
Groove-gratings to optimize the electric field enhancement in a plasmonic
nanoslit-cavity

Chang Chen (陈昌�,1,2,a� Niels Verellen,1,3,4 Kristof Lodewijks,1,4 Liesbet Lagae,1,5

Guido Maes,2 Gustaaf Borghs,1,5 and Pol Van Dorpe1,4

1IMEC vzw., Kapeldreef 75, 3001 Leuven, Belgium
2Department of Chemistry, Katholieke Universiteit Leuven, Celestijnenlaan 200 F, 3001 Leuven,
Belgium
3Institute for Nanoscale Physics and Chemistry (INPAC), Katholieke Universiteit Leuven, Leuven,
B-3001, Belgium
4ESAT, Katholieke Universiteit Leuven, Kasteelpark Arenberg 10, 3001 Leuven, Belgium
5Department of Physics and Astronomy, Katholieke Universiteit Leuven, Celestijnenlaan 200 D,
3001 Leuven, Belgium

�Received 24 February 2010; accepted 27 May 2010; published online 10 August 2010�

We study the spectral properties of a triangular plasmonic nanoslit-cavity with periodic triangular
grooves to optimize the field enhancement inside the nanoslit. This work is mainly based on
numerical calculations and also partly supported by experimental evidence. In the nanoslit-cavity,
we can distinguish following three main contributions to the field enhancement: electrostatic
interaction in the nanoslit, surface plasmon polariton standing waves in the cavity and excitation,
and reflection of surface plasmon polaritons by the grating. The importance of phase matching
between surface plasmons generated at the nanoslit and the gratings is also investigated in order to
optimize the local field intensity in the nanoslit. © 2010 American Institute of Physics.
�doi:10.1063/1.3457017�

I. INTRODUCTION

Nanostructures fabricated by standard micro or nanofab-
rication processes have become increasingly important in the
field of plasmonics1 because of their widespread applications
in molecular spectroscopy �e.g., surface enhanced Raman
spectroscopy �SERS� �Refs. 2 and 3� and fluorescence
spectroscopy4�, subwavelength photolithography,5 and near-
field photon manipulations.6–9 Engineered nanostructures can
be exploited to couple, reflect, and focus surface plasmon
polaritons �SPPs�. Some notable examples are grating
structures,10,11 Fano cavities,12 dimer antennas,13 and many
more plasmonic nanostructures which give rise to strong
field enhancement and a better energy control.

Recently,14–16 we experimentally demonstrated a plas-
monic nanoslit-cavity fabricated on a freestanding mem-
brane: an inverted triangular cavity with a nanoslit at the
bottom �primary antenna� and periodic shallow inverted tri-
angular groove gratings surrounding the cavity �secondary
antenna�. This device was shown to exhibit favorable prop-
erties for SERS, as it gives rise to a strong enhancement
factor and high spatial resolution. The nanoslit enables to
confine SPPs in a localized region and to generate a strongly
enhanced field, while the freestanding membrane ensures
convenient integration into a biosensor. Similar to nanopore
ionic fluidic DNA sequencing, analyte molecules for SERS
can be dragged through a nanoslit by electrophoresis.17,18

When the molecules temporarily appear near the edges of the
nanoslit, a corresponding SERS signal can be recorded.

In this paper, we first present a study of the spectral

properties of this plasmonic gold nanoslit-cavity. Second, pe-
riodic shallow inverted triangular groove gratings surround-
ing the cavity are introduced. The amount of electromagnetic
energy which can be confined in the nanoslit is substantially
increased by focusing the SPPs into the nanoslit. Depending
on whether a large or small illumination spot is used in a
specific application, this can be done by using an optimized
grating structure for, respectively, the excitation or reflection
of SPPs into the slit. Both numerical calculations based on
the finite difference time domain �FDTD� technique and re-
flection measurements are used to study and optimize the
spectral properties of these two types of grating structures.
The influence of the pitch, the width and the number of
grooves of the gratings as well as SPPs phase matching be-
tween the cavity and the grating structures will be discussed
in detail.

II. EXPERIMENTAL SECTION

A typical nanoslit-cavity device with gratings is shown
in Fig. 1�A�. The nanoslit is located at the bottom of a cavity,
surrounded with gratings which serve as antennas. This nan-
odevice was fabricated by standard micromachining pro-
cesses similar to the work conducted earlier.19 All of these
structures have triangular cross sections with a vertex angle �
of 70.5º, made by KOH wet etching. As shown in Fig. 1�A�,
the size of the nanoslit depends only on the width of the
cavity, as both the thickness of the silicon layer and the metal
layers are fixed. The surrounding gratings have following
three geometrical parameters: pitch �P�, width �W�, and dis-
tance �L� between the gratings and the cavity. In this work,
electron beam lithography, KOH wet etching, and sputter
deposition were used to prepare Au gratings with different
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widths and pitches for reflection measurements. A scanning
electron microscope �SEM� image of gratings with 100
grooves is shown in Fig. 1�B�. From the cross section image
of the gratings, made by focused ion beam �FIB� cutting, the
100 nm Au layer �bright layer� can clearly be observed. A 5
nm thick Ti adhesion layer between the Si substrate and the
Au layer was used.

We have used LUMERICAL FDTD solutions software �from
Lumerical Solutions, Inc., Canada� to obtain solutions to
Maxwell’s equations for the complex geometry of our
nanoslit-cavities and groove gratings. These solutions allow
us to visualize the electromagnetic modes supported by the
devices, to study the electric field enhancement factor �Ei�2
=E2 /E0

2 �where Ei is the enhancement factor, E is the local
electric field, and E0 is the incident electric field, defined as 1
V/m� inside the nanoslit and to extract the spectral reflection
response. To reduce the computational burdens, we assumed
a 2D situation �as shown in Fig. 1�A��, which means that the
dimensions of the structure are infinite along the out-of-plane
axis �z-axis, the longitudinal axis of the device, see Fig.
1�B��. Several different structures were simulated, including
groove gratings, an individual nanoslit-cavity, and a nanoslit-
cavity equipped with gratings. The geometrical parameters
were chosen to mimic the experimental situation, including
the �5 nm curvature at the edges of the nanoslit. A perfectly
matched layer �PML� was used as the radiation boundary
condition. PML boundaries in the y direction were placed
1 �m away from the structure while in the x direction the
structure layers penetrate through the PML boundaries. The
number of PML layers was set to 20 to reduce spurious re-
flections from the boundaries. The mesh grid size was set to
0.25 nm in the region near the nanoslit and to 3 nm in the
region of the gratings and the cavity. The permittivity data
for Si were taken from Ref. 20, for Au from Ref. 21, and for
Ti from Ref. 22. Although the 5 nm Ti adhesion layer was
taken into account in all the simulations, calculations without
the adhesion layer indicated that the 100 nm thickness of the
Au layer minimizes the influence of Ti on the optical re-
sponse of the devices which is dominated by surface plas-
mons on the top Au interface.

The custom-built optical reflection setup is shown in Fig.
1�C�. A supercontinuum white light source �Fianium

SC450-4� was used as the source for reflectance spectra. Af-
ter passing through neutral density filters and a linear polar-
izer, the beam is focused on the sample surface with a 20�
near-infrared �NIR� apochromatic objective �NA=0.35�. The
reflection from the sample is collected using the same objec-
tive and is sent to a spectrometer equipped with a silicon
charge coupled device �CCD� array via a multimode fiber
�Instaspec X front-illuminated TE cooled CCD 78236 from
Newport�. All reflection measurements were recorded be-
tween 620 and 1100 nm and normalized to the spectrum of a
flat Au surface.

III. RESULTS AND DISCUSSION

Due to the fabrication process, the depths of the triangu-
lar cavity and grooves only depend on their widths. The geo-
metrical parameters discussed in this work are the width of
the nanoslit, the width and the pitch of the gratings, and the
distance between the gratings and the cavity. As we dis-
cussed before,14 several aspects contribute to the field en-
hancement as follows: �1� electrostatic interaction �coupling
of SPPs� at the edges of the nanoslit; �2� the Fabry–Pérot-
type SPPs resonance inside the cavity �primary antenna�; and
�3� the SPPs excited or reflected by the gratings �secondary
antennas�. The size of the nanoslit is crucial but the geo-
metrical parameters of the grating are also important, as they
determine the positive or negative contributions of the grat-
ings to the field enhancement.

A. The nanoslit and the triangular cavity

The cavity acts as a resonator for surface plasmons.
SPPs are mainly excited by a dipolar excitation of the
nanoslit, which is coupled into SPPs on the Au sidewalls.
The edges of the top and the bottom convex act as reflectors,
enhancing the field enhancement of the nanogap.23,24 The
resonant wavelength depends on the length of the cavity side
wall. In this paper, the depth of the Si cavity was fixed at 700
nm �implying a side length of 950 nm�, giving rise to a fixed
cavity resonance wavelength. We can only change the size of

FIG. 1. �Color online� �A� Schematic drawing of the nanoslit-cavity equipped with gratings; the black and red arrows indicate the polarization and propagation
directions of the incident light, respectively. �B� SEM images of the grating with 100 grooves with a cross section image in the inset. �C� Schematic drawing
of the reflection measurement setup.
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the nanoslit to vary the efficiency of SPPs coupling inside
the nanoslit-cavity and the resulting field enhancement.

The �local� plasmon coupling between the edges of the
nanoslit strongly depends on the size of the nanoslit. In simu-
lations, the maximum field enhancement was recorded near
the edge of the nanoslit and the reflection spectra were moni-
tored behind the source �as shown in Fig. 2�A��. The polar-
ization direction of the source was set perpendicular to the
longitudinal axis �z axis� of the grooves. A field intensity
profile is shown in Fig. 2�B� for a 10 nm nanoslit-cavity
illuminated by a plane wave at 780 nm. As mentioned above,
a standing wavelike profile is observed. It should be noted
that it is a modified Fabry–Pérot cavity: the distance between
the side walls decreases gradually along the depth of the slit.
For small separations ��200 nm� one can observe a cou-
pling between surface plasmon modes at the metal surfaces
of the two side walls, resembling metal-insulator-metal-type
waveguide modes.25 Correspondingly, the mode index in-
creases with respect to single metal/dielectric interfaces. Us-
ing the integrated mode solver of LUMERICAL FDTD, we cal-
culated the mode index and subsequently the SPP

wavelength at several positions on the side walls for a free-
space wavelength of 780 nm. It is clear on Fig. 2�C�, that
indeed the SPP wavelength strongly varies in the cavity, cer-
tainly near the gap, where the spacing between the side walls
is minimal. The inset of Fig. 2�C� shows a field distribution
profile at the axis of symmetry of the cavity. The periods in
the standing wave pattern clearly shrink along the depth of
the cavity. We also monitored the reflection spectra of the
nanoslit-cavity with different sizes. All spectra are similar,
meaning that the gap size has little or no effect on the SPPs
resonance of the cavity.

Due to the “gap effect” in the nanoslit,26 the field en-
hancement is almost independent on the wavelength of the
excitation as is shown in Fig. 2�D�. It is, however, very sen-
sitive to the size of the nanoslit �as shown in Fig. 2�E��.
Similar to the enhancement of dimer particles,27 the local
field enhancement decreases dramatically with increasing
gap size. The enhancement of a 1 nm nanoslit is almost five
orders higher than that of a 100 nm nanoslit. Unfortunately, it
is practically not straightforward to precisely fabricate a 1
nm nanoslit. Our micromachining processes can now rou-

FIG. 2. �Color online� Gap size �s� effect of the nanoslit-cavity without gratings. �A� Schematic drawing of the simulations; reflection spectra are collected
behind �blue dashed line� the incident plane wave source. �B� Simulated field enhancement profile in a nanoslit-cavity under 780 nm illumination. �C� The
variation in the SPP wavelength inside the cavity; the inset shows a field intensity profile at the symmetry axis of the cavity �black dash line�, indicating three
standing waves generated inside the cavity. �D� Field enhancement intensity spectra of the nanoslit-cavity �or cavity� for slit sizes ranging from 0 to 100 nm
and �E� decay curves of the field enhancement intensity by varying the size of the nanoslit, under 633 nm excitation �red triangular dots� or 780 nm excitation
�black square dots�.
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tinely and precisely prepare nanoslits below 10 nm. For field
enhancement-based applications such as SERS, larger
nanoslits ��10 nm� are less interesting.

B. Gratings for diffractive coupling of surface
plasmons

Currently, most examples of focused SPPs for SERS are
using periodic hole arrays or slit arrays as the optical
antennas.11 FIB sculpture and electron beam lithography are
the most common methods to fabricate these.10 Here, we
prepared gratings with a triangular cross section by silicon
anisotropic wet etching, which has following two main ad-
vantages: �1� the gratings and the cavity can be simulta-
neously fabricated by the same etching step and their dis-
tance can be well controlled and �2� the nanoslit-cavity
device can be mass-produced by standard micromachining
processing. The gratings around the cavity were designed to
excite, reflect, and focus SPPs into the cavity.

Normally, the maximum physical round-trip distance of
SPPs propagating in a grating only depends on the pitch of
its grooves. The resonance wavelength ��res� of the incident
light depends on the value of this distance. However, in our
triangular grooves, we have to consider the length of the
effective optical pathway �EL� between the bottoms of the
grooves.28 As shown in Fig. 3�A�, the effective pathway in-
cludes the side walls of the grooves and the distance between
the top edges of two closed grooves. The EL is given by Eq.
�1�

EL = P + W� 1

sin	�

2

 − 1� . �1�

As the resonance wavelength depends on the effective
path length, we can use this equation to predict shifts in the
resonance wavelength upon changing the geometry of the
grooves.

1. Gratings for excitation of SPPs

In a first strategy, we designed gratings optimized to
convert energy from the incident light into SPPs. For wide
excitation spots, this allows efficient conversion of the light
into SPPs and subsequent focusing into the nanoslit. The
efficiency of this process depends strongly on the pitch and
the width of the grooves. As shown in Fig. 3�A�, in FDTD
simulations, reflection spectra were recorded behind the in-
cident plane wave source. A dip in the reflection spectra cor-
responds to optimal conversion of the light into SPPs.

In the design of groove gratings for the excitation of
SPPs, as shown by Eq. �1�, the pitch P is the most important
parameter since it determines the wavelength of the resonant
SPPs. A series of such grooves with W=120 nm and P rang-
ing from 500 to 950 nm was studied both by theoretical
calculations and optical reflection experiments. As shown in
Fig. 3�B�, larger pitches excite SPPs at longer wavelengths.
Experimental reflection spectra were obtained from gratings
containing 100 grooves and normalized by the spectrum
from the flat Au surface. As shown in Fig. 3�C�, the reso-
nance dips of gratings with different P are consistent with the

simulated results. The sharp dips appearing at the wave-
length corresponding to the grating pitch are caused by
Wood’s anomalies.28,29 The apparent absence of the Wood’s
anomalies phenomenon in the simulations is induced by the
integration of the reflected power over the entire simulation
width, capturing all diffraction orders. If we monitor the data
for fixed angles, we can clearly visualize the Wood’s
anomaly. We further compared the data from Eq. �1� with
results from FDTD and experiments. As shown in Fig. 3�D�,
the shift trend of resonance wavelengths from these three
methods is same, meaning the redshift in the �res is mainly
caused by the extension of EL in the grating with a larger
pitch.

For a selected pitch of the gratings, we can also fine tune
the SPPs wavelength by changing the width of the grooves.
A series of gratings with P=800 nm and W ranging from
100 to 220 nm was studied. As shown in Figs. 3�E� and 3�F�,
the FDTD simulated resonance wavelengths match well with
the experimental ones. Larger groove widths result in an ef-
fectively longer optical pathway for SPPs. This, on its turn
results in redshifts in �res. Indeed, the comparison between
the effective optical path length and the measured and simu-
lated resonance wavelength shows strikingly similar trend
with respect to their dependence on the groove width. Fur-
thermore, we also observe a broadening of the reflection dips
for wider grooves. For narrow grooves, with deep-
subwavelength dimensions, the pitch is well-defined and a
single resonance wavelength can be extracted. Widening the
grooves, results in additional retardation between the bottom
and the top of the grooves, broadening the resonance and
even resulting in additional resonance conditions. This is
shown in Fig. 3�E�, where for narrow grooves a single dip is
observed, while for wide grooves, the dip broadens and ad-
ditional dips appear. Again, the sharp dips at the grating pitch
of 800 nm are caused by Wood’s anomalies29 on the grating
structures.

Following the results mentioned above, though Eq. �1�
can well explain the shift trend of �res, we still need full-field
electrodynamic calculations to precisely predict �res of these
complex triangular gratings. As shown in Fig. 3�H�, this re-
lation between W and P and �res was obtained by FDTD
simulations and compared with the experimental results. It is
clear that the simulated results of two grating examples with
a width of 120 nm and 170 nm �lines�, match well with the
corresponding experimental data �dots�. This relationship is
particularly useful in the design of groove gratings for spe-
cific wavelengths. Consider a 780 nm �425 THz� laser, often
used in Raman spectroscopy, as an example. As shown in
Fig. 3�H�, in order to enhance the absorption of the light at
425 THz, several gratings with different W and P are suit-
able.

2. Gratings for reflection of SPPs

In a second strategy, we focus on gratings that reflect
SPPs. This strategy is particularly useful to improve the re-
flection coefficient of the nanoslit-cavity corners, increasing
the optical energy in the nanoslit for small illumination spots.
Also in this case the reflection coefficient is mainly deter-
mined by the pitch of the grooves. We focused on Bragg
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mirror structures to control the SPPs unidirectional
propagation.11 Experimentally, the reflector role can only be
studied by near-field tools such as scanning near field optical
microscope �SNOM� or Raman imaging.11,14 Here, we only
discuss simulation results. LUMERICAL FDTD allows the inser-
tion of sources with specific modes, among which also sur-
face plasmon modes. To study the reflection, we inserted a
SPP mode propagating in the positive x direction near the
gratings �as shown in Fig. 4�A��, with a free-space wave-

length of 780 nm �corresponding to a SPP wavelength,
�SPPs=764 nm on the flat Au surface�. The reflected power
was collected behind the SPPs source. The reflection was
studied for a set of different geometrical parameters of the
gratings.

In Fig. 4�B� the dependence of the reflectance on the
grating pitch is shown. As expected, a maximum reflectance
is observed for P corresponding to half of �SPPs �P
=382 nm, the Bragg condition� and one �SPPs �P=764 nm�.

FIG. 3. �Color online� Geometrical effects of gratings on the excitation of SPPs. �A� Schematic drawing of simulations; reflection spectra are collected behind
�blue dashed line� the incident plane wave source; the inset shows the definition of the effective optical pathway �black bold line�. �B� Simulated and �C�
experimental reflection spectra of gratings with W=120 nm and a variable pitch P, normalized to the spectrum of a flat Au surface �offset for clarity� and �D�
the corresponding �res obtained from theoretical calculations and experiments, and EL from Eq. �1�. �E� Simulated and �F� experimental reflection spectra of
gratings with P=800 nm and a variable width W, normalized to the spectrum of a flat Au surface and �G� the corresponding �res obtained from theoretical
calculations and experiments, and EL from Eq. �1�. �H� The relationship between P and W and the excitation light frequency. Lines show simulated data while
dots show experimental data.
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Also the width �and thus also the depth� influences the re-
flection. As shown in Fig. 4�C�, a width of 120–130 nm
yields a maximum reflection for a pitch of 382 nm. The loss
of SPPs propagating into the reflector gratings includes re-
emission to the far field and transmission, indicated by the
blue �thin� dashed arrows in Fig. 4�A�. These losses can be
reduced by increasing the amount of grooves in a grating. As
shown in Fig. 4�D�, increasing the number of grooves for a
grating with W=120 nm and P=382 nm yields a better re-
flection performance. However, as the SPPs decay exponen-
tially during propagation, the amount of grooves actively
participating to the effect is limited. Here, we suggest six
grooves, the inflexion point of the curve in Fig. 4�D�.

3. Phase matching

When combining the groove gratings with the nanoslit-
cavity, the distance L between the gratings and the cavity is
also important, as it determines how the gratings contribute
to the field enhancement inside the nanoslit. Plasmon inter-
ference implies that the propagation of SPPs excited or re-
flected by the gratings should be phase-matched with the
standing wave inside the cavity.11,30

For devices with a nanoslit-cavity combined with exci-
tation gratings, a plane wave source with a wavelength of
780 nm covering the whole device was used in the simula-
tions. The incoming light is converted into plasmons at fol-
lowing different locations: �1� in the nanoslit-cavity and �2�
in the excitation gratings. To generate constructive interfer-
ence between these two sources, their phases have to be

matched. This is clearly indicated in Fig. 5�A�, where the
field enhancement in the nanogap is shown for different dis-
tances L between the nanoslit-cavity and the excitation grat-
ings. Depending on L, a clear enhancement or reduction with
respect to the situation without gratings �dashed line in Fig.
5�A�� can be observed. Note that this is the case both for
resonant �at 780 nm� or nonresonant excitation. From the
diagram in Fig. 3�F� we choose as an example an on-
resonance grating with P=680 nm and W=130 nm �black
square dots in Fig. 5�A�� and an off-resonance grating with
P=500 nm and W=130 nm �red triangular dots in Fig.
5�A��. The sinusoidal behavior clearly points toward the role
of constructive and destructive interference of the two
waves. As expected, the maximum enhancement to be ob-
tained from the on-resonance grating is higher than that from
the off-resonance grating as can be seen in Fig. 5�A�. The
periodicity of this effect for the on-resonance gratings is
close to �SPPs �764 nm�, while the one of the off-resonance
gratings is shorter.

We also simulated the behavior of the combination of
nanoslit-cavities with Bragg mirror gratings for incident ra-
diation with wavelengths of 780 nm. We chose this wave-
length because it is a commonly used laser line for Raman
spectroscopy. In FDTD simulations, a plane wave source
with a size of 1 �m was placed above the nanoslit-cavity
resulting in a small illumination spot �Fig. 1�A��. Field en-
hancement factors are recorded inside the nanoslit. The ob-
tained data are shown in Fig. 5�B�. Similar to the gratings for
SPPs excitation, depending on the distance between the

FIG. 4. �Color online� Geometrical effects of gratings on the reflection of SPPs. �A� Schematic drawing of simulations; the red �thick� dashed arrows indicate
the input SPPs and the blue �thin� dashed arrows indicate the output SPPs. The excitation wavelength was fixed at 780 nm. The reflected power was collected
behind the SPPs source. �B� Reflectance of gratings with six grooves and W=120 nm for varying pitches. �C� Reflectance of gratings with six grooves and
P=382 nm for varying widths. �d� Reflectance of gratings with W=120 nm and P=382 nm for increasing numbers of grooves.
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nanoslit-cavity and the grating, the grating can have a posi-
tive or negative effect �sinusoidal behavior� on the field en-
hancement. However, the periodicity is about half of �SPPs or
similar to the pitch of the Bragg mirror gratings.

IV. CONCLUSIONS

This study on the spectral properties of a plasmonic Au
nanoslit-cavity equipped with periodic triangular groove
gratings explains how propagating SPPs can contribute to the
enhancement of the electric field intensity inside the
nanoslit-cavity. Two types of gratings were distinguished. A
grating for the diffractive excitation of SPPs and a Bragg
mirror type grating for the reflection of SPPs back into the
nanoslit-cavity to be employed when, respectively, a large
�extending far beyond the nanoslit-cavity� or small �focused
onto the cavity� illumination spot is used in a specific appli-
cation. We have shown that besides the commonly discussed
crucial parameters such as the pitch and the width �depth� of
the gratings, proper phase matching between cavity surface
plasmons and grating SPPs has to be considered. This phase
matching is easily constructed by tuning the distance be-
tween the gratings and the cavity. Depending on this dis-
tance, the grating’s contribution to the field enhancement can
be either positive or negative. Compared to the common
square dielectric or metallic gratings widely used in beaming
and focusing SPPs,31 though their spectral properties are
similar macroscopically, the triangular gratings or cavities
have a better compatibility, a faster manufacturing speed and
a larger product capability in the micromachining processing.
Considering the wide applications of the manipulation of
SPPs, we believe that a good understanding of the spectral
properties of this kind of triangular grooves is necessary and
important.
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