efficiently from freely propagating
light and control the direction in which they are launched.
Standard grating structures can be used to launch SPPs from
free space beam, but for normally incident light this typically
results in simultaneous launching of SPPs in opposite
directions.5 There have been unidirectional SPP excitation
achieved by illuminating grating couplers with obliquely
incident beams6−8 or circularly polarized beams.9,10 However,
the coupling from linearly polarized beams at normal incidence
is more desirable in optical systems.
There have been several approaches to achieve unidirectional

excitation of SPPs from linearly polarized beams at normal
incidence. As a first approach, one could use an individual
subwavelength element, such as a slit, groove, or a plasmonic
resonant cavity, to excite SPP from normally incident beams.

The unidirectionality can then be accomplished by placing
asymmetric structures around a single slit11−19 or by achieving
direction-dependent constructive or destructive interference
between asymmetric two slits20 and grooves,21 as well as
cavities with different resonant frequencies.22,23 However, the
coupling efficiency of such a construction is fundamentally
limited by the electromagnetic cross section of the
subwavelength elements used. Because these elements typically
have an electromagnetic cross section smaller than the
wavelength of light,24 the coupling efficiency is inherently low
for a free-space incident beam with a typical cross-sectional
dimension of at least a few wavelengths. As a result, only a small
portion of the incident light can be coupled into SPPs, while
most of the incident light is reflected.
To achieve high-efficiency unidirectional excitation of SPP

from free-space beams one should consider specially designed
asymmetric grating structures, which have physical dimensions
on the order of several wavelengths for better mode-matching
with the incident beam. Periodic structures based on slanted
gratings25,26 and asymmetrical double-layer metal gratings
without vertical spacing27 have been proposed but the realized
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asymmetrical coupling effect was weak due to the limitations in
experiment.26 An alternative method is to use limited aperiodic
groove arrays with modulated period,28 width,29−31 or both
width and depth of grooves.32 These grooves have to be etched
by focused ion beam (FIB) because each of these grooves has
unique parameters. Also, due to the nature of aperiodicity one
needs to specifically design and optimize the structure for
different operating wavelengths.
In this Letter, we theoretically propose and experimentally

demonstrate dislocated double-layer metal gratings that serve as
efficient unidirectional couplers for SPP. The structure is
composed of a slanted dielectric grating sandwiched between
two gold gratings (Figure 1). The upper gold grating has a

nonzero lateral relative displacement with respect to the lower
one. We refer to such displacement as “dislocation” in this
paper, and hence the entire structure as a “dislocated” double-
layer metal grating. The structure is simpler and easier to
fabricate than most of previous designs. We show both
numerically and experimentally that this structure provides
high-efficiency high-contrast unidirectional launching of SPP
from free-space beams. For this structure, we have developed a
low-cost, simple, and scalable nanofabrication method consist-
ing of tilted two-beam interference lithography and subsequent
shadow deposition of gold. This fabrication method is also
compatible with the modern silicon technology. Finally, we
have developed a simple analytic model that accounts for the
unidirectional effect in this system with which the unidirec-
tional coupler for SPP can be designed analytically.
Figure 1 schematically shows the configuration of a

dislocated double-layer metal grating. A slanted dielectric
grating is sandwiched between two metal gratings. Double-layer
metal gratings have been previously explored.33−42 Here we
found that introducing the dislocation between upper and
lower metal gratings results in a direction-dependent
interference effect, which can be exploited to launch the SPP
unidirectionally. The operating wavelength of the unidirectional

coupler is determined by the period and thickness of
photoresist. At resonance, the dislocated double-layer metal
grating strongly interacts with light, and the waves diffracted by
the upper and lower metal gratings constructively or
destructively interfere with each other, depending on the
direction and degree of the dislocation of the two metal
gratings. With proper design, the waves propagating to one
direction can be canceled out completely by destructive
interference, resulting in a unidirectional coupling for SPP.
We perform numerical simulation using finite-difference

time-domain (FDTD) method (FDTD solutions, Lumerical).
The period of gratings (P) and thickness (t) of both gold
gratings are 770 and 120 nm, respectively. H and Δx refer to
the thickness of photoresist gratings and dislocation between
two gold gratings, respectively. W1 and W2 represent the widths
of the photoresist stripes and upper grating metal stripes,
respectively. The dielectric permittivity of gold is taken from
the tabulated data.43 The refractive index of the photoresist and
substrate are 1.61 and 1.46, respectively. The incident light is
TM polarized as indicated in the inset of Figure 1.
To demonstrate that a dislocated double-layer metal grating

functions as a unidirectional coupler for SPP, we consider a
finite-size coupler connected with gold film at both the left and
right sides and illuminate the coupler with a Gaussian beam.
The parameters of the grating are W1 = 230 nm, W2 = 270 nm,
H = 530 nm, Δx = 140 nm, P = 770 nm, and t = 120 nm.
Figure 2a shows the simulated electric field amplitude
distribution of a grating with 7 periods, normally illuminated
by a Gaussian beam with a waist diameter (D) of 4000 nm and
wavelength of 895 nm. The incident wave, through the
coupling to the grating, can be guided in the dislocated double-
layer metal grating and turn into an SPP wave that propagates
only to the right.
Figure 2b shows that the effect of the grating width on the

coupling efficiency and the contrast ratio ER. The coupling
efficiency is defined as the power of SPPs to the desired
direction divided by the power of source, and the contrast ratio
ER is defined as the ratio between the power of launched SPPs
to the desired direction and that to the opposite direction. The
coupling efficiency for SPPs peaks when the width of the
grating is about 1.4 times of the beam waist diameter (which
corresponds to approximately 7 grating periods for the beam
waist diameter D = 4000 nm). Further increase of grating width
decreases the coupling efficiency. The existence of a peak in
coupling efficiency with respect to L/D is due to the two
opposite effects in this coupling process: light coupled into the
grating structure increases with larger grating width but more
power is either absorbed by these gold stripes or rescattered
back to free space as grating width increases. The optimized
value of grating width depends on the balance between these
two effects. On the other hand, the contrast ratio increases
nearly linearly with L/D. The ER could be around 250 when the
grating width is three times the beam waist diameter.
For a grating with a given period N, the diameter of the beam

waist has opposite influences on the contrast ratio and coupling
efficiency. Figure 2c illustrates this for the grating with N = 7.
Larger diameter results in higher coupling efficiency but lower
contrast ratio because the part of light incident to the left edge
of the structure could directly couple to the SPP propagating to
the left side without further interference.
As a conclusion, the grating structure here has sufficient

degree of freedom to enable optimization for either the
coupling efficiency or contrast ratio. A contrast ratio as high as

Figure 1. Schematic of launching unidirectional SPP from normally
incident beam by a dislocated double-layer metal grating. (Inset) The
geometric parameters of the structure. The period and thickness of the
gold layers are fixed at P = 770 nm and t = 120 nm throughout this
paper. H and H′ represent the thickness of the photoresist and spacer
between the two metal gratings. The electric field of the incident waves
is perpendicular to the gold grating stripes.
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Figure 2. (a) The simulated electric field amplitude distribution of a dislocated double-layer metal grating with 7 periods illuminated by a Gaussian
beam with a waist diameter of 4000 nm and wavelength of 895 nm. (b) The effect of the grating width L (normalized by the beam waist diameter D
= 4000 nm) on the unidirectional coupling efficiency and contrast ratio ER at the wavelength of 917 nm. (c) The effect of the beam waist diameter D
of the incident Gaussian beam on the unidirectional coupling efficiency and contrast ratio ER for the structure with 7 periods at the wavelength of
917 nm. The other parameters of the structure are W1 = 230 nm, W2 = 270 nm, H = 530 nm, and Δx = 140 nm.

Figure 3. (a) The fabrication procedure for a dislocated double-layer metal grating, where IL refers to interference lithography. (b) Interference
lithography geometry for preparing the slanted photoresist grating. φ is the incident angle of two laser beams with respect to the normal (red dashed
line); α is the rotation angle with respect to the plane that is perpendicular to the angle bisector formed by these two laser beams. (c,d) The
measured reflection spectra of the nondislocated structure and dislocated structure, respectively. (e,f) The simulated reflection spectra of the
nondislocated structure and dislocated structure, respectively. (g,h) The cross-sectional views of SEM images for the nondislocated structure and
dislocated structure. (i,j) The top views of the nondislocated structure and dislocated structure with 7 periods and large grooves at both sides. (k,l)
The microscope photos of the nondislocated structure (in (i) and dislocated structure (in j) illuminated by a focused Gaussian beam with a
wavelength of 895 nm and pulse width of around 120 fs. The red dashed-circle represents the incident laser spot. The fabricated structure deviates
slightly from the optimal design due to limited experimental precision. The actual parameters of sample are H = 490 nm, W1 = 240 nm, W2 = 290
nm, H = 770 nm, t = 120 nm, and Δx = 140 nm (for dislocated structure).
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78 can be reached with a considerable coupling efficiency of
49% with N = 7 for a beam with a waist diameter of 4000 nm.
For a beam with a waist diameter of 3200 nm, the contrast ratio
can reach 180, and the coupling efficiency is still over 41%. The
coupling loss comes from two aspects: (i) the structure is not
fully periodic due to a limited size, thus the grating coupling is
not perfect, and (ii) a portion of light is dissipated by metal
gratings before it turns into the unidirectional SPPs. Therefore,
the size of the dislocated double-layer metal grating and
diameter of the incident beam waist can influence the coupling
performance for SPPs.
The overall performance of our design as a unidirectional

coupler for SPPs is comparable to some of the best design in
the literature.26,29 Importantly, unlike some of the aperiodic
designs previously published, the simple periodic geometry of
our design lends itself very well to large-scale low-cost
fabrication techniques. To realize our design, we developed a
nanofabrication method, which combines tilted interference
lithography with shadow deposition of gold. The procedure is
schematically illustrated in Figure 3a. We first prepared a
slanted photoresist grating by rotating the sample at an angle α
with respect to the plane that is perpendicular to the angle
bisector formed by two laser beams during exposure (Figure
3b). A shadow deposition of gold was then employed. The
lateral dislocation Δx can be varied by adjusting the rotation
angle α. The periodicity of the grating is determined by the
incident angle of the laser beams φ and the rotation angle α. A
poly(methyl methacrylate) (PMMA) layer at a thickness of
∼50 nm was spin-coated on the quartz substrate in advance. It
functions as an adhesive layer to ensure the firm attachment of
the photoresist grating. The detailed fabrication procedure can
be found in Supporting Information. The width (W2) of each
gold stripe is slightly larger than the width (W1) of the top of
the slanted photoresist stripe as seen from the cross-sectional
view scanning electron microscopy (SEM) image (Figure 3h).
Figure 3j show the top-view SEM image of the dislocated
double-layer metal grating. In this picture, two large grooves
were etched by focused ion beam etcher (FIB, Zess AURIGA),
and a finite structure with 7 periods is formed. The big grooves
at the both ends of the finite structure were used to scatter and
monitor the coupled SPP. To compare the difference between
the dislocated double-layer metal grating and nondislocated
double-layer metal grating we also fabricated nondislocated
structures with nearly the same period and filling fraction
(Figure 3g,i). The parameters of the fabricated dislocated
structure are H = 490 nm,W1 = 240 nm,W2 = 290 nm, P = 770
nm, t = 120 nm, and Δx = 140 nm; the parameters for
nondislocated structure are the same except that Δx = 0 nm.
All zeroth-order reflection spectra were measured on a UV/

visible/near-infrared spectrometer (Lambda 950, PerkinElmer)
at normal incidence under p-polarization (indicated in the inset
of Figure 1). The measured reflection spectra of both the
periodic nondislocated double-layer metal grating and dis-
located double-layer metal grating are shown in Figure 3c,d,
respectively. A reflection dip at 895 nm appears only in the
dislocated structure, which is responsible for the unidirectional
mode. The spectra are in accordance with the simulation results
in Figure 3e,f. Then the nondislocated structure and dislocated
structure with 7 periods (Figure 3i,j) were observed in a
homemade confocal optical microscope at the wavelength of
895 nm. The numerical aperture of the objective lens
(Olympus MPlanFLX100) is 0.9. The observed images were
recorded by a semiconductor-cooled CCD camera, as shown in

Figure 3k,l. For the nondislocated structure, there exists a
reflected spot and no side coupling for SPP. For the dislocated
structure, there is a unidirectional coupling for SPP, and as a
result we observe the scattered light spots at both sides of the
reflected spot (red-dashed circle) in Figure 3l. It is clear that the
most of the SPP propagates to the right. Note that the reflected
beam image for the dislocated grating shown in Figure 3l is
significantly different from that for the nondislocated grating
shown in Figure 3k due to the coupling of the incident beam to
the unidirectional SPP. The ratio of the integrated scattered
light intensity at the right side to that of the left side in the
image (Figure 3l) represents the contrast ratio. The coupling
efficiency is calculated by the ratio of the integrated light
intensity of the scattered light at the right side (Figure 3l) to
that of the light reflected by a silver mirror. We note that the
incident laser is a pulse with a width of around 120 fs and
corresponds to a wavelength bandwidth of 10 nm. With such a
relatively broadband pulse, the measured contrast ratio and
coupling efficiency were 43 and 36%, respectively. Our
structure therefore operates over a substantial bandwidth with
high performance. This measured coupling efficiency is lower
than that in the simulation results due to several experimental
limitations; only a portion of the coupled light can be scattered
out from the large grooves. Also, a focused Gaussian beam
rather than a collimated one is used. With high performance,
simple fabrication, and compact sizes, the proposed dislocated
double-layer metal grating here can be a promising unidirec-
tional coupler for SPPs in plasmonic devices.
In order to get insights into the process of unidirectional

coupling, we examined infinitely periodic dislocated and
nondislocated double-layer metal gratings by numerical
simulation. Comparing the numerically calculated reflection
spectra of these two structures at normal incidence, we see that
the dislocated structure (Figure 3f) has an extra dip at the
wavelength of 895 nm as compared to the nondislocated one
(Figure 3e). This extra dip corresponds to the unidirectional
mode. Also, the locations of the peaks and dips in the simulated
spectra are in good agreement with those of experimentally
measured reflection spectra shown in Figure 3c,d, which shows
that the infinitely periodic structures are useful models for
understanding the actual finite structures.
Next, to facilitate analytic modeling we further simplify the

infinitely periodic structure by replacing the photoresist grating
between the two metal grating layers with a uniform effective
medium as shown in Figure 4a. The refractive index of the
effective medium is neff = 1.21, as obtained from the volume-
weighted average between the dielectric constants of air and
photoresist. For this simplified structure, we simulated the
absorptivity as a function of the thickness H′ of the effective
medium and vacuum wavelength as shown in Figure 4b for the
dislocated structure.
The several strong absorption lines displayed in Figure 4b

can be easily explained by simple analytic theories. First, the
absorption line around the wavelength of 1140 nm, marked by
a dashed line, is due to the excitation of the lattice plasmon
polariton at the interface between the lower gold grating and
PMMA layer underneath.
The remaining absorption lines are attributed to the

excitation of guided modes formed between the two gold
gratings. The condition for the guiding is44
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where m ≥ 0 and n ≥ 0 are integers, and λ0 is the wavelength in
vacuum. For m = 0, the equation is simplified to 2neffH′ = n λ0,
which is indicated by the white dotted lines in Figure 4b. These
absorption lines for m = 0 occur in both the dislocated
structures and nondislocated structures (The absorption
spectra of nondislocated structure is shown in Figure S2 of
Supporting Information). For m = 1, eq 1 is indicated by the
white solid lines. The absorption lines for m = 1 exist in the
dislocated double-layer metal gratings only, and they are in fact

unidirectional modes, as can been seen from the x-component
of power flow density Px (Figure 4c). It is interesting to note
that the sign of Px changes every time as H′ increases and
crosses the dotted lines in Figure 4b for a given wavelength. We
also note that the case for m = 1, n = 0 (I, II in Figure 4b)
corresponds to Wood’s anomaly at the interfaces between the
effective medium and gold gratings.
Below, we explain the unidirectionality with an analytic

model. When a wave is normally incident on the upper gold
grating, it is scattered into the effective medium by the periodic
array of gold scatterers, as schematically shown in Figure 5. The

wave function generated by the scattering from the upper gold
grating can be expressed as

ψ = +β β− +x A Ae( ) e i x i x
upper (2)

where A is the complex amplitude and β is the guide
wavevector. The two terms on the right-hand side correspond
to the components propagating in the +x and −x direction.
Note that the complex amplitudes of the two components are
the same due to the symmetry of the upper metal grating alone.
The scattering by the lower gold grating generates a similar
wave function but because of its dislocation with respect to the
upper grating the wave function has the form

ψ = +β β− +Δ + +Δx B Be( ) e i x x i x x
lower

( ) ( )
(3)

The total wave function of the excited guided wave is the
superposition of these wave functions

ψ = + + +β β β β− Δ − + Δ +x A B A Be e( ) ( e )e ( )i x i x i x i x
total (4)

The resulting wave function in eq 4 thus exhibits direction-
dependent constructive or destructive interference. For
example, if A = 1, B = 0.5e+iπ/2, and Δx = π/2β, then ψtotal(x)
= 1.5e−iβx + 0.5e+iβx whose net power flows in the +x direction.
Therefore, the dislocation of the two gold gratings plays a key
role for the unidirectional coupling for surface plasmon. The
optimal value of Δx for efficient unidirectional coupling is
empirically determined to be between P/8 and 3P/8 (see
Supporting Information for details).
In conclusion, we have proposed theoretically and

demonstrated experimentally a compact dislocated double-
layer metal grating unidirectional coupler for SPPs. Our

Figure 4. (a) A simplified structure with an effective medium
uniformly filling the space between two metal grating layers; the
thickness of this layer is H′. (b) The simulated absorption spectra of
simplified dislocated double-layer metal gratings (Δx = 140 nm) with
different thickness of the spacer between two gold gratings at normal
incidence. Solid lines are calculated by eq 1 with m = 1, dotted lines
are calculated by eq 1 with m = 0, and a vertical dashed line
corresponds to the Wood’s anomaly occurring at the interface between
the lower gold grating and PMMA layer underneath. (c) The power
flow density component Px (in the x-direction) distribution of
dislocated structures with a few specific thicknesses and wavelengths
marked by circles in (b). Red and blue colors represent the power
flows to the right and left direction, respectively. The geometric
parameters are W1 = 230 nm, W2 = 270 nm, P = 770 nm, and t = 120
nm.

Figure 5. A schematic description of the interference model. The
portions of a normally incident wave indicated by the red and blue
vertical arrows are illuminated on the upper and lower gold gratings,
respectively, and scattered into the effective medium to excite the
horizontally guided waves. Because of the dislocation of the upper
grating with respect to the lower grating, the guided waves excited at
the upper and lower gold gratings can interfere differently depending
on the propagation direction.
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structure is the first one that forms a unidirectional coupler by
tuning the spacing and dislocation between two gratings. The
origin of the unidirectional coupling in the structure is the
dislocation-induced interference of the diffracted light from
upper and lower gold gratings. The effects of the distance and
dislocation between the two gold gratings on the strength of
the unidirectional coupling were analyzed by a simple analytic
model in order to optimize the structure. Especially for the
lowest unidirectional coupling mode for SPPs, the structure
parameters can be analytically determined by this simple model
and dispersion equation. The simulated contrast ratio and
unidirectional coupling efficiency of the optimized structure
with 7 periods are 78 and 49%, respectively. We then developed
a high throughput, simple and cost-effective method to prepare
the structure via tilted two-beam interference lithography and
shadow deposition of gold. The fabrication method is scalable
and also compatible with the modern batch fabrication process,
which is extremely important for applications in integrated
optical circuits. The experimentally measured contrast ratio and
unidirectional coupling efficiency are 43 and 36%, respectively,
under normal illumination by a focused Gaussian beam. We
believe that this structure is applicable to a variety of plasmonic
devices requiring efficient unidirectional coupling of light into
SPPs.
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