N

N

Generation and control of hot spots on commensurate
metallic gratings
Aude Barbara, Jérome Le Perchec, Stéphane Collin, Christophe Sauvan,

Jean-Luc Pelouard, Tomas Lopez-Rios, Pascal Quemerais

» To cite this version:

Aude Barbara, Jérome Le Perchec, Stéphane Collin, Christophe Sauvan, Jean-Luc Pelouard, et al..
Generation and control of hot spots on commensurate metallic gratings. Optics Express, 2008, 16
(23), pp.19127-19135. 10.1364/0E.16.019127 . hal-00903565

HAL Id: hal-00903565
https://hal.science/hal-00903565

Submitted on 4 Apr 2016

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-00903565
https://hal.archives-ouvertes.fr

Generation and control of hot spots on
commensurate metallic gratings

A. Barbara,! J. Le Perchec,! S. Collin,2 C. Sauvan,? J-L. Pelouard,? T.
Lopez-Rios,! and P. Quémerais!
Linstitut Néel, CNRS et Universit Joseph Fourier, BP 166, F-38042 Grenoble Cedex 9, France

2Laboratoire de Photonique et Nanostructures (LPN/CNRS), Route de Nozay, 91460
Marcoussis, France

aude.barbara@grenoble.cnrs.fr

Abstract: We study the light localization on commensurate arrangements
of deep metalic sub-wavelength grooves. We theoretically show that as
the degree of commensuration tends to an irrational number new light
localization states are produced. These have properties close to that reported
for hot spots on disordered surfaces and are not permitted for simple period
gratings. Existence of these new resonances is experimentally provided
in the infrared region by reflectivity measurements performed on two
commensurate samples with respectively two and three dlits per period.
Manipulations of these hot spots which can be controlled from far-field
could be used for high sensitivity spectroscopy applications.
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1. Introduction

Interaction between light and metallic structures may lead to local near field enhancements
known as hot spots. They are due to light localization and may be associated with far-field
intriguing properties such as the abnormal optical absorption or the Surface Enhanced Ra-
man Scattering (SERS) effect. Among the various metallic surfaces supporting hot spots, sub-
wavelength metallic gratings with deep rectangular grooves are known to be model systems
for studying the light trapping due to the excitation of surface plasmons polaritons. Histori-
cally, an outstanding experiment made by Albano et al.[1] first showed the prominent role of
deep crevasses on metallic surfacesto generate surface enhancement Raman scattering (SERS),
which isitself directly related to local field enhancements. Since this experiment, cavity modes
in gratings were extensively studied[2, 3, 4, 5, 6, 7, 8]. This approach gave much insight of
the physics involved but quantitative understanding of important experimental facts observed
of randomly rough surfaces remained unexplained. Firstly, nanoscale roughnesses[1, 9] could
present strong near-field enhancements and light absorption in the visible spectral range that
were only recently understood[10] : grooves with nanometric size may indeed resonate in the
visible range when quasi-static surface plasmon resonances are excited inside the grooves. The
optical excitation of these quasi-static plasmons also permits to produce field enhancement
thousands times larger than the impinging light, in accordance with experimentally observed
SERS enhancements which are usually not correctly restituted by the calculations. The second
general experimental point concerns the existence of hot spots and the possible localization
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of light by disorder[11]. One puzzling point is that the light localization properties are highly
sensitive to external parameters[12]: asmall change (only afew percents) of the exciting wave-
length may lead to an important geometrical reorganization of the hot spots.

In the present paper we show that we can generate and control wavelength-dependant hot spots
from far-field considering ordered surfaces which can be experimentally and theoretically con-
trolled. We study the influence of the commensurate arrangement of subwavel ength deep metal-
lic grooves on the light localization. We do know from solid state physicsthat incommensurate
structures, such as quasi-crystals for instance, and commensurate approximates may present
particular electron localization states forbidden for purely periodic systems[13, 14, 15, 16].
New light localization phenomenacan thus be expected by merging el ectromagnetic resonances
of deep metallic grooves and one-dimensional commensurate structures. Far-field transmission
through dlits arrayswith N grooves per period separated by the same distance or through aperi-
odic 2-dimension hole arrays have reported on the existence of sharp transmission resonances
due to modification of the short-range order[17, 18, 19]. Using the formalism of commensurate
structures we have built and studied the optical properties of metallic surfaces of successive
commensurate structures with increasing periods and followed their behaviour from the sim-
plest case of asimple-periodic grating to an almost aperiodic one. We show that new strong and
sharp electromagnetic resonances associated to light localization states forbidden for purely pe-
riod system indeed appear. They are very localized and the near-field enhancementsinside the
grooves is wavelength-dependent. In far-field these resonances are evidenced by sharp dipsin
the reflectivity which remind of Rowland’s” ghost” lines observed in the diffraction for gratings
presenting periodic defaults in their spacings[20]. Finally, we give the first experimental proof
of their existence in the infra-red region for gratings with respectively two and three dlits per
period.

2. Calculated optical response of the commensurate structures

2.1. Presentation of the commensurate structures

An example of the arrangementsthat we study is sketched in Fig.1. They are gratings composed
of several identical closed rectangular deep grooves per period separated by two possible sub-
wavelength distances L (for long distance) and S (for short distance). The number of grooves
separated by the distance Sis noted R while Q denotes for the total number of grooves within
a period. Consequently these commensurate structures are called R/Q gratings, their period is
D =Rx S+ (Q—R) x Landtheratio R/Q indicating the order of commensurability ischosento
be anirreducible rational number. When R/Q tendsto any irrational number, the structure tends
to an aperiodic (or incommensurate) ong[21] with D — oo, The successive sequences of ratios
R/Q is chosen to be uniform[16, 22, 21] and permits to build a succession of approximating
periodic structures progressively tending to an aperiodic one. In the present work we consider
the successive R/Q ratios built by using the Fibonacci series {1,2,3,5,8,13...} giving theratios
{<1/2>,<2/3>,<3/5>,<5/8>...}.forwhichR/Qtendsto & = (v/5—1)/2theinverse
of the mean gold number at large values of R and Q. Any other irrational number than & would
also lead to an aperiodic structure. Systems with N grooves per period separated by the same
distance were theoretically studied[17]. They correspond to SSS..(xR)L arrangements and up
to three cavities per period they are equivalent to the present commensurate structures but as
grooves continueto be added both their near and far field properties become very different since
our structures tend to aperiodic systems and not to periodic ones.

2.2. Themodal method for commensurate gratings

We have calculated the optical response of the commensurate gratings illuminated by a p-
polarized plane wave (magnetic field parallel to the groove) by using an approximated modal
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Fig. 1. Example of a uniformly ordered commensurate structure < 3/5 > of period D =
3S+ 2L where L and S respectively stand for the long and short distances separating two
cavities. The grooves are identical with an aperture w and a height h. Inset represents a
SEM image of the < 2/3 > gold sample.

method based on the surface impedance boundary conditiong[4]. The latter has been severa
times successfully compared with experiments[28, 29] when considering gold gratings with
sub-micron geometrical parametersin the infra-red region as it is the case here. In this method
the magnetic field is first expressed in the region (I) above the grating (Fig.1) by the Rayleigh
development:

m=+

H. )( y) = ek(<—hoy) |- + Y Rme'k Tt By

M= —oco

wherek = 2z /2 is the wave vector of theincident plane wave. The terms ym = sind + mA /D,
B2 = 1— 93 and Ry, are respectively the normalized wave vectors and the amplitude of the mth
order of reflection.
Intheregion (1) of the grating thefield is expressed inside each cavity of the period by applying
the surface impedance approximation at the bottom of the cavity and considering the vertical
walls as perfectly conducting:

Q +

D ZA“cos[n (x Xp+ 2)}

p=1n=
(e'“n()“rZh) + rnefi/»ln)’) m (X— Xp) (1)

H' (x,y)

X

where Aj is the amplitude of the n'" mode in the p™" cavity whose vertical component of the

wave Vector is pin = ky/1— (32)2. The coefficients rn = (un/K+Z)/(itn/K— Z), where Z =
1/+/€ and ¢ the dielectric constant of the metal, are the reflection coefficients of then'™ mode at
the bottom of the cavity. M(x—xp) = 1for (x—Xp) € [-w/2,w/2] and O elsewhere. {Xp}1<p<q
is a series of the location of the center of the Q cavities contained in a period. The origin is
X1 = 0 and the other locations are determined using the equation[21]:

Xp+1 :Xp+sx O-p+|_><<1_0-p)
with  op  =[pxR/Q—[(p—1) xR/Q]
where the function [y] defines the integer part of y and p the number of the cavity.
From the expression of the fieldsin both regions and following the proceduredetailed in ref[ 27]

one can determine all the coefficients A’,} and R, which enable to know the electromagnetic
field in the whole space.
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Fig. 2. (Color Online)(a) Calculated specular reflectivity as R/Q tends to the inverse of
the mean golden number and (b) magnetic near-field intensity at the interface y = 0 at the
frequency resonance located around 2000 cr 1 where the reflectivity is minimal. Y-scale
goes from Ry to 1 in (@) and from 0 to lyax in (b). Simulations were made considering
w=0.3um, S=0.7um, L = 1.2um, h= 1um, and an incidence angle 6 = 15°. Vertical
black linesin (b) indicate the position of the cavitieswithin one period. For shallow grooves
(h = 0.2um) the strong resonances disappear. Only weak resonances due to the horizontal
surface plasmon subsist and the near-field exhibits no hot spots.

2.3. Numerical results and discussion

Figure 2(a) displaysthe evolution of the specular reflectivity calculated at 6 = 15° as the order
of commensurability tends to £ and starts from a purely periodic grating. Simulations were
made using the gold dielectric constant from ref[23] and considering only the fundamental
guided mode sincew << A (n=0in eg.1). For a simple-period grating R/Q = 1 the spectrum
presents the well-known broad dip due to the excitation of the Fabry-Perot like resonance in-
sidethe cavities[ 7] and as grooves are added supplementary and sharp resonances appear. These
resonances are related to the Fabry-Perot like cavity modes and disappear for shallow grooves.
In that case, only weak resonances due to the horizontal surface plasmon (SP) persist. In the
spectral range and the geometrical parameters we consider here, the SP of the horizontal in-
terface play a minor role. For large Q values (here Q > 8) only dlight changes appear from
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Fig. 3. (Color Online) Intensity maps of the electric field along the x-axis above one period
of the < 8/13 > grating considered on Fig.2. Calculations were made at the frequencies
indicated by green dots on Fig.2(a): (a) 1985 cmi 1, (b) 2015 cm1,(c) 2035 cm ! and
(d) 2040 cm1.The fluctuation of the photons localization is clearly illustrated, while the
incident wave number varies by only afew percent.

one structure to the next one: the optical properties converge. Thisis a direct indication of the
self-similarity of the structures produced as R/Q — & by using the standard Diophantine ap-
proximation [22, 16, 21] and ensures the accuracy of the numerical results. Fig.2b shows the
simultaneously progressive establishment of hot spots at the surfaceas R/Q — &. In the chosen
configuration, the magnetic field intensity at the interface can locally be more than two orders
of magnitude larger than the incident one (Fig.2(b)) and this corresponds to enhancements of
the electric field intensity at the interface, larger than three orders of magnitude. Calculations
were made at the frequency resonance around 2000 cm 1 corresponding to the strongest deep
in the reflectivity spectra.

The occurrence of these new sharp cavity modesis due to the breaking of symmetry of the sys-
tem. The pseudo-periodicity of the fields remains valid for the global period D so that cavities
within a period do not see the same exciting field. A physical image can be given by analogy
with coupled dipoles. In fact, in the case of atwo-groove system a complete analytical study of
the field expression can be performed and permits to characterize the nature of the resonances
quantitatively[24]: each resonating cavity acts as a damped oscillating dipole and their near-
field coupling causes the splitting of each individual modeinto alarge one corresponding to the
symmetric coupling of the cavities (——) and athin one, corresponding to the anti-symmetric
coupling (—+). In the same manner, in R/Q arrangements, the Q resonating cavities act as Q
oscillating coupled dipoles, each mode corresponding to a specific configuration of the orien-
tation of the dipoles. Depending on the number of dipoles oscillating in phase or out of phase,
the mode will be more or less radiative. The less radiative the mode is, the narrowest the res-
onance is and the more intense the near-field enhancementsis. Even though the Q cavities are
identical they still resonate at slightly different frequencies. Consequently, the local intensity
enhancements can be quite critically wavelength-dependent. This property of spectral fluctua-
tion of the hot spots at nanoscale sites is experimentally observed on disordered surfaces[12],
self-affine filmg 25] or SERS active surfaceg[26]. Thispointisillustrated in Fig. 3 which repre-
sents maps of the electric field intensity along the x-axis and above a unit cell of the < 8/13 >
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Fig. 4. (Color Online) Measured (black) and calculated (gray) specular reflectivity at 6 =
10° of thegratings < 1/1 > (a), < 1/2 > (b) and < 2/3 > (c). Cavity resonances are noted
CM and surface plasmon SP. The arrows indicate the direction of the equivalent dipole
momentum at the mouth of each cavity.

grating calculated at different incident wave-numbers (red dotsin Fig. 2(a)). Within avery nar-
row spectral range, here 55cm—1, the spatial localization of the el ectromagnetic field is strongly
modified. For specific frequencies, only afew cavities act as active sites by almost individually
concentrating a great amount of energy whereas the neighboring ones are extinguished (Fig.
3(a) and 3(c)). For a single groove per period, al the cavities would localize the same amount
of electromagnetic field over a spectral range of the order of 500 — 1000 cm .

3. Experimental validation

The first step toward the validation of these theoretical predictions was to evidence the split-
ting of the cavity mode via the measurement of the new sharp resonances in the reflectiv-
ity spectra. Commensurate gratings with one, two and three dlits per period and respective
period D_1/1. = 2.2um, D35, = 22um (L = 1.5um, S= 0.7um) and D /3. = 2.6um
(L =12.2um, S= 0.7um) were fabricated. They were prepared by electron-beam lithography
and a double lift-off technique described in ref.[30, 31]: A Si substrate is first covered with
a 200 nm-thick gold layer and secondly with a 1 um-thick Si 3N4 layer deposited by plasma-
enhanced chemical vapor deposition. Si3N4 walls of the width of the dlits and separated either
by the distance L or S, are performed by electron-beam lithography and reactive ionic etching.
A 650 nm-thick gold layer is then deposited, and the Si 3N4 walls are lifted-off by means of a
HF solution. The total area of the gratings is 2 x 2 mm?. SEM images show that the obtained
grooves have a trapezoidal shape (Wgown = 0.3 — 0.36pm and wiop = 0.5 — 0.62um) and that
the metallic strip in-between two close cavities may become very narrow at the top (inset fig.1).
Reflectivity measurements of p-polarized impinging light were performed at room tempera-
ture, in dry air, in the 1.67 to 6 um spectral range, with a BioRad FTS60A DigiLab Fourier
Transform photospectrometer. Spectrawere normalized to the reflectivity of aflat gold surface.
Figure 4 shows the specular reflectivity measured at 6 = 10° and the calculated spectra. In fig
43, one can see the large cavity mode (CM) of the < 1/1 > grating as well asthe n = +1
branches of the surface plasmons (SP)[27]. These SP occur around the same wave number for
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Fig. 5. (Color Online) Experimental (black) and calculated (gray) turnover of the relative
reflectivity minima of the two sharp resonances for the < 2/3 > grating when varying the
incidence angle 6 = 5° (a), 6 = 12.5° (b), 6 = 24° (c). (d) displays maps of the near-
electric field intensity along the x-axis and above the cavities for to the antisymmetric (left)
and symmetric (right) resonances measured at 6 = 5°.

the two other gratings since the period of the three samples have close values. More interest-
ingly, we observe the splitting of the large CM into the new resonances predicted by our model.
The < 1/2 > grating presents the in-phase large cavity resonance together with a sharper reso-
nance corresponding to the out-of phase coupling of the two cavitieswhile the < 2/3 > grating
exhibits two sharp resonances together with the large cavity mode. The three resonances of

< 2/3 > correspond to: (i) the symmetric coupling of the three cavities (———), (ii) the sym-
metric coupling of the two external cavities, anti-symmetric to the central one whose dipole
momentum is twice larger (—+«——) and (iii) the anti-symmetric coupling of the external cav-
ities leading to the extinction of thefield in the central one (— 0 «). The calculated spectraare
in good agreement with the measurements even though small shifts of the peaks may be no-
ticed. These are attributed to the trapezoidal shape of the fabricated grooves while rectangular
ones with perfectly conducting vertical walls are considered in the model. To account for this,

effective heights had to be considered in the calculations (h.1/1.. = 0.65, h_1/>. = 0.7 and
h.2/3- = 0.59 um). Moreover, the values of the widths at the top of the grooves (w = 0.52, 0.6
and 0.62 umfor gratings < 1/1 >, < 1/2 > and < 2/3 > respectively) and the nominal values
of L and S, which are well defined by the fabrication process, were used.

To highlight the symmetric or anti-symmetric nature of the two sharp resonances of the < 2/3 >

grating, we have performed reflectivity measurements at various angles as increasing 6 breaks
the symmetry of the system and favors the excitation of the anti-symmetric. On the contrary
the latter vanishes at normal incidence (the incident field is then symmetric and cannot couple
with it)[24]. Experimental and calculated confirmations of this point are presented in figure 5
where the turnaround of the strength of the two resonances as a function of the incidence angle
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is evidenced. It demonstrates that the peak at the smaller wave number is the anti-symmetric
mode (— 0 «): it is weakly excited at small incidence angles and grows to become predomi-
nant around 6 = 24°. Thisis confirmed by the maps of the intensity of the electric field along
the x-axis above one period of the grating (Fig. 5(d)). The near-field distribution calcul ated
at the resonance frequency of the antisymmetric mode (— 0 <) shows that the field localizes
essentially in the grooves 1 and 3 while groove 2 is nearly extinguished. In contrast the field
distribution of the symmetric mode (—+«——) is mainly located inside cavity 2 even though it
stands at a strongly sub-wavelength distance from the neighboring cavities. By slightly chang-
ing the incident wavelength a spatial control of the hot spots can thus be performed and a new
kind of light addressing in a chain of sub-wavelength resonator can be realized.

4. Conclusion

We have performed a study of the light localization inside deep sub-wavelength metallic
groovesin commensurate gratings tending progressively to incommensurate structures. We the-
oretically demonstrate how these systems permit to generate, in a controlled manner, weakly
radiative modes which localize strong and wavel ength-dependant el ectromagnetic fields inside
the grooves. These hot spots have the same behaviour than those commonly admitted to occur
on disordered and/or SERS surfaces. Moreover we show that we can tune and spatially control,
fromfar-field and at a sub-wavel ength scal e, the hot spots that may move from one cavity to an-
other by slightly changing the incidence wavelength. Finally we gave an experimental evidence
of these new modes via reflectivity measurements in the infra-red region and for two simple
commensurate structures. Their existence demonstrates the validity of the theoretical approach
and the possibility of applying it for experimental and applicative purposes.
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