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Abstract. We present measurements of iso-frequency dispersion surfaces
of light scattered from metallic micro-gratings with different periods. The
dispersion surfaces, obtained using an infinity-corrected microscope objective,
exhibit maxima attributed to diffracted orders as they become evanescent and
pronounced minima due to the resonant excitation of surface plasmon polaritons
(SPPs). We have also measured the enhanced photoluminescence of a thin layer
of dye molecules on top of the grating. This enhanced luminescence is attributed
to the local field enhancement close to the surface due to the coupling of the
excitation frequency to SPPs. Moreover, we obtain a directional emission of
the luminescence, which is attributed to the grating-assisted coupling of SPPs
excited by the dye to free space light. The technique used for the measurements
presented in this paper can be extended to characterize the angular emission
patterns of emitters coupled to micro- and nano-plasmonic structures.
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1. Introduction

Surface polaritons are electromagnetic waves coupled to a polarization charge at the interface
between two media with different permittivities [1]. If these media are a metal and a dielectric
the polarization charge arises from the collective oscillation of the free electrons in the metal
and the surface polaritons are called surface plasmon polaritons (SPPs) [2]. Several promising
applications are driving the renewed interest in surface plasmon optics or plasmonics. The
evanescent character of SPPs, with long propagation lengths of several wavelengths along the
surface and evanescent decay of the field away from the interface, has led to an increased
interest in plasmonics for data transmission in optical interconnects [3]. The large local-
field enhancement close to the interface and the resonant condition for the excitation of
SPPs are used for the sensitive detection of analytes bound to metallic surfaces [4]. The
possibility of modifying the emission characteristics of light from emitters close to metallic
structures has triggered intensive research toward the improvement of the efficiency of LEDs
and OLEDs [5]–[9].

The evanescent character of SPPs leads to a momentum or wavenumber parallel to the
surface larger than the wavenumber of free space electromagnetic radiation. Therefore, it is not
possible to excite SPPs by illuminating a flat metallic surface. SPPs can be generated by the
diffracted orders of light scattered from a metallic grating [2]. This scattered radiation has a
larger momentum than that of the incident radiation by an integer number of reciprocal lattice
vectors. Grating-assisted coupling to SPPs was already observed by Wood in 1902 when he
reported dips in the specular reflection of metallic gratings [10].

Grating-assisted excitation of SPPs is usually investigated by illuminating a grating with
a collimated beam of light and detecting dips in the specular reflection [11]. However, this is
a cumbersome technique as it requires relatively large gratings and several measurements at
different angles of incidence. In this paper, we use an infinity-corrected microscope objective
to image the scattered light from micro-gratings in reciprocal space. In this way, we are able
to measure iso-frequency dispersion surfaces with a single measurement. Similar techniques
have been used previously to measure the dispersion of SPPs on metallic gratings [12]–[15].
In particular, we observe an increase of the reflected intensity relative to the reflection of a
flat surface at positions in reciprocal space at which the diffracted orders become evanescent,
i.e. the so-called Rayleigh anomalies [16]. We also observe Wood anomalies, or a decrease of
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Figure 1. Dispersion relation of light scattered by a grating (black solid lines)
and of SPPs on a periodically corrugated metallic surface (red-dashed curves).
The shaded area represents the light cone.

the reflection at positions of larger momentum than the Rayleigh anomalies, corresponding to
the resonant excitation of SPPs.

By spinning a thin layer of dye molecules onto a grating and measuring their photo-
luminescence, we also demonstrate an enhanced and directional emission. This enhanced and
directional luminescence originates from the local field enhancement of the laser light used to
optically pump the dye and the grating-assisted coupling of SPPs excited by the dye to free
space radiation. SPP directional enhancement of the luminescence of fluorophores by gratings
has been reported in the past [17]–[21]. The technique commonly used in these studies involves
the scanning of the angle of incidence of the excitation beam onto the grating and/or the angle
of detection of the photoluminescence. This is in contrast to our measurements in which the
sample is illuminated by a range of k-vectors and a solid angle is detected by means of an
infinity-corrected microscope objective.

2. Iso-frequency dispersion surfaces

The iso-frequency dispersion surface measurements presented in the next section can be easily
understood by first having a look at the dispersion relation of light scattered from a grating.
Light is scattered according to the relation

kout‖(ω) = kin‖(ω) ± mG, (1)

where kin‖ and kout‖ are the incident and scattered wave vectors parallel to the surface of the
grating, i.e. kin‖ = (ω/c)sin θin and kout‖ = (ω/c)sin θout, θin and θout being the angles measured
with respect to the surface normal, ω the angular frequency and c the speed of light in the
dielectric on top of the grating. G is the reciprocal lattice vector of the grating, of modulus
2π/a and that we consider in this paper along the x-direction, where a is the period of the
grating and m is an integer.

The dispersion relation of light scattered from the grating when the incident k-vector
is in the plane containing the reciprocal lattice vector and the surface normal (x–z-plane)
is schematically represented in figure 1. In this figure, the thick black lines correspond to
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Figure 2. Dispersion surfaces of the Rayleigh anomalies of gratings with period
(a) 510, (b) 580, (c) 630 and (d) 750 nm, calculated at a wavelength λ = 690 nm.

kout-x‖ = ω/c, i.e. the m = 0 order for θin = θout = 90◦. The shaded area in figure 1 represents the
light cone and it contains all the modes accessible by light scattered from the grating. The thin
black lines are the m = ±1 diffracted orders of maximum momentum. These thin black lines
define the Rayleigh anomalies or the wavenumbers of the diffracted orders at the frequencies at
which these orders become evanescent [22].

Figure 2 displays a calculation of the iso-frequency dispersion surface, i.e. the surface in
the dispersion relation at a constant frequency, of the m = ±1 Rayleigh anomalies. For a later
comparison with measurements, figure 2 was obtained by considering a wavelength λ = 690 nm,
grating periods of 510 nm (a), 580 nm (b), 630 nm (c) and 750 nm (d), and wavenumbers of
the scattered light parallel to the surface, kout-x‖ and kout-y‖, in a range limited by a numerical
aperture NA = 0.4, i.e. smaller than (2π/λ)NA.

The red thick dashed curves in figure 1 represent the dispersion relation of SPPs on a
metallic grating. In the limit of shallow gratings, this dispersion relation can be approximated to

kSPP(ω) ' (ω/c)Re
{
[εm(ω)εd(ω)/(εm(ω) + εd(ω))]1/2} , (2)

where kSPP is the wave vector of SPPs parallel to the surface, εm is the permittivity of the
metal, with Re(εm) < −1, and εd > 1 the permittivity of the dielectric. Due to the evanescent
character of SPPs, kSPP is always larger than ω/c, i.e. the dispersion relation of SPPs is outside
the light cone. Therefore, coupling between free space electromagnetic waves and SPPs has
to be mediated by the m = ±1, ±2, . . . scattered orders from the grating. This coupling takes
place when the phase matching condition

kin‖
± mG = ±kSPP (3)

is satisfied, namely when the dispersion relation of the scattered SPPs (thin red dashed curves
in figure 1) lies within the light cone.

SPPs can also be excited by near-field coupling of light emitters close to metals. If an
emitter is located in the proximity of a metallic surface it can decay non-radiatively by coupling
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Figure 3. (a) Dark-field optical microscope image of Au gratings with a period
varying from 400 (up-left grating) to 1000 nm (bottom-middle grating). (b)
Scanning electron microscope image of an Au grating with a period of 630 nm,
a ridge height of 40 nm and a ridge width of 200 nm.

to SPPs. This near-field coupling causes the quenching of the photoluminescence [23, 24]. By
patterning a metallic surface with a grating it is possible to couple these SPPs back to free space
light with a wave vector given by the relation

kout‖ = ±kSPP ± mG. (4)

This phenomenon leads to the grating-assisted directional emission from emitters in the
proximity of metals [17, 18].

3. Sample fabrication and experimental setups

3.1. Metallic gratings

A set of eight gold micro-gratings with a size of 100 × 100 µm and with varying periods
from 400 up to 1000 nm were fabricated using standard e-beam lithography and lift-off. The
fabrication is as follows: a layer of Au with a thickness of 300 nm was sputtered on top of a
Si wafer. This layer is optically thick and can be considered as semi-infinite. Gratings were
defined by an electron beam on a layer of photo-resist spincoated on top of the Au surface. A
layer of Au with a thickness of 40 nm was evaporated after having etched the exposed regions
of the photo-resist with the electron beam. This additional layer of Au demarcated the ridges
of the gratings once the remaining photo-resist was removed by a liftoff process. The gratings
investigated in this paper had ridges with a width of 200 nm and periods of 510, 580, 630 and
750 nm. Due to the small dimensions of the gratings, the scattering of light was studied using
an infinity-corrected microscope objective to obtain the iso-frequency dispersion surfaces.

Figure 3(a) shows an optical microscope image of the micro-gratings with varying lattice
constants. This photograph was taken using a low-numerical aperture dark-field objective
(×10, NA = 0.25). The colors in this image arise from the diffraction of light on gratings with
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Figure 4. Schematic representation of the optical setup used to obtain the iso-
frequency dispersion surfaces of Au gratings. The expanded beam of a laser
diode (λ = 690 nm) is focused onto the sample by a microscope objective. The
scattered light is collected by the same objective and imaged by a CCD camera.
The system of coordinates used throughout this paper is also displayed.

different periods. A scanning electron microscope image of the grating with a period of 630 nm
is shown in figure 3(b).

We prepared a similar grating to measure the SPP-assisted enhancement of the
luminescence of dye molecules. This grating had a period of 630 nm, ridges with a height
of 30 nm and a width of 200 nm. On top of the grating, we spun a layer with a thickness
of 40 nm of dye molecules (Atto 680, Atto-Tech GmbH) embedded in a polymer (polyvinyl
butyral, PVB) matrix. The large dimensions of this grating (3 × 3 mm2) allowed us to measure
the photoluminescence in two different manners: with the aforementioned infinite-corrected
microscope and by illuminating the grating with a collimated beam and varying the angle of
incidence.

3.2. Experimental setups

The iso-frequency dispersion surfaces were measured with the setup represented schematically
in figure 4. The beam from a laser diode (λ = 690 nm) was expanded and its polarization
state was set to p-polarized by means of a λ/4 plate and a polarizer. This expanded beam
was sent through a beam splitter into a bright-field infinity-corrected microscope objective
(×20, NA = 0.4). In this way, the laser beam was focused onto the surface of the gratings.
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Figure 5. Schematic representation of the setup used to measure the specular
reflection of Au gratings. A collimated beam from a halogen lamp is
reflected by the grating and detected with a fiber-coupled spectrometer. The
grating and detector can rotate to vary the angle of incidence and detection.
Photoluminescence measurements of dye molecules on the grating were done
by using a laser to excite the molecules and detecting the photoluminescence
with a photodiode at a fixed direction and for different angles of incidence, after
filtering out the laser light (laser, filter and photodiode not shown in the figure).

The reflected light was collected by the same objective. The back focal plane of the microscope
objective was imaged by an electron multiplying CCD camera (Luca DL-658M, Andor
Technology). This back focal plane image represents a projection of the Fourier space on the
plane of the CCD camera. The camera was placed parallel to the surface of the grating and,
according to equation (1), each pixel in the images corresponds to a scattered wave vector
parallel to the surface of the grating. The smallest kout-x‖ and kout-y‖ are 0 and correspond to
the central pixel of the images, whereas the largest detected kout-x‖ and kout-y‖ are determined
by the maximum collection angle of the microscope objective, i.e. the NA of the objective.
Photoluminescence measurements were also done with this setup by placing a band-pass filter in
front of the electron multiplying CCD camera (not shown in figure 4) with a central wavelength
of 750 nm, i.e. at the emission of the dye (Atto 680, Atto-Tech GmbH), a transmission
bandwidth of 40 nm, and an out-of-band transmission smaller than 0.01%. The maximum
absorption cross section of the dye is at a wavelength of 680 nm, i.e. very close to the wavelength
of the laser diode used in the experiments.

Specular reflection and photoluminescence measurements were done on the 3 × 3 mm2

gratings by illuminating them with a collimated beam and rotating the grating and detector. A
schematic representation of the setup is displayed in figure 5. For the reflection measurements,
we used a halogen lamp and the reflected beam was sent to an optical fiber connected to a
spectrometer. Sample and fiber were mounted onto computer-controlled rotation stages, which
allowed to scan the angle of incidence onto the sample and detect the specular reflection.
The photoluminescence measurements on the large area grating were done by illuminating
the grating covered with dye with a collimated beam from the λ = 690 nm laser diode. The
photoluminescence was detected by a silicon photodiode. Any residual pump light was blocked
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by a 750 ± 20 nm band-pass filter placed in front of the detector. The sample was rotated with
respect to the direction of the incident beam, whereas the detector was rotated keeping always
a fixed angle of 3◦ with respect to the normal of the grating.

In the next section, we describe iso-frequency dispersion measurements in micro-gratings
and specular reflection spectra of large gratings. These measurements reveal the grating-
assisted excitation of SPPs. As a consequence of this resonant excitation of SPPs, we obtain
an enhancement of the photoluminescence of dye molecules close to the surface.

4. Iso-frequency dispersion surfaces and angular-resolved measurements

4.1. Reflection measurements

Figure 6 displays the iso-frequency dispersion surfaces measured at λ = 690 nm of the scattered
light from Au micro-gratings with different periods. To obtain the relative reflection and correct
for aberrations in the optical system, each measurement on a grating was normalized by the
reflection on a flat Au surface. The images correspond to the scattered light from the gratings
of periods (a) 510, (b) 580, (c) 630 and (d) 750 nm. We have also plotted in figure 6(e) the
normalized intensity along the dotted lines of figures 6(a) and (d). The bands of increased
intensity correspond to the m = ±1 Rayleigh anomalies and are in good agreement with the
calculations in figure 2. When a diffracted order becomes evanescent more intensity is available
to other orders and the reflectance of the grating increases. The bands of reduced intensity
in figure 6 correspond to the resonant coupling to SPPs by scattering of the incident beam
from the metallic grating. Coupling the incident light into a electromagnetic surface mode is
accompanied by a reduction of the reflected intensity. In the next section, we demonstrate that
this resonant coupling to SPPs leads to an enhancement of the pump intensity of fluorophores
on top of the grating.

The specular reflection spectra of p-polarized light on the large area (3 × 3 mm2) gratings
are presented in figure 7 as functions of the angle of incidence. These spectra have been
normalized by the reflection spectra of an Au mirror. Figure 7(a) corresponds to the reflection
of an Au grating, whereas 7(b) is the reflection of a similar grating covered by a PVB layer
with a thickness of 40 nm containing dye molecules. The bands of reduced specular reflection
correspond to the resonant excitation of SPPs. The thin polymer layer with εd = 2.2 on top of the
grating produces a shift of the SPPs resonances. Figure 7(c) displays the normalized specular
reflection spectra for an angle of incidence of 6◦ of the grating without PVB layer (red squares)
and with PVB layer (blue circles). Note that the Rayleigh anomalies are not visible in these
measurements, in contrast to the measurements of the iso-frequency dispersion surfaces. This
difference is probably due to the smaller height of the ridges in the large area gratings, which
leads to a smaller separation of the Wood and Rayleigh anomalies and their overlapping within
our experimental resolution.

4.2. Photoluminescence measurements

The electromagnetic local field is enhanced at the surface of a grating when the incident
radiation is resonantly coupled to SPPs. This enhancement is illustrated in figure 8, where the
intensity of the magnetic field component along the y-direction (the direction parallel to the
ridges of the grating), normalized by the incident intensity, is represented for a p-polarized plane
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Figure 6. Iso-frequency dispersion surfaces of the scattered intensity at λ =

690 nm from Au gratings with periods (a) 510, (b) 580, (c) 630 and (d) 750 nm,
normalized by the intensity reflected on a flat Au surface. The m = ±1 Rayleigh
anomalies are indicated in (a) and (d). The open circles and squares in (e)
correspond to this normalized intensity along the dotted lines of (a) and (d),
respectively.

wave (λ = 690 nm) incident on an Au grating with a period of 630 nm. We have considered a
permittivity of 2.2 for the dielectric on top of the grating. This calculation was done using the
rigorous scattering equations of Green’s theorem surface integral [25]. Figure 8(a) corresponds
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Figure 7. Specular reflection spectra of an Au grating normalized by the
reflection on an Au mirror. (a) corresponds to the reflection on a grating with
a period of 630 nm, ridges with a width of 200 nm and a height of 30 nm. The
measurements in (b) correspond to a similar grating covered by a layer of dye
molecules in a PVB matrix. This layer has a thickness of 40 nm. In (c) are
displayed the normalized spectra measured at an angle of incidence of 6◦ for
the grating without PVB layer (red squares) and with PVB layer (blue circles).
The different orders of excitation of SPPs have been labeled in the figures.

to normal incidence (θin = 0◦), i.e. for a non-resonant angle of incidence. The calculation of
figure 8(b) corresponds to (θin = 21◦), i.e. the angle of excitation of SPPs by the m = −1
diffracted order. The incident intensity can be enhanced up to 40 times at certain locations
on the surface due to the excitation of SPPs. The average enhancement at a distance of 40 nm
from the surface (equal to the thickness of the dye layer) is 8.3 times the incident intensity.

The near-field enhancement for certain angles of incidence, i.e. for certain k-vectors,
should lead to an enhanced excitation of light emitters placed onto the grating. We have
demonstrated this pump enhancement by measuring the photoluminescence of the dye when the
sample is illuminated with a collimated beam (beam diameter '2 mm). These measurements
are presented in figure 9 as a function of the angle of incidence. The angle formed by the
incident k-vector parallel to the surface and the reciprocal lattice vector was kept constant at
0◦. The open circles in this figure correspond to normalized photoluminescence measured when
the excitation laser beam was p-polarized. The angle of maximum photoluminescence at 6◦ is
consistent with the reduction of the specular reflection due to the coupling to SPPs through
the m = 1 order (blue circles in figure 7(c)). The difference in the angle of resonant coupling
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Figure 8. Near-field intensity for λ = 690 nm of the magnetic field component
along the y-direction normalized by the incident intensity of p-polarized light
incident on an Au grating. The grating has a period of 630 nm, height of the
ridges of 30 nm and width of the ridges of 200 nm. The medium on top of the
grating has a permittivity of 2.2. (a) corresponds to an angle of incidence of 0◦,
whereas the calculation in (b) is for an angle of incidence of 21◦.
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Figure 9. Photoluminescence intensity of dye molecules on top of an Au grating
with period 630 nm normalized by the photoluminescence intensity of a layer
of dye on top of a flat Au surface measured as a function of the angle of
incidence of the excitation beam. The red circles correspond to p-polarized
excitation, whereas the blue squares represent the photoluminescence for
s-polarized excitation.

to SPPs between experiments and calculations is due to the finite thickness of the polymer
layer in the experiment in contrast to the semi-infinite medium considered for the calculations.
The blue squares in figure 9 correspond to the normalized photoluminescence measured for an
s-polarized excitation. For this polarization, the incident beam does not couple to SPPs and the
photoluminescence is not enhanced.
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Figure 10. (a) Iso-frequency dispersion surface of the photoluminescence of the
dye on top of a grating measured at a wavelength of 750 ± 20 nm. The image
is normalized by the photoluminescence of a layer of dye on top of a flat Au
surface. The data in (b) correspond to the photoluminescence intensity along the
dashed line in (a).

Although the calculations in figure 8 were performed to illustrate the phenomenon of pump
enhancement rather than to fit the measurements, it is interesting to point out some possible
factors causing the smaller measured enhancement of the photoluminescence in figure 9: the
calculation is performed for two semi-infinite media, while in the experiments the dye is
embedded in a thin polymer layer in between air and the metal. Moreover, in the calculation
we have not considered the absorption of the excitation light by the dye, which leads to a
reduction of the field enhancement [20]. Also, within the assumption that the dye molecules
are randomly oriented, only those having a dipole moment parallel to the local electric field
will contribute to the emission. Another possible cause of reduction of the enhancement can
be attributed to photo-bleaching and saturation of the dye at the positions of maximum pump
field enhancement [20]. A quantitative evaluation of all these effects is beyond the scope of this
paper.

We have also measured the iso-frequency dispersion surface of the photoluminescence
emitted by the dye at λ = 750 ± 20 nm using the infinity-corrected microscope objective. The
laser light of λ = 690 nm, which excited the dye, was sent through the objective, therefore
illuminating the grating in a range of angles determined by the numerical aperture. With this
configuration, the dye on the grating is pumped by light incident at angles which are both
resonant and non-resonant with the excitation of SPPs. The photo-excited dye decays emitting
light or couples to the metal, exciting SPPs. These SPPs can be coupled by the grating into free
space light at certain angles given by equation (4). The measurement of the photoluminescence,
normalized by the intensity emitted by a layer of dye on top of a flat Au surface, is displayed in
figure 10(a), where two emission bands are clearly visible. The plot in figure 10(b) represents
the photoluminescence intensity along the dashed line in figure 10(a). The maxima of the dye
emission (at ±7.5◦ for 750 nm) are slightly shifted with respect to the minimum in reflection
of figure 7(b) (780 nm at 7.5◦). The reason for this shift is unclear, although it may be partially
explained by the local heating of the sample with the focused laser beam, which can lead to a
small change in the refractive index of the polymer and a shift of the resonances [26].
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An interesting extension of the technique used here to measure the photoluminescence
of dye on a metallic grating could be the characterization of the enhanced spatial coherence
and directionality in the emission of light sources coupled to metallic nanostructures such as
nanoantennas [27]–[29].

5. Summary

Using an infinity-corrected microscope objective, we have investigated the scattering of light
from Au micro-gratings with different periods. In particular, we have measured the iso-
frequency dispersion surfaces at λ = 690 nm. These surfaces exhibit maxima attributed to
diffracted orders as they become evanescent and minima due to the coupling to SPPs. The
electromagnetic field enhancement at the surface of the grating due to the coupling of the
incident light to SPPs leads to a pump enhancement of light emitters. We have demonstrated
this pump enhancement by measuring an increase of the photoluminescence intensity of dye
molecules on top of an Au grating at angles of incidence resonant with the excitation of SPPs.
We have also measured directional photoluminescence of the dye molecules using an infinity-
corrected objective. This directionality is attributed to the non-radiative decay of the excited dye
to SPPs modes and the coupling of these modes by the grating into free space radiation. The
technique presented here can be extended to measure the directionality of light sources coupled
to metallic nanostructures.
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