New Journal of Physics

The open-access journal for physics

Modulation of surface plasmon coupling-in by
one-dimensional surface corrugation

F Lopez-Tejeira 1, Sergio G Rodrigo 1, L Martin-Moreno 12,

F J Garcia-Vidal 2, E Devaux 2, J Dintinger >/, T W Ebbesen 3,
J R Krenn 4, | P Radko®, S | Bozhevolnyi °, M U Gonzéalez %8,
J C Weeber® and A Dereux ©

! Departamento de Fisica de la Materia Condensada, Facultad de
Ciencas-ICMA, Universidad de Zaragoza-CSIC, E-50009 Zaragoza, Spain
2 Departamento de Fisica Tedrica de la Materia Condensada,

Universidad Autbnoma de Madrid, E-28049 Madrid, Spain

3 Laboratoire de Nanostructures, ISIS, Université Louis Pasteur,

F-67000 Strasbourg, France

4 Institute of Physics, Karl Franzens University, A-8010 Graz, Austria

5> Department of Physics and Nanotechnology, Aalborg University,
DK-9220 Aalborg, Denmark

6 Laboratoire de Physique de I'Université de Bourgogne, UMR CNRS 5027,
F-21078 Dijon, France

E-mail: Imm@unizar.es

New Journal of Physics 10 (2008) 033035 (19pp)
Received 21 December 2007

Published 27 March 2008

Online athttp://www.njp.org/
doi:10.1088/1367-2630/10/3/033035

Abstract.  Surface plasmon-polaritons have recently attracted renewed interest
in the scientific community for their potential in sub-wavelength optics,
light generation and non-destructive sensing. Given that they cannot be directly
excited by freely propagating light due to their intrinsic binding to the metal
surface, the light—plasmon coupling efficiency becomes of crucial importance for
the success of any plasmonic device. Here, we present a comprehensive study on
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the modulation (enhancement or suppression) of such a coupling efficiency by

means of one-dimensional surface corrugation. Our approach is based on simple
wave interference and enables us to make quantitative predictions which have
been experimentally confirmed at both the near-infrared and telecom ranges.

Contents
1. Introduction 2
2. Description of our proposal 3
2.1. SPP generation at a single sub-wavelengthslit. . . . .. ... ... .. .. 4
2.2. Phase shiftupon Braggreflection . . . . .. .. ... ... ... ...... 7
3. Validity of the simple wave interference model 8
4. Experimental results 11
4.1. NIRmeasurements . . . . . . . . . . . . o i e e 11
4.2. Telecommeasurements. . . . . . . . . . . . i 13
5. Conclusions 18
Acknowledgments 18
References 18

1. Introduction

Surface plasmon-polaritons (SPPs) are electromagnetic (EM) modes originating from the
interaction between light and mobile surface charges, typically the conduction electrons in
metals [L]. Because of the so-called ‘excess of momentum’ with respect to light of the same
frequency, SPPs cannot propagate away from a planar surface and are thus bound to and
guided by it. As a consequence of this binding, SPP modes can be laterally confined below
the diffraction limit, which has raised the prospect of SPP-based photonic cir2udl [To

build up this kind of circuit, one would require a variety of components in which incident
light would be first converted in SPPs, propagating and interacting with different devices before
being recovered as freely propagating light. Hence, a great deal of attention has recently been
devoted to the creation of optical elements for SPIRF 10|, as well as to the efficient coupling

of freely-propagating light into and out of them. This latter issue constitutes the fundamental
bottleneck that must be overcome in order to fully exploit the potential of SPPs, given that
established techniques for SPP generation (which make use of drish?], grating [L3] or
nanodefect]4] coupling) require that the system’s size be well out of the sub-wavelength scale
in order to obtain a neat SPP signal. On the other hand, p-polarized back-side illumination of
sub-wavelength apertures in optically thick metal filmd§}{[22] prevents both damping and
signal blinding but it does not ensure a unique propagation direction for the generated SPPs.

In a previous work 23], we proposed a novel back-side slit-illumination method based on
drilling a periodic array of indentations at one side of the slit. It was demonstrated that the SPP
beam emerging from the slit to its corrugated side can be backscattered in such a way that it
interferes constructively with the one propagating in the opposite direction, thus obtaining a
localized unidirectional SPP source. Here, we provide a comprehensive version of our proposal
and discuss to some extent its range of validity. Additional experimental measurements will also
be presented.
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Figure 1. Scanning electron micrograph and schematic diagrams of the proposed
structure. Parametefs;, h, w, d, P} defining the geometry of the system are
also shown.

«—>—>

This paper is organized as follows: in sectidnwe summarize the key concepts of our
proposal and focus on some quantitative aspects of SPP generation and reflection. The validity
of our simple wave interference model is discussed in se@idanally, experimental results
are presented in sectidh prior to the general conclusions.

2. Description of our proposal

A picture of the proposed structure is shown in figliré\ periodic array of one-dimensional

(1D) indentations is fabricated at the output metal surface close and parallel to the illuminated
slit. The starting point for such a design can be found in a previous work on 1D SPP scattering
by means of a modal expansion formalisg4,[25]. In order to cope with SPP launching, we
considered a single slit flanked by an array of indentations (rectangular grooves) placed in the
output surface of a thick metallic film. Eventually, the distance between the slit and indentations
was taken to be infinity. In this way, the slit merely played the role of a theorist's SPP-launcher,
as far as it can be shown that the field created by the slit corresponds to SPP illumination into
the grooves. Besides, we also found a simple geometrical condition for the groove array to
behave as a perfect Bragg mirror, associated with theladge of the plasmonic bandgap

for the periodic system. Combining these two elements, one can obtain a remarkably simple
scheme to modulate the SPP coupling-in at a real back-side illumination experiment: given an
incident wavelength, let us design a groove array for which SPP reflectance rises to a maximum
and place it at a distanak from the slit (situation B of figurel). Hence, any outgoing SPP
generated at the same side of the slit will be mainly backscattered by the grooves and interfere
either constructively or destructively with the one that is generated at the opposite side. This
interference can be tuned by adjusting the separatibatween the slit and the first groove of

the array, defined centre to centre. The total phase differgndestween the interfering SPPs

will then consist of the phase change upon reflection plus the additional shift resulting from the
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Figure 2. Calculated/Re[H,]| distribution at the output surface of an Au film
perforated by a single slit (situation A of figuté. Incident light isp-polarized
and impinges normally onto the back side of the metal surface=a800 nm.
Here, slit widthag = 160 nm and film thickneds = 300 nm.

two different path lengths along the metal:

¢ = ¢r+2Reky] d, (1)

wherek, holds for in-plane plasmon wavevectors. Accordinglp ¢onstructive or destructive
interference should occur for those phase values equal to, respectively, even or odd multiples
of .

It is clear that, as will be discussed in secti®rseveral objections may arise against this
very simplified model, but before we turn to its validity, let us take a closer look at the two
ingredients on which it is based: the generation of SPPs at a sub-wavelength aperture and the
phase they acquire as a result of Bragg reflection.

2.1. SPP generation at a single sub-wavelength slit

Figure 2 presents a finite-difference time-domain (FDTR)] simulation of the (EM) field
distribution originated from p-polarized back-side illumination of a sub-wavelength slit on a
thick Au film. As can be seen, the most of the field is diffracted away, but a significant fraction
appears to be bound to the metallic surface at each side of the aperture. However, to what extent
is that a confined state of surface plasmon?

Such an assessment requires that analytical expressions for the EM field distribution
created by the slit be obtained without aaypriori assumption about the presence of SPPs.
For that purpose, we have made use of the above-mentioned modal expansion technique. Given
that it has been extensively described elsewh24e75], let us just briefly summarize its basic
ingredients: the EM fields are expanded in terms of the eigenmodes in each spatial region
(plane waves at input/output regions and waveguide modes inside the indentation) and then
the expansion coefficients are obtained by just matching appropriately the parallel components
of the fields at the two metal—dielectric interfaces. The dielectric response of the metal is taken
into account by applying surface impedance boundary conditions (SIBTY] the tangential
components of the EM fields at the metallic surface. For a non-magnetic medium,

Fi(r) = E(r) — ZsH(r) x n(r) =0, (2)

where Z = ¢(1)~¥? andn(r) is the unitary vector normal to the surface directed into the metal
half-space. However, SIBC are not applied at the vertical walls defining the slit but for the
calculation of propagating constants along zkairection. This choice allows us to express the
EM fields inside in terms of the waveguide eigenmodes of a perfect conductor (PC), which are
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known analytically. Although the absorption inside the cavities is therefore neglected, one can
expect this not to be a serious shortcoming when considering sizes much greater than the skin
depth. The end product of our expanding and matching is a linear system of algebraic equations
that connect the modal amplitudes of thefield at the input and output openings of the slit.
Once those self-consistent amplitudes are found, it is straightforward to obtain the EM fields at
any desired point.

By imposing the constraint that incident light impinges in ‘classical mounting’ (i.e. within
the xz-plane), we just have to concern ourselves with yagomponent of the magnetic field.
From a mathematical point of view], at the output side is obtained by integrating all across
the slit every considered eigenmodg multiplied by a scalar 1D Green’s function and then
weighting each contribution with the corresponding amplit&jet the output opening:

Xot+ap/2
Hy(X, 2) = — Z E’n/ dx'G(x, X; 2)¢n(X"), (3)
n Xo—ao/2
wherez stands for the distance from the output surface. This closely resembles the Huygens—
Fresnel description of wave propagation in terms of a set of point emitters, but we have to keep
in mind that all those ‘emitters’ are self-consistently connected.
However, information on the character of the generated field is contained neither in the

modes nor in their amplitudes, but in the propagator itself:

i o explitk(x —x) +,/ki — k?2)]
G(x, X'; Z):X/ dk ,
- vV kg - k2 + kOZs

whereky = 27 /A. Despite its impressive appearanGx, x’; z) just computes the projection

of EM fields at the opening of the slit onto all possible diffracted waves, whether they are
propagating or evanescent. Bound-to-interface contributions are incorporated into the picture
as a consequence of fini&g, which makes the difference with respect to PC approximation:
for Zs= 0, (4) transforms into an integral representation of the zeroth-order Hankel function
of the first kind (i.e. the well-known Green’s function for the two-dimensional Helmholtz
operator P8]), otherwise it has to be evaluated numerically. Such a numerical inspection reveals
thatG(x, X’; z) tends to the PC result fgr — x'| < A irrespective ofZg [24, 25]. On the other
hand, in the regime whez |x — x’| ~ O()), oscillatory contributions within the kernel of)
mutually cancel everywhere but in the region close to the integrand singularities atk,,

with k, satisfying

VK2 —kp? = —ZkKo. (5)

This is, by the way, the SPP dispersion relation of a flat metal-dielectric interface within the
SIBC. In that asymptotic limit, Green’s function can be explicitly approximated as

(4)

2
Gas(X, X3 2) = _kok_Zs glohximlozsa, (6)
p

Therefore, and even in the presence of absorption, SPPs govern the EM coupling along the
surface at a distance of several wavelengths, whereas ‘PC-like’ behaviour is observed at the
close vicinity of the slit. It is worth mentioning that this simple fact is completely misinterpreted

in several recent papers, as pointed out in a previous Wadk [n any case, the existence of
these two regimes has also been remarked by introducing a ‘creeping wave contribution’ that
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Figure 3. CalculatedRe[H,]| as a function of the distance from the centre of the
slit, evaluated at the output surface of an Au film. Solid lines represent the full
calculation, whereas dashed and dotted ones stand for PC approximation and
asymptotic expansion, respectively. The geometrical parameters are: slit width
a8, = 160 nm and film thicknesh = 300 nm. Incident light is p-polarized and
impinges normally onto the back side of the metal surface. (a) and (b) Results
for A =800 and\ = 1500 nm, respectively.

rapidly vanishes for increasing distances and is explicitly defined as the difference between total
and SPP fields along the metal—-dielectric interfa. [

In order to determine the precise range of distances for the EM field at fjtoebe
dominated by either ‘PC-like’ or SPP contribution, we have calculéfReiH,]| at the metal
surface forZs values corresponding to that of Au at 800 and 1500 nm. Each calculation was
carried out for the exact, asymptotic and PC versions of Green’s function. As can be seen in
figure 3, comparison with the exact result in the near-infrared (NIR) shows that the asymptotic
limit is already reached for a distance of aboutfom the centre of the slit, which is increased
up to 6. when the incident wavelength falls within the telecom range. Consequently, it is only
for greater distances that we can unambiguously establish a one-to-one correspondence between
fields at the interface and SPPs.

In figure4, we present the fraction of the output current that is transferred into SR (
and scattered out of the plané,() for the sameZs parameters as in figur@ all across the
sub-wavelength regime. Given that SPPs gradually attenuate when propagating along the metal,
the values forfsppare calculated at = +ay5/2 in order to compare with those df,:. As the
slit width increases, the out-of-plane radiation is clearly favoured at the expense of the coupling
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Figure 4. Fraction of the energy that is transferred into SPPs (lines) and scattered
out of the plane (symbols) at the output surface of an Au film perforated by a
single slit that is back-side illuminated with p-polarized light. The values for
fsppare calculated at distances-b,/2 from the centre of the slit.

into SPPs, which can be easily found to be proportiongsialk, a,/2]/ k, a)? because of the
geometry of the systen®fl, 25|. For typical experimental widtlag = 160 nm, no more than

30% of the output energy is driven into SPP4& at 800 nm and such a percentage is reduced to
17% ati = 1500 nm. These values are in good agreement with those previously refitijed [
and provide a preliminary estimate of the expected performance for our proposed slit + grating
structure when operating at perfect constructive interference conditions.

2.2. Phase shift upon Bragg reflection

As mentioned at the beginning of the section, it has been shown that the reflection of SPPs by a
periodic array of indentations presents maxima at those frequencies corresponding toxhe low-
edges of plasmonic bandgag®] 25]. For narrow sub-wavelength indentations, the spectral
locations of these edges can be approximated by folding the dispersion relation of SPPs for a
flat metal surface into the first Brillouin zon&J]. Within the SIBC, such a folding results in

koP =koRe[gp]P=mmr, m=12 ..., (7)

whereP is the period of array ang}, = ,/1 — Z2. Remarkably, although the reflectance maxima
depend on the groove geometry (width and depth) and the number of gréaved], their
spectral locations do not (see figuie

Assuming that» and P fulfil (7), let us consider the phase shift for a given resonant
wavelengthir. Information on such a shift is contained in the complex reflection coefficient
r relating the amplitudes of incident and reflected fields. Although the obtentiorsafsually
regarded as a mere preliminary to that of reflectance (defingd-asr|?), we can always
establish a straightforward connection betweamd phase shitpg:

cospr = Refr]/Ir];  singg =Im[r]/|r|. (8)
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Figure 5. Calculated reflectance of SPPs by a finite periodic array consisting of
5 (solid line), 10 (dashed) and 15 (dotted) grooves carved on Au. Hetay =

100 nm andP = 390 nm. Grey-shaded area marks the region where a plasmonic
bandgap occurs. SPP fields are evaluated at—3.5um (= — 3.8\ nay), the
origin being located at the centre of the first groove.

Once the asymptotic limit is already reached, these auxiliary magnitudes csisgr provide
complete information about SPP shift upon reflection, irrespective of the exact distance at which
fields are evaluated. We have found thatis close tor over a wide range of groove depths
fora/x < 0.2 at both NIR and telecom ranges, as can be seen in figieking this result into
account and substituting fég from (7) into (1) yields

¢ (kr) = (2md/P + 7, 9)
which reduces the design of our proposed scheme to a suitable choicedgRhatio.

3. Validity of the simple wave interference model

Our previous discussion leading ®) {mplies that slit and grating be considered as independent
elements. Therefore, it does not take into account the radiation coming back from the grooves,
while, in principle, EM fields at all openings have to be self-consistently calcul&@&dIh

order to quantify the ‘perturbation’ of the SPP source (i.e. the slit), we define a re-illumination
parameteg that averages the modification of tRecomponent of the electric field inside the

slit originated by the adjacent grating:

+ap/2
e= [ oIl BGO/EROO, (10
—ao/2
where g is the width of the slit,E, the x-component of the electric field calculated in the
presence of the array arkf® the one obtained for the isolated slit.
In figure 7, we present a contour plot éfversus groove depth and slit-to-array separation
for a system with ten grooves at=800nm. As can be seen, the modification of the field
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Figure 6. Calculated values of c@s(Ar), Singr(Ar) Of a ten-groove array in Au

for increasing values of groove depth. (a) and (b) Results terl00, 150 and

200 nm (solid, dashed and dotted lines, respectively) evaluateg-at800 nm

(P =390nm,m=1). Results fora= 200, 300 and 400 nm &tg = 1500 nm

(P =750nm,m=1) are presented in (c) and (d). Grey-shaded areas mark the
region wherepr = 7 + 0.1r. Results forng = 800 and 1500 nm are calculated

at distances of 8and 7% from the centre of the first groove, respectively.

pattern within [400, 800] nm is below 15% agdrapidly decreases for increasing distances,
thus supporting our implicit assumption @) (With respect to the dependence on groove depth,

it is governed by the reflectance properties of the aaysing to its maximum afR does

(see the inset in figuré). Such a maximum becomes clearer the more separation approaches
to the plasmonic regimel(x~ 31). On the other hand, modulation along the vertical axis results
from simple interference between counter-propagating SPP waves originated at the slit and its
nearest groove. Therefore, sequential minima appear fod = (2m+ 1)1,/4, whereag&max

are associated witth = ma,/2, given that,, = 27 /k, andm=0,1, 2, .. ..

However, the key point of our proposal still relies on SPPs being reflected by a groove
array, while the EM fields radiated by the slit cannot be considered ‘purely plasmonic’ but
at a distance of several wavelengths (see fi@)rdn order to characterize the efficiency of
the slit+array system as an SPP-launcher for any slit-to-array separation, we introduce its
‘efficiency ratio’, Er: given that the array be located at the left side of the slit (see fR)UEE: is
defined as the quotient between the current intensity of right-propagating SPP with and without
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Figure 7. Contour plot of re-illumination parametérin Au as a function of
groove depth and slit-to-array separation. Heye- a; = 160 nm,P =390 nm,

N =10 andx = 800 nm. The vertical dashed line marks the maximum value of
the reflectance curve for the isolated groove array, which is presented at the lower
right inset panel.

the grooves. Strictly speakindg;r provides the efficiency of the output side of the device.
The total efficiency, defined as the percentage of incident energy transferred onto the plasmon
channel, strongly depends on the illuminating setfp should vary within the interval [04]
showing a dependence on the distance between the illuminating slit and the groove array. More
importantly, Egr > 2 implies that the right-propagating SPP current in the presence of grooves
is larger than the total SPP current (left+right-moving) in the single slit case, so some of the
power radiated out of the plane is redirected onto the SPP channel. According to our simple
wave interference model,

Er ~ |1 +r €92, (11)

wherer is the complex reflection coefficient of the groove array for SPPs.

To check the validity of §) and (1) for slit-to-array separations outside the asymptotic
regime, we have carried out numerical calculations of EM fields by means of both modal
expansion and FDTD. The system under consideration is intended to operate at a wavelength
of 800 nm on a gold film33]. We consider an array of ten grooves with a peride= 390 nm.

The depth of the grooves is chosen touoe- 100 nm, while the width of both grooves and slit

is a=160nm, which are typical experimental parameters. Figi@¢ shows the comparison
between {1) and numerical evaluations &g, as well as the location of interference maxima
(vertical lines) predicted by9j for m= 1. The agreement between the modal expansion and
FDTD results is excellent but for distances at which intra-wall coupling between the slit
and the first groove has to be taken into accoditz2a). As can be seen, the locations of
maximumEg are accurately predicted bg)( which allows us to design SPP-launchers without
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Figure 8. Numerical results for the SPP-launcher at wavelerigth 800 nm.
(a) Dependence of the efficiency ratier on the slit-to-array distance. The
geometrical parameters defining the system are: slit and groove wadths
160 nm, groove deptlw = 100 nm and array perio® = 390 nm. The figure
renders the curves obtained by means of FDTD (solid), modal expansion
(dashed) and equatioh) (short-dotted). Vertical lines mark the positionsf
maxima according tod). (b) CalculatedRe[H,]| distributions over th&z-plane
for two different distances corresponding to minimum and maximum values of
Er atA =800 nm.

elaborate numerical calculations. Moreover, the simplified modellaf provides a good
approximation tdeg with the sole input of . This also implies that non-plasmonic contributions

to groove illumination play a minor role in the occurrence of either constructive or destructive
interference, which is clearly described iyl with the exception of minor shifts.

In addition to the efficiency ratio, field patterns in both minimum and maximum conditions
were also calculated using the FDTD method. As shown in figiog SPPs are completely
absent from the left side of the slit, whereas field intensity at the right side of the slit is clearly
modulated by the slit-to-array separation, which also governs the spatial distribution of the field
that is radiated into vacuum.

4. Experimental results

4.1. NIR measurements

For our proposal to be tested out at the NIR regime, several slit + array samples were fabricated
on gold films with a focused ion beam (FIB). As describeddf]] each sample consists of
a single long L = 30um) slit of width ag = 160 nm perforated at a 300-nm-thick film that is
flanked by a periodic array of grooveB & 390 nm,a = 160 nm,w = 100 nm). Such an array
is placed at a given distanckand only extends ovdr /2 (see figurel). This kind of sample
enables us to measukg, as the upper part can be used as an on-chip reference of the ‘isolated
slit’.

A set of samples witll = {195, 292 390 486, 585} nm was imaged at 800 nm by a photon
scanning tunnelling microscope (PSTM) making use of an incident focused beam illumination.

New Journal of Physics 10 (2008) 033035 (http://www.njp.org/)


http://www.njp.org/

12 I0P Institute of Physics () DEUTSCHE PHYSIKALISCHE GESELLSCHAFT

—— Single slit
---- Slit+Array

Intensity (arbitrary units)

x(m)

o Experiment
30 FDTD

200 300 400 500 600
Slit-to-array distance (nm)

Figure 9. Experimental measurement dg at A =800nm for the same
geometrical parameters as in figBe(a) PSTM micrographs recorded for a
sample withd = 585 nm at both ‘single slit’ (top) and slit + array configurations
(bottom). The right panel shows the two cross-cuts from whigh is
obtained. Vertical lines define the interval along which the ratio is averaged.
(b) Experimental (circles) and numerical (solid line) valuesgfas a function

of slit-to-array distance. The error bars represent the standard deviation over a
set of different structures with the same nominal parameters.

For each sample, a pair of images was recorded by scanning at a constant distance of about
60-80 nm from the surface (see figld@)). The first image of the pair, corresponding to an
SPP generated from a single slit, is obtained by focusing the laser beam on the upper part of
the slit. For the second image, the laser beam is moved to the lower part in order to collect the
data for the slit + array structure. An average longitudinal cross-cut of each image is obtained by
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using 20 longitudinal cross-cuts, corresponding to different coordinates along the slit axis. Then,
the relative position of the two average cross-cuts is adjusted so that the saturated areas (i.e.
the signal taken right on top of the slit) are superimposed. Finally, the experimental efficiency
ratio, Eg, is extracted by averaging the ratio between the two curves along the longitudinal
cross-cut. Figur®(b) renders experimental values (circles)xf for the five different samples
fabricated, as well as the ones obtained from FDTD simulations (solid line). The concordance
between measurements and theoretical predictions is quite remarkable, especially when taking
into account that each experimental point corresponds to an average over a different set of
samples. We find that this agreement (previously reporte@3}) provides a clear support to

our proposal for a localized unidirectional SPP source.

Another way of looking at the role of surface corrugation is to consider its influence on
the fraction of the output energy that is radiated into vacuum. Given that some of the radiated
power is redirected onto the SPP channel for the condition of maxifagifsee field pattern
at figure8), we may wonder whether or not the radiated field is also modulated by the slit-to-
array separation. For that purpose, a new magnittigdecan be defined as the ratio between
the radiated energy with and without the grooves. According to our numerical simulations,
such an ‘out-of-plane efficiency’ presents a similar (but opposite) dependendetamnhat
of Er. In order to obtain experimental values fBg,, a new type of sample was designed
(see figurelO(a)). Now, the illuminating slit is flanked by two-groove arrays with the same
periodicity P = 390 nm, each one extending ouef3. No corrugation is present at the middle
part of the system, for it to be used as the ‘single slit’ reference. The array on the top is located
at a distancel; = 607 nm for which the coupling to SPPs rises to a maximur-at800 nm,
whereas a minimum appears for the distatice- 404 nm of the bottom one. Consequently, the
far-field radiation pattern of the composed structure is expected to predent a, ascending
staircase profile.

In figures10(b) and (c), we present PSTM images recorded at 800 and 3000 nm from
the surface of the sample. As can be seen, the intensity distribution along the illuminating slit
increases from the upper to the middle third, as well as from the middle to the lower. Although
this behavior is in qualitative agreement with our predictions, a rigorous determinattg;of
would have required extensive measurements similar to thoSg.dfnfortunately, such a pro-
cedure became impossible because of accidental fatal damage in the sample. However, we have
managed to obtain a rough estimate=gf; from available PSTM images: dashed rectangles in
figures10(b) and (c) mark the areas over a four-line averagé2b nm) longitudinal cross-cut
of each image obtained by means of WSxM softweB4].[ The resulting intensity profiles
at figure10(d) and (e), show a clear succession of steps, which we decide to characterize by
the arithmetic mean along the 5-micron central segment of each plateau. Numerical estimates
of Eoyt are then calculated as the ratio betwekend, and single slit values (see table at the
bottom left of figurel0). The coincidence of those estimates with the calcul&ggcurve in
figure 10(f) is amazingly good, which encourages us to carry out conclusive measurements in
the near future. With respect to figut&(f), we finally have to remark that the radiative-to-SPP
conversion seems to be more efficient than its opposite, as tay,as 2 for anyd.

4.2. Telecom measurements

Similar samples to those used in the NIR measurements were designed to operate at the telecom
range by upscaling the period of the array and its separation from the slit (see fifaje

New Journal of Physics 10 (2008) 033035 (http://www.njp.org/)


http://www.njp.org/

14 I0P Institute of Physics () DEUTSCHE PHYSIKALISCHE GESELLSCHAFT

z =800nm

8.0um

z =3000 nm

d, =404 nm

i

e e e 8.0um
100kV  X2,300 10um WD 15.6mm
85T gool 1 :
2 30l : @ i Z=3000 nm 659 ! (e)
E O [ = 700 1
= ! 5 1
% 251 : > 600 :
£ 20 ! £ so0p !
2 ] ° !
5 15l 5 400p !
> I > 0| |
= 10} =
g 1o 2 200 |
L o5} o !
< U £ 100f
00 ! 1 1 1 1 1 O 1 1 1 1 1
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 &5
X (um) X (um)
16
z=800nm 15l E (d)=143 (f)
E,(d,)=1.49/1.72=0.89 140
E, (d,)=2.53/1.72=147 3 18r
121
11+
z =3000 nm
1.0F
E, (d,)=398/459=0.87 ool

0.8+
07 C 1 1 1 1 1 1 1
200 300 400 500 600 700 800 900

Slit-to-array-distance (nm)

E (d,)=0.89

out

E,.(d,)~659/459 =143

Figure 10. Experimental estimate d&, at A = 800 nm. (a) Scanning electron
micrograph of the sample. The geometrical parameters are: slit ldngth
30um, slit width ag =104 nm, groove widtha = 75nm, groove depthw =

100 nm and array perio® =390 nm. (b) and (c) PSTM micrograph recorded

at distances of 800 and 3000 nm from the metal surface. (d) and (e) Average
longitudinal cross-cuts along dashed rectangles in images (b) and (c). Vertical
dashed lines mark the position of the slit. (f) Calculateg; as a function of
slit-to-array distance. Lower left table: summary of the experimental estimates
of Egut.
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Figure 11. Spectral dependence dgr at the telecom range. (a) Scanning
electron micrograph of the sample. The geometrical parameters are: slit length
L =50um, slit width ap =400 nm, groove widtha = 200 nm, groove depth

w =100 nm and array perio® = 750 nm. (b) Near-field image recorded with
the laser beam focused at the ‘isolated slit’ position of a sample @ith
3P/2=562nm. (Size= 70 x 26 um?, A = 1520nm.) (c) Same for slit+ array
focusing. (d) Spectral dependence Bk for slit-to-array distances ofl =
3P/2=1125nm (experiment. squares; theory: solid line) ahg 3P/4 =

562 nm (experiment: circles; theory: dashed line).

However, in this wavelength regime, we found a kind of instability in the illumination setup
that resulted in a noticeable variation of SPP intensity during the near-field scan process, which
takes about 45 min per image. As a consequence of those intensity jumps, the technique used to
evaluate the ‘efficiency ratio’ in the NIR became unsuitable. Instead, we fayras the SPP

New Journal of Physics 10 (2008) 033035 (http://www.njp.org/)


http://www.njp.org/

16 I0P Institute of Physics () DEUTSCHE PHYSIKALISCHE GESELLSCHAFT

signal ratio taken from each pair of near-field images (with and without side grooves) at the same
distance from the slit, where its non-plasmonic field contribution can be disregarded, whereas
the SPP signal is still substantial for the quantificatis®Qm). To decrease the uncertainty of

the thus obtained efficiency, a series of scans were performed for every structure and wavelength
measurements, conducting independent adjustments, with the subsequent averagirigiof the
values obtained. Hence, the errorkey represents a statistically estimated deviation.

A typical pair of near-field optical images is presented in figdrEb) and (c). For telecom
wavelengths, the SPP propagation length is increased a@@®.m. Figurell(c) features
a strong SPP beam propagating away from the slit in the direction opposite to the array and
thereby demonstrating unidirectional SPP excitation. Averaged results and estimated errors for
Er (previously reported inZ3]) are rendered in figuré1(d). Notice that the validity of our
proposal is now tested in a different way: for a given slit-to-array separdigms measured
within the wavelength range 1500-1620 nm, so that the phase difference descridgddy (
changed with the increasing wavelength, providing the conditions for constructive or destructive
interference. Obviously, this spectral dependence of the efficiency is different for different
slit-to-array separations, and we support that experimentally. For the case of the sample with
d = P+ P/2=1125nm,Eg decreases as the wavelength increases (with the only exception of
a sharp peak at 1520 nm), evolving from a favorable regiie~ 2) to one in which coupling
into SPPs is clearly diminished by the arrdyr(< 1). ConverselyEr =~ 2 for the sample with
d = 3P/4 =562 nm all over the range. As can be seen, the comparison between experiments
and modal expansion calculation is rather satisfactory.

Finally, we have to mention that the proposed approach for the excitation of localized
unidirectional SPP beams can also be combined with the appropriate design modifications to
create functional components for SPP focusing to a spot or tuning the SPP beam divergence. If
Er > 2 is expected for a given slit+ array set, its circular bending may produce a converging
Gaussian beam whose waist length and radius can be adjusted by means of the curvature. Several
curved SPP focusers have been previously achie¥gd{[39], but we find the mirror-blocked
back-propagation to be a plus. Although the rigorous modelling of SPP coupling at curved
structures is rather complicated and falls out of the scope of the present work, we &pect (
still provide a good estimation for the proper design of the structure, at least as a starting point.
On that assumption, we have fabricated several samples consisting of an arc-of-a-circle slit
flanked by the corresponding array of parallel bent grooves (see fitj@s-(c)). Geometrical
parametersy, a, w and P are the same as in figufiel, whereas slit-to-array distance is set to
d=3P/2=1125nm.

As shown in figured 2(d)—(f), the effect of SPP launching and focusing can be appreciated
already at the stage of far-field adjustment due to weak out-of-plane SPP scattering by surface
roughness. Near-field images of SPP excitation on those structures recorded at free-space
wavelength of 1520nm are presented in figl® These images clearly demonstrate the
property of a curved slit to excite a convergent SPP beam, with the effect being sufficiently
enhanced due to the side grooves @8,[37]). With the smallest radius of curvature (3@),
focusing to a confined spot having sizex3 um? is observed (see the cross-cuts in the lower
left panel of figurel3). The SPP beams excited on the less curved structures feature an
extended waist (figurek3(b) and (c)), which scales (at least visually) according to expectations,
providing a wider, and hence less divergent, SPP beam. That might be useful for particular
applications, e.g. in sensing of elongated biological samples or in coupling to low-numerical-
aperture waveguides.
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Figure 12. (a) Scanning electron micrograph of the curved structure,
characterized by slit and groove widths of 400 and 200 nm, respectively, groove
periodicity P = 750 nm, groove depthw =100nm and slit—groove distance

d = 1125 nm. Film thicknesh = 280 nm, curvature radiuR = 30um and slit
chord lengthL =40um. (b) and (c) Same foR =45um and R=60um.
(d)—(f) Far-field images of SPPs excited on the structures (a), (b) and (c),
respectively, recorded with a charge-coupled device camera.
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Figure 13. (a)—(c) Near-field images (size 6432.m?) of SPPs excited on
the structures in figuré2 at A = 1520 nm. Lower left panel depicts cross cuts
obtained from (a) by dissecting the SPP focal spot along longitudinal and
transversal directions.
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5. Conclusions

In conclusion, we have studied the SPP coupling-in at sub-wavelength apertures with back-
side illumination, presenting a novel proposal for the modulation of such a coupling-in by
means of a finite array of grooves. Our approach is based on a simple wave interference
model that, irrespective of the simplified description of some of the physics involved, has been
found to be in good agreement with both sophisticated computer simulations and experimental
measurements at NIR and telecom ranges. We find this to constitute a stimulating challenge for
further developments on a wide range of SPP devices.
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