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Abstract:  The excitation of surface plasmons by subwavelength slits i
metal films is studied using a rigorous diffraction modelisishown that
the plasmon is launched by a slit in antiphase with the intdideagnetic
field. This is true independent of slit width and of the metgd. Using this
phase information, maxima and minima in transmission apéa@xed in the
case of two and more slits.
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1. Introduction

Surface plasmons [1, 2] are electromagnetic surface waatsite bound to the interface be-
tween a dielectric and a metal whose permittivity has a megatal part. They exist only for
the TM polarization, i.e. when the magnetic field is perpeufldir to the plane of incidence.
The plasmon wave number is given by

EmE
kop =21/ Asp = | - " (1)

wheregn, and gy are the permittivities of the dielectric and metal mediurspextively. This
wave number is higher than the wave number of light in theedteic so that plasmons are not
excited by simply illuminating the interface. However, flyininating a corrugated interface,
the incident light is partly scattered into a surface plasnio a perforated metal film surface
plasmons are held responsible for enhancing [3] and frirstr4] transmission of the incident
light. While it is now widely accepted that surface plasmolay @a role in the enhancement of
transmission, the exact mechanism is still subject of rebgd—15] .

Transmission maxima found in experiments with slits aready quite well reproduced with
rigorous models and elaborate semianalytical approxonafi5], but the interpretation of these
model results is not always intuitive. In this paper, plasreohanced transmission is for the
first time accurately explained using the phase of exciteadmbns in a conceptually simple
model of a plasmon interfering with an incident plane wave waith other excited plasmons.
Next to accurately predicting the transmission maxima amdma in a two slit experiment, it
also explains the strong suppression of transmission imadith more slits.

For this purpose, we use a rigorous diffraction model tosthé amplitude and phase of
the surface plasmons that are excited at slits in a gold ftlia.found that the plasmon wave is
excited roughly in antiphase with the incident light. Thesult holds for all slit widths smaller
than the wavelength and is relatively independent of thetfilickness. It appears to apply not
only to gold but to other reflective metals as well.

In Section 2 we briefly describe the rigorous diffraction mloblased on the finite element
method that we have used. In Section 3 we present an analgtipeoximation for scattering
at a slit in a perfect conductor. The analytical approxiomats used to verify the numerical
results of the rigorous model. The paper then continues $udsing calculations concerning
the geometries depicted in Fig. 1, namely a single and a dalibiin a metal film. In Section
4 we determine the amplitude and phase of a surface plasnmamaged at a slit in a gold film
by a TM polarized plane wave\ (= 800nm).
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Fig. 1. The structures used (a) A gold film with thicknesgth a single slit with widthwW
suspended in air. (b) A gold film with 10nm thick titanium coating on a glasstsaibsn
air with a single slit. (c-d) As a-b but with two slits.

In Section 5 the relation between surface plasmons and eatldransmission through sub-
wavelength apertures is investigated by adding a secarto sie geometry. The scattering by
the second slit of a propagating surface plasmon excitedhéyirtst slit is studied by illumi-
nating only the first slit with a TM polarized spot. In Secti6rwe consider a perpendicular
incident plane wave which illuminates both slits and we deiee the far field transmission
enhancement. The transmission maxima are explained by tisérphase information that we
found for plasmons launched by a single slit. The doubleesitilts are then linked in Section 7
to the transmission behavior of a periodic array of slits #igfiag more slits to the air-gold-air
structure.

2. Simulation setup

To visualize surface plasmons, the electromagnetic nddrifiecalculated using a finite ele-
ment model (FEM) at a gold film perforated with slits. A soledltotal field/scattered field
formulation is used with clear advantages. In the FEM modeduthe total electromagnetic
field is written as the sum of the so-called zero fidid,H), which is the field in a geometry
consisting only of the multilayer without slits, and the tseeed field ES®@ HS®®), which is the
field scattered by the slits. The zero field can, of coursealmitated analytically.

Since surface plasmons do not occur in the zero field, they shwoin the scattered field
at the surface of the metal. By plotting the scattered fialdase plasmons can be visualized
even on the illuminated side of the metal film because thelartiand reflected field of the
multilayer do not obstruct the view.

A Perfectly Matched Layer (PML) [16, 17] is used to truncdie tomputational domain.
The scattered field is transmitted into the PML without reftecback into the computational
domain. Furthermore, all scattered waves that enter the Bidlabsorbed, independently of
their direction of propagation and polarization. A PML al®the problem of having to impose
a complicated rigorous boundary condition which follonanfrthe radiation conditions for the
scattered field. Instead, the scattered field is simply sedleiq zero on the outer boundary of
the PML.

The PML is in general a very suitable method to truncate thrapegational domain, but
when plasmons are excited it must be applied with care. Rlasriravel along the interface
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and thus propagate directly into the PML to the left and righthe computational domain. In
the vertical direction, however, the plasmon field does mopagate and extends relatively far
(several wavelengths) into the dielectric. Consequeintlihe part of the PML that is parallel
to the metal film the plasmon field is hardly absorbed unles$H#iL is chosen very thick and
unphysical reflections from the outer boundary of the PMU wilcur. One could choose to
extend the computational domain far enough in the verticaction so that the plasmon field
is sufficiently decayed, but when we consider structuresids as 40 wavelengths we need to
keep the computational domain as thin as possible to avodaneproblems.

In the case of vacuum wavelength=800nm, which we consider throughout this paper, the
PML has to be 5 times wider for the TM polarization i.e. wheagphons are excited, than for
the TE polarization for which plasmon waves do not occur. fBason is that the.component
of the plasmon wave vector is purely imaginary and givelkhy ~ 0.2 koi. Note that for non-
absorbing metalk, s, = 0, so that the upper PML does not damp the plasmon at all. Heyvev
also in this case reflections can still be prevented by usiag\eumann condition on the outer
PML boundary instead of the Dirichlet condition.

3. Analytical approximation

To verify the numerical results of the rigorous FEM model, made a comparison with an
approximate analytical model. In the simple analytical elpdhich is based on a mode ex-
pansion [18, 19], the metal is assumed to be a perfect comd(RREC). Again using a zero
field/scattered field formulation, the magnetic field of teeazfield above the metal is given by
a perpendicular incident and specular reflected component:

HY (x,2) = exp(—ikoz) + exp(ikoz), 2

where we assume a expiwt) time dependence. The scattered field abéif® &nd below H)t,)
the metal are given by a plane wave expansion:

1 /> . . .
Hx2) = o [ Sl expl—ikix-+ikz2) dk )

HY(x,2) %T /_ Z Al (ke) expl—ikex — iky(z-+ 1)) ks )

The field in the slit can be expanded in waveguide modes tbaggiate or are evanescent in the
z-direction. We approximate the field by using only the firgigagating and reflected mode,
which have amplitudes that are independent iof the slit, while the field is zero in the metal:

HY (x,2) = Agexp(—ikoz) + Boexplikoz).  (inside the slit) (5)

The amplitude:ﬂ)?(kx), Ao andBy are determined by imposing interface continuity condgion
The Fourier integral of Eq. (3) is approximated using a stetiy phase method [20] to obtain
the field behavior on the upper surface at large distances tine slit. For the magnetic field
amplitude one then finds:

2(Ao—Bo)
(271koX)

Hence, the plasmon amplitude oscillates with slit widttand a minimum is expected at a slit
width equal to the wavelength.

IHS(x,0)| = sin(koW,/2). ®)
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Fig. 2. Amplitude and phase of surface plasmon excited when a TM pataplane wave
(A = 800nm) is incident on the air-gold-air structure (FEM sym), the air-gi¢deium-
glass structure (FEM asym) and the analytically calculated PEC film in air XRE®@)
Varying the slit widthw for constant film thickness = 200nm. (right) Varying the film
thicknesg while keeping the slit width constant\at = 200nm.

4. Single slit

We determine the amplitude and phase of a surface plasmarajed at a slit in a gold film
(eau = —26.2+ 1.85i) of thicknesg = 200nm suspended in air, see Fig. 1(a). The witltbf
the slit is varied. The structure is illuminated from aboyeabTM polarized plane wave with
A =800nm, so that there is only one magnetic field componenh (w&pect to the coordinate
system defined at the top right of Fig. 1, the magnetic fielehfgoin they-direction). Since
complex fields are computed, the phase of the total field isvkrat every position.

Light transmitted by the slit excites surface plasmons enldwver surface of the metal. To
separate effects caused by plasmons on both interfacedsweerformed calculations for a
structure depicted in Fig. 1(b) where a thin 10nm layer @hiiim Er; = —2.85+ 19.1i) is
added to the side of the gold film that is not illuminated arelrttetal multilayer is placed on a
glass €glass= 2.1) substrate, similar to Ref. [8]. The titanium-glass ifdee supports plasmons
badly, so that far away from the slit:(14um) only the plasmons on the gold-air interface exist.

The amplitude of the surface plasmon generated at a sirigleishinated by a TM polarized
plane wave, for which we use the absolute scattered fielcevalul4:m distance from the
slit, is shown in Fig. 2 as a function of slit width. The field lstum distance is still a good
approximation for the plasmon amplitude, since the plasfiebethdecay length is about §@n.
The oscillatory behavior is similar to the prediction of #ygproximate formula Eg. (6).

Related to this oscillation is the behavior of the phase efflasmon. We will regard the
center of the slit as the effective location where plasmaigirate. In our simulations, we
set the phase of the incident magnetic field on the upper reetice to zero. The calculated
scattered field is then sampled at many points at a distantteetslit between 5 and 14n.
The field of these points is propagated back to the centeredlihusingks, of Eq. (1) and the
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phaserpé‘p? is defined as the mean value of the phases that are thus fohade3ulting phase
¢§’,§’ may be considered as the phase of the excited plasmon atritex oéthe slit relative to
the phase of the incident magnetic field. We emphasize tbq]hhsa;bgp’,’ is different from the
phase of the total (and scattered) magnetic field deternah#te slit entrance such as plotted
in Ref. [9]. Our calculations of the total field near the shit@nce agree with the results in that
paper.

Figure 2 shows that especially for the air-gold-air strm;tpé’r’,’ is fairly constant and equal
to 7 for all slit width W < A. Near 800nm, there is a minimum in plasmon amplitude and a
jump of 11 of the plasmon phase where the complex magnetic field veois ffom near the
real positive axis to near the real negative axis. The plasph@ase on the upper surfam&iﬁ'ﬁ,
and its amplitude varies with the thickness of the metal bseaf the waveguide resonance
in the slit, but this oscillation is small. The results apptahold not only for gold but other
metals as well. The phase calculated with the analyticaleqapation for the PEC film is not
nearrt, since we only used the first propagating and reflected motieiglit. Interestingly, the
phase ofrt for the magnetic field of the surface plasmon agrees with tiase ofrr/2 for the
Ex component determined by Lezetal for their so-called CDEW surface wave [10].

The phase of the plasmon excited on the lower surface at titeraef the slit relative to the
transmitted ﬁeldgbgg,"’” is not plotted, but is found to be more sensitive to variatiokV than
¢s“,?,’. This plasmon is launched approximately in phase with #westmitted field at the slit exit,
just as the plasmon on the upper surface is launched appatadiyrin phase with the scattered
field at the slit entrance. The phase of the surface plasmahenpper surface is thus only
almost constant and if we regard it relative to the phase of the incident field.

-05 -0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5
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Fig. 3. (1.0 MB) Movie of real magnetic fieldd() at a gold film with two slits 15.8m

apart. Only the slit ak = Onm is illuminated with a TM polarized spot focused in the
direction only. The field at the not-illuminated slit is shown. The plasmon oriciver

surface is weak because of a 10nm thick titanium layer. Shown is the egaletic field
Hy.

5. Double slit: focused spot

The role of the plasmon phaqbéé’ in enhanced transmission is investigated for a structutte wi
two slits (W = 200nm, d = 15/8m) in a 200nm thick gold film on a glass substrate, see also
Fig. 1(d). A thin 10nm thick layer of titanium coating betwethe gold and the glass prevents
plasmons to propagate on the lower metal surface. A perpealadiincident TM spot focused
solely in thex-direction @ = 800nm) illuminates the left slit only. A plasmon travels tre t
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upper metal surface from the left to the right slit where temacts as can be seen in Fig. 3.
Part of the plasmon energy is transformed into a waveguidgenod the right slit and is then
transmitted. Another part of the incident plasmon hops dkerslit and continues to travel
to the right. FolW < A, the phase of the plasmon after hopping over the secondsdfitei
same as for the situation that there is no second slit (ph@sgge due to hoppirg0.05m). A
small part of the surface plasmon is reflected. For apprigpdestances between the slits, the
reflected plasmon causes a second order enhancement afriemission through the left slit.
This reflection is too small to be visible in the animation avelwill further ignore it.

6. Double slit: plane wave

The results of the previous section can be used to betterstade enhanced transmission.
Enhanced transmission occurs if the total power transaitt® the far field per unit distance
in they-direction, T, normalized to the power incident on the slit ar@ég,is larger than one.
We will distinguish two separate although related mechmasiwhich play a role in enhanced
transmission.

1) The interference of excited surface plasmons with thidémt field (Fig. 4(a))This mech-
anism is based on the idea that when the electromagnetidritelasity at the slit entrance (and
exit) is increased, transmission is increased. On the iflatad side, the excited plasmons will
interfere with the incident plane wave at the slit entrafi¢e diffuse scattered field at the slit is
small compared to the incident field and may be neglectedeSire phas¢§‘,;‘,’ is taken relative
to the incident field at the slit entrance, the plasmon e#atsone slit interferes constructively
with the incident field at the other slit when:

2md/Asp+ @ =2mm,  (m=1,23,...), (7a)

with d the distance between the centers of the slits. Beopé',&e 1T, this condition corresponds
to maximal enhanced transmission when

2md/Asp~ m(2m—1), (M=1,2,3,...), (7b)

so that it occurs when the slit distance is an odd number 6plemon wavelengths. Similarly,
transmission is frustrated when the distance between tbeslitg is an even number of half
plasmon wavelengths.

On the side of the film that is not illuminated, plasmons ifeler with the field at the exit
of the slit. This field is composed of an angular spectrum ahplwaves, both propagating
and evanescent, see Eq. (3). Hence, the problem is more eotijgn on the illuminated side
where we could just add two known plane waves (that of thenpdasand the incident field).

—

[

(a) (b)

Fig. 4. Schematic view of two transmission mechanisms for a plasmon eéxtitme slit
interacting with another slit. (a) The interference of excited surface mlaswith the in-
cident field. (b) The interference of plasmons excited at different slits

2) The interference of plasmons excited at different diitg. @(b)). According to the results of
the previous section, a surface plasmon excited at a slitwfilrst order of accuracy not gain
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a phase shift when it passes over other slits. Hence, if wedodathe surface outside the two
slits the plasmons will constructively interfere if the tdisced between the slits is an integer
number of plasmon wavelengths, i.e.

2md/Asp=2mm,  (M=1,2,3,...). ®)

If the plasmons interfere constructively, energy is cagduwn the metal surface and will prop-
agate until it is absorbed by the metal. This energy is lodtiamot transmitted by the slits.
Hence, constructive interference between plasmons exattdifferent slits causes a decrease
in transmission. However, when the plasmons interferedetstely, only little energy is cap-
tured on the metal surface. Obeying energy conservationtl@venergy must, therefore, be
concentrated at the slits where it enhances transmissioenWiore slits are added, the min-
imum in transmission will be more pronounced, because masmvill cancel out more and
more except when the resonance condition of Eq. (8) is sisfi

Hence both mechanisms predict maxima and minima in trasgonigor approximately the
same slit distances. While the first mechanism gives preeises of the slit distance for which
maxima and minima in transmission occur, the second mestmadetermines the amount of
plasmon energy available for transmission enhancemenexample of the constructive and
destructive interference of plasmons is clearly visiblgtansides of Fig. 5. Of course, the two
mentioned mechanisms can only describe the complete plereoapproximately.

d\“llmnmnumnnmmﬂlll“h

ﬁ’””””””m””””””””””‘r

X [nm]

IR

z [nm]

X [nm]

Fig. 5. The scattered fielthy“d for two slits illuminated by a TM plane wava (= 800nm)
with slit distanced corresponding to (top) a minimum in transmissiordat 14.8um and
(bottom) a maximum in transmissiondi= 15.3um. Outside the two slit region, construc-
tive interference of plasmons is visible in the top image and destructivéerdgace of
plasmons is visible in the bottom image.
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Fig. 6. Normalized transmission for two slits illuminated by a TM plane wave 800nm)
as function of the separation of the slits and for three slit widths. The leftploesponds
to the air-gold-titanium-glass structure and the right plot to the air-goldtaictsire. The
circles indicate the maxima and minima as predicted by the plasmon phasedidtam
the single slit experiment.

We investigate the enhanced transmission of the doubkslitture by using a TM polarized
plane wave to illuminate both slits simultaneously, see &itn our simulations, we vary the slit
separation while keeping the wavelength fixed. Varying tagelength causes other parameters
of the experiment to vary as well, such as material propeaiel the effective metal thickness
and slit width, which would complicate the interpretatidritee results.

The slit separation is varied for about one wavelength atdium so that we expect to find
a minimum and a maximum in the transmission according to #ug). (Figure 6 shows that a
minimum transmission indeed occurs when the slit separaiapproximately an even number
of half plasmon wavelengths, while a maximum transmissamucs near an odd number of half
plasmon wavelengths. The exact slit separations wheremnaeaind minima are expected from
the phase of the plasmon in the single slit experiment a@ @ddpicted and agree with the
rigorous FEM calculations.

7. Multiple slits

Suppose a third slit is placed a few microns away from theratliis. We consider again illu-
mination by a perpendicular incident TM plane wave. If thisd slit is placed such that there
is maximum transmission with the other two slits, there wit be much further enhancement
of the transmission compared to the case of two slits, simesdtattered plasmon field outside
a two slit interaction region is already quite small (Figaby little energy is scattered laterally
away from the slits. In contrast, such a third slit placeddisgance corresponding to minimum
transmission will only increase the amount of plasmon eneeptured on the metal surface
and therefore reduce the transmission. Hence, we do notestpetransmission to increase
much by adding more slits at appropriate distances, wheneashibition of transmission can
be enlarged by using more slits.

The normalized transmission as a function of slit sepandto structures with 2, 3, 4, 8, 16
slits, and for a periodic slit array is shown in Fig. 7. Theipeic result agrees well with other
calculations of periodic slit arrays [6, 7]. As expected, ttansmission maxima do not become
much stronger for more than 3 slits and seem to flatten. Thsmgsion minima, however,
drop to zero rapidly at exactly an integer number of plasmawelengths, as predicted by Eq.
(8). All plasmons on the top surface interfere construttiand transmission is completely
inhibited. For a multislit problem the mechanism relatedrtotual interference of plasmons
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takes precedence over the mechanism that describes theriatee of plasmons with the in-
cident field which described very well the location of the blieuslit maxima. There are still
strong maxima visible for a film thickness bf= 200nm for slit separations just smaller than
the transmission minima, which are absent when350nm. At a thickness of 200nm, there
is a waveguide resonance peak that causes maximal trareméssl enhances the coupling
between the field on the top and bottom interface [7]. The maxare not caused by plasmon
waves since their amplitudes are small due to destructiegférence. Since transmission can
not be much enhanced by increasing the number of slits useiddir slit arrays are contrary
to what is sometimes stated not at all efficient for obtai@nganced transmission [4, 7].

TITO
o

L=

=\

500 1000 1500 2000 2500 3000
slit separation (d) [nm]

Fig. 7. Normalized transmission for a structure with 2, 3, 4, 8, 16 slits apdriadic
structure withV = 200nm and = 200nm illuminated by a plane wava & 800nm). The
bold lines correspond to calculations with= 200nm and = 350nm. Differences between
the plot of the periodic structure and the 16 slit structure mainly originatausecfewer
points are calculated for the 16 slit structure.

8. Conclusion

A metal film with a subwavelength slit illuminated by a TM pimwave launches a surface
plasmon from the center of the slit which is in antiphase whhincident field, independently
of the slit width provided this width is smaller than the wigrggth, and independently of the
thickness of the metal. This phase differencetofias used to explain enhanced and reduced
transmission for a two slit problem. It is also shown from tloeible slit experiment that plas-
mons mutually interfere. The slit distances of constrectiverference are a multiple of the
plasmon wavelength. Due to the constructive interfereadet of energy is captured on the
metal surface and scattered laterally, and hence conig&unterference of plasmons on the
illuminated side corresponds to a minimum in transmisdram.structures with many slits and
in particular for periodic arrays, the minima in transmissare very pronounced. With the
rise of methods for measuring the phase of plasmons expetathe[21] next to rigorous 3D
calculations, this research can be validated and extewdsithple hole structures.
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