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Abstract. Angle-resolved reflection spectroscopy is used to study surface plasmon polariton modes of

metallic gratings consisting of sub-wavelength grooves. The used optical set-up allows recording of zero

and m = —1 order reflection spectra in the visible and near infra-red spectral region. The different modes

and their mutual coupling was identified in the dispersion diagram by means of modal theory. Surface

plasmon modes at the grating surface and cavity modes in the sub-wavelength grooves were evidenced.

PACS. 42.25.Fx Diffraction and scattering — 78.67.-n Optical properties of low-dimensional, mesoscopic,

and nanoscale materials and structures — 42.79.Dj Gratings

1 Introduction

Over the last years, surface plasmon-based devices are of
growing interest for their potential applications in high
sensitivity sensing [1,2], improved light sources [3] or in
integrated optics devices[4]. Amongst different plasmonic
systems such as metallic nano-particles or aperture ar-
rays, metallic gratings are very efficient for coupling ra-
diative light to surface plasmon polaritons (SSP) [2,5-7].
In the case of sub-wavelength grooves gratings, the cou-

pling into cavity modes inside the grooves allows to real-
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ize very strong electromagnetic fields enhancement [8-12].
This effect is reinforced by the absence of the low energy
cut-off for fundamental plasmon mode propagation in the
one dimensional structure [13]. The grating parameters
allow to adjust the wavelength and width of the plasmon
resonances to the aimed application, such as coupling to

luminescent materials.

The plasmon resonances can be experimentally stud-
ied by optical far field methods such as angle resolved
reflectivity measurements [14-16]. This technique allows

straightforward determination of the the cavity modes and
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Perkin Elmer A 900

Fig. 1. Schema of the angle-resolved reflection measurement

set-up.

their interaction with the SSP. We have developed an ex-
perimental set-up for angle-resolved reflection measure-
ments over a wide spectral and angular range. The possi-
bility of recording higher order diffraction orders improves

the interpretation of the experimental results.

Sub-wavelength metallic reflection and transmission grat-

ings were theoretically studied using different approaches
such as modal approaches with surface impedance bound-
ary conditions [17-20] or exact solutions [21-24], trans-
fer matrix approaches [22,25], finite-difference time do-
main methods [26] or exact electromagnetic theory [27].
In this paper a straightforward modal model will be used
for analysing our experimental data. It will be shown that
even if some of its approximations become critical, it is

sufficient for data exploitation.

2 Experimental

2.1 Optical set-up

The experimental set-up used for angle-resolved reflectiv-
ity measurements is shown on Fig. 1. It is based on a 0/26

goniometer and a double beam, double monochromator

spectrophotometer (Perkin Elmer Lambda 900). The two
modules are linked by two multimode optical fibers. The
output of the first fiber is imaged onto the sample by an
optical system consisting of a two lens telescope, an iris,
and a Glan-Taylor polarization prism. All measurements
were made in TM (or p) polarisation. In the present case,
the size o of the Gaussian beam and the aperture angle
«a were chosen to ¢ = 400um and o = 4°. For small grat-
ings the beam size can be reduced to ¢ = 100um. The
sample is mounted in the centre of the home made 0/26
goniometer built by two concentric rotary stages with an-
gular resolution of 0.01°. The reflected beam is coupled

into the second fiber by a two lens telescope mounted on

the goniometer branch.

The entire set-up is computer-controlled. Measurements
of the zero order or specular reflection spectra R(®) and
of higher order reflection spectra R("™) are possible. In the
case of R(”) the incident angle range is limited to 5 - 85°.
For higher order modes the angular range depends on the
order. In general it consist of two lobes measured for for-
ward and backward scattering geometry, respectively. All
zero order spectra are normalized by the planar metallic

surface reflection, measured beside the grating.

The dispersion diagrams are calculated from reflection
spectra series by constructing a colour plot representing
the reflected intensity as a function of the normalized in
plane wave vector k| = kod/msinf) and the wave number

wn =1/,
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region |

region Il

Fig. 2. Schema of investigated grating geometry.

2.2 Sample fabrication

Metal gratings with period d, groove height h and width w
(Fig. 2) were fabricated by standard electron beam lithog-
raphy [19]. A SiO, layer was first thermally grown on a
silicon wafer. After deposition of an electronegative re-
sist, the gratings were directly written by e-beam. The
irradiated resist and the SiOs beneath were etched away.
The resulting structured surface was metallised by ther-
mal evaporation of a 60 - 100 nm thick gold or aluminium
layer.

In this paper we present representative results from
two gratings with period d = 600 nm and groove width
w = 150 nm: a gold grating with A = 300 nm and an

aluminium grating with A = 400 nm.

3 Theory

Throughout this paper we will distinguish direct grating
scattering modes GM (™) surface modes SM("™), and cav-
ity modes CM(™) . GM(™) represents the m*"-order grating
scattering mode. Its scattering angle #(™) is defined by

sinf\™ = sinf + m%, (1)

# and d being the incident angle and the grating period, re-
spectively. The corresponding diffracted energy is labeled
R(™ (Fig. 2).

SM(™) is the m*" surface plasmon polariton at the

grating surface. Its dispersion can be calculated by
kSM _ k - 9(7n) + é (2)
I = Ksp | ST md

with kﬁ M the in-plane component of the SM(™) wave vec-
tor, kg, = ko\/m the surface plasmon wave vec-
tor at a plane metal surface, and kg = 27/\ the vac-
uum wave vector. For good metals the dielectric constant
lem| > 1. Thus kg, is only slightly greater than ko and
GM™ and SM{™) modes are very close. The coupling
of the resonant SM contribution with the non-resonant
contribution of direct scatterings explains the presence of
Fano-type resonances with its asymmetric reflectivity pro-
files [28].

Finally, CM(™) describes the m*" order cavity mode
inside the grating grooves. These cavity modes are Fabry-
Perot type modes built of vertically guided surface plas-
mons modes inside the grooves. Their resonance wave-
lengths are independent form the incident angle and can

be approximated by [19]

4h
Alm) —
2m — 1’

h being the grooves depth.

Pure SM and CM modes exist only under special con-
ditions. In most cases the modes are of hybrid nature with
contributions of at least two modes. Often one contribu-

tion is, however, dominant. For the sake of clarity the
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dominant mode will be used to label the actually hybrid

mode.

The mode coupling and the dispersion of the result-
ing hybrid modes cannot be describe by Eq. (1)-(3). For
this reason, we apply a straightforward modal model for
the interpretation of the experimental results [19]. In this
approach the electromagnetic field above the grooves is
describe by a Rayleigh expansion (Fig. 2: region I). In-
side the grating grooves (region II) the field is developed
into a set of guided or evanescent eigenmodes. The air/
metal interfaces at the grating surface and at the bot-
tom of the groves are described in the surface impedance
model, whereas the groove walls are supposed to be of

perfectly conducting metal.

This model allows to calculate the reflection spectra,
the dispersion diagrams and the field and energy flow
maps in the vicinity of the grating. The permittivity of
gold and aluminium was taken as polynomial fit to av-
eraged literature data [29]. It was shown that the model
works very well in the infra-red spectral region [19]. In the
visible, the perfect metal approximation becomes, how-
ever, critical. The penetration of the electromagnetic fields
into the metal is not anymore negligible. The associated
increase of the wave vector of the guided modes inside the
grooves can be considered by an artificial overestimation
of the groove depth. The cautious application of this cor-
rection allows to use the model for the interpretation of

the experimental data.
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Fig. 3. (a) Gold grating experimental zero-order dispersion
diagram (+4: local minima). (b) Experimental (bold line) and
theoretical reflection spectra for @ = 30° (thin line ¢4 = ¢(air),
dashed line e = €(SiO2)). The insets show calculated magnetic

field intensity maps.

4 Results and discussion

4.1 zero-order reflection R(©

The zero-order dispersion diagram of the gold and alu-
minium gratings are shown on Fig. 3.a and 4.a. The sur-
face (SM) and cavity modes (CM) can be clearly distin-
guished by their dispersion. The SMs are represented by
a network of inclined straight lines (Eq. (2)) whereas the
horizontal lines correspond to CMs (Eq. (3)). These ob-
servable lines correspond to local minima of the zero or-
der reflection due to intrinsic plasmon mode losses at the

metal surface.
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4.1.1 Gold grating

In the case of the gold grating (Fig. 3), only the first order
cavity mode CM() is clearly visible as a broad horizontal
line near 5000 cm—'. Due to coupling to the SM(®) mode
its dispersion curve upturns for high incident angles to ap-
proach asymptotically the light line (kK = w/c). Likewise,
the SM(—1) mode is the only SM mode which is mostly
uncoupled and characterised by a straight dispersion line.

For a more detailed interpretation, the measured and
calculated reflection spectra at an incident angle of 8 =
30° are presented in Fig. 3.b. Five minima, labeled A to
E, can be distinguished. Due to their shape and their dis-
persion they can be attributed to coupling to first and
second order plasmonic cavity modes (A,D) and surface
plasmon polaritons at the grating surface (C). The min-
imum E corresponds to the gold optical absorption edge
near 500 nm.

The main features of the experimental results are re-
produced by the calculated spectrum. To match the posi-
tions A and D, a groove depth of A = 400nm has, however,
to be used instead of the nominal value of A = 300nm.
This adjustment agrees with the fact that our model un-
derestimates the cavity mode wavelengths. The difference
in contrast can be explained by additional losses due to
imperfect metal films. The theoretical magnetic field in-
tensity maps for minimums A, C and D are shown as insets
in the Fig 3.b.

The intensity map confirms the nearly pure first or-
der cavity mode CM(®) at A. Modes C and D correspond

to coupled modes with contributions of the second order

cavity mode CM® and the SM(—Y and SM(=2) surface
modes, respectively. The SM (CM) mode contribution is
majoritary in case of mode C (D). Mode D evolutes with
increasing incident angle from an SM® / CM(®) coupled
mode to an SM(=2)/ CM®) mode. In this case the SM
contribution is majoritary for small and high incident an-
gels, whereas the CM contribution is dominant for medial

angles.

4.1.2 Lower surface modes

Minimum B is linked to the excitation of an SPP at the
lower interface of the gold film. The excitation of this
lower surface mode (LSM) is plausible as the metal pen-
etration depth of a SPP on a gold/air interface is about
Om = 24nm at A = lum. Moreover, coupling of the SPP
modes on both sides of a 100 nm thick metal film was ex-
perimentally demonstrated [30]. The LSM modes cannot
be described in the framework of our model. The position
of the LSM(=Y can, however, be confirmed by calculating
the reflection of a silica covered gold grating (dashed lin
in Fig 3.b).

The shape of minima B and C is different. The SM(—1)
line C shows the steep low energy slope characteristic for
Fano type resonances due to coupling with the direct scat-
tering mode GM(~1) . This coupling results also in the pro-
nounced local reflection maximum on the low energy side
of C. The LSM mode is more distant to GM modes. Its
line shape is symmetric without any adjacent local maxi-
mum. The different line shapes of the SM and LSM modes

are perceptible on the dispersion diagrams.
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In order to confirm experimentally the presence of SM
and LSM modes, we measured the plasmon dispersion dia-
gram of the gold grating immersed into water (n ~ 1.3) or
an commercial index liquid (n & 1.5). In both cases, only
the LSM dispersion lines remains unchanged. The other
resonances (SM and CM), related to plasmon modes at
the metal top surface, shifted to lower wave numbers, ac-

cording to the calculations.

4.1.3 Aluminium grating

No fundamental differences between the Au and Al grating
dispersion can be observed. Due to the deeper grooves of
the Al-grating, its CM™) mode appears just perceptible
below 4000 cm ™!, but cannot be revealed. Further on, gold
has an absorption edge near 20000 cm~!. Consequently
the gold plasmon resonances becomes indistinct above this
energy. In the case of the aluminium grating the plasmon
resonance lines stays distinct even for high wave numbers.
Finally, two lower surface modes (LSM(~1) and LSM(=2))

are clearly visible.

4.2 m = —1 order reflection

The zero order reflection diagram allows to reveal the
main features related to surface plasmon resonances in
sub-wavelength metallic gratings. Higher order diagrams
can, however, be useful to improve the insight into the cou-
pling mechanisms of different resonances. The Al-grating
was chosen for recording the m = —1 order reflection di-

agram, as aluminium is the better metal in the accessible

wavenumber [cm™]

By

16000

0104000 15000 17000 18000 1o000 20000

wavenumber [cm™]

21000

Fig. 4. Aluminium grating experimental zero-order (a) and
m = —1 (b) order dispersion diagrams. The minima in R(®
(crosses) were also reported on (b). (¢) Experimental (bold
line) and theoretical R(® and R{~") reflection spectra for k' =

0.25 as indicated in (a) and (b).

wavelength region of A = 400 — 700nm. Its RV dia-
gram is shown on Fig. 4.b. Because of the set-up geometry,
only two lobes are accessible above the light line and the
GMD limit. For comparison, the R(®Y) minima positions
are indicated by crosses. In general, they coincide with the
maxima in R(—1). Two straight dark lines are observed at

the positions of the SM(t+1) and SM(=2) modes.

Recording of the m = —1 reflection diagram requires
that the m = —1 scattering mode is radiative, i.e. the
right hand side of eq. 1 has to be < 1. This condition
limits the accessible wave number/ wave vector region to

points above the GM(=1) line, which virtually coincides
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Fig. 5. Calculated magnetic field intensity (left) and energy

flow maps (right) for points A-F as indicated in Fig. 4.

with the SM(~1) line indicated in Fig. 4.a. For the region
below this line, the m = —1 scattering mode is evanescent
in the z-direction. Thus it cannot be detected with far
field techniques, but can eventually couple to the SPP

near-field modes.

For further interpretation the measured zero and m =
—1 order reflection spectra (bold lines) at constant nor-
malized in-plane wave vector ¥/ = 0.25 are shown and
compared to calculated spectra (light lines) in Fig. 4.c. In
this region the influence of lower surface modes (LSMs)
is negligible. Five main features labeled A-E for the the-

oretical curves and A’-E’ for the experimental ones are

distinguishable on the figure. Similar to the case of the
gold grating, the grooves depth used for the calculation
was overestimated (h = 620nm) in order to match the
experimental curves. Even if the agreement of the reso-
nance positions could be improved, the general shape of
the curves agrees very well. The interpretation of the ex-

perimental results is thus viable.

In general R(® and R(—Y shows opposite behaviour,
i.e. minima in R correspond to maxima in R(~1) and
vice versa. At A the grating scattering mode GM(—1 opens,
i.e. changes from near to far field. This effect is overlapped
by coupling into the SM(—1) plasmon mode. The coupling
of the GM(1 and SM(—Y modes results in a Fano type
resonance, visible by the sequence of maxima and asym-
metric minima in R(?). The calculated magnetic field in-
tensity map (Fig 5) indicates a first order mode with one
lobe in-between two grating grooves. The negative order
is revealed by energy flow into the —x direction at the top

of the grating.

The R(—Y spectra shows a minima at B, hardly to dis-
tinguish as maximum in R(?). At this point the wavelength
is equal to the groove depth. In the theoretical model the
wave vector of the first order guided mode is equal to the
free space wave vector kg. Thus the light reflected at the
bottom of the grooves has the same phase as the light re-
flected on top of the grating. Consequently, reflection of
the incoming light is concentrated into the R(®) order such
as in the case of a plane metal surface (Fig 5.b). Even if

this feature is closely related to the perfectly conducting
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groove walls approximation, it is distinguishable in the
experimental curve.

Features C and E correspond to two hybrid modes,
resulting from coupling of the CM(®) cavity mode with the
SM(+1D surface mode. The intensity and energy flow maps
correspond to hybrid modes of a m = +1 surface mode
and a third order cavity mode. The minimum/ maximum
at D could be explained as the interstice in between the
resonances C and E. Its intensity map shows, however,
that the pure SM(t1) mode exist at this position. This
mode is orthogonal to the SM(~1) mode, explaining the
minimum in R(-Y. The absence of this diffraction order
and the lower intrinsic losses of the pure surface mode
compared to hybrid modes, result in the local peak of R(?)
with a steep high energy slope due to the scattering onset
of GM(+D),

RV dispersion diagrams were recorded for TE po-
larisation (not shown). They only show the slow angu-
lar evolution of the grating scattering efficiency. The fine
structure, such as the SM(*+1) and SM(~2) lines in TM case
were absent, indicating that the observed features are due

to the excitation of surface plasmon modes.

5 Conclusions

Plasmon resonances of sub-wavelength metallic gratings
were studied by angle resolved reflection spectroscopy. Sur-
face plasmon modes at the grating surface and cavity
modes in the sub-wavelength grooves were evidenced in
zero order spectroscopy dispersion diagrams. Lower sur-

face plasmon modes at the metal-silica interface below

the metal film were observed. The coupling of surface and
cavity modes was investigated by zero and m = —1 order
reflection diagrams. It was shown that the latter is useful
to affirm and complete and the information of the zero

order ones.
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