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Two-Dimensional Micro-Optics of Surface Plasmons
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A technique that allows one to control the elastic scattering of surface plasmon polaritons (SP
i.e., the SPP scattering in the surface plane, by fabricating a specially configured set of indiv
microscatterers is presented. Various microcomponents for two-dimensional optics of SPP’s su
differently oriented micromirrors, microcavities, and a corner square micromirror, are demonstr
SPP field distributions at single-mode microcavities exhibit spatially localized (within,300 nm)
intensity enhancement by up to,5 times. [S0031-9007(97)02833-0]

PACS numbers: 73.20.Mf, 07.79.Fc, 42.25.Fx, 61.16.Ch
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Surface plasmon polaritons (SPP’s), i.e., collectiv
oscillations of the surface electron density, can be excit
along an interface between dielectric and metal in a bro
spectrum of frequencies: from infrared to ultraviolet, with
the only precondition being that a dielectric constant fo
the metal be negative [1]. Their electromagnetic field
decay exponentially into either of the neighbor media an
have their maximum at the interface. For this reaso
SPP’s are extremely sensitive to surface properties,
circumstance that makes SPP’s a useful tool for surfa
studies, e.g., for sensing surface contamination [2]. Th
development of near-field microscopy [3] has led to
among other new techniques, an exciting possibility t
locally observe and investigate various SPP propertie
from resonance field enhancement to localization [4].

This work has been impelled by the similarity betwee
SPP’s and waves propagating in planar (integrated op
cal) waveguides: Both are quasi-two-dimensional wav
propagating along the surface. However, in contrast
rather sophisticated structures developed in integrated o
tics [5], there is very little known about possibilities for
local controlling and directing SPP’s, especially in th
surface plane. Elastic SPP scattering, i.e., SPP scat
ing in the surface plane caused by surface roughne
has been studied with a scanning near-field optical m
croscope (SNOM), and surface structures that resemb
a microcavity [6] and a microlens [7] for SPP’s have bee
observed. It was in the course of these studies that t
idea of micro-optics of SPP’s as two-dimensional optic
of SPP’s with artificially created microcomponents ha
evolved [7]. Quite recently, local SPP excitation has bee
demonstrated by using a metal coated tapered fiber pro
as a radiation source [8,9] and by changing coupling co
ditions (in the Kretschmann configuration) with artificia
surface defects [10]. However, there have not been y
reportedartificial surface structures that couldelastically
scatter SPP’s. There are at least two serious reasons
explain such a gap in an otherwise impressive progre
achieved in locally resolved studies of SPP’s [4,6–10
Since, contrary to two-dimensional guided waves in inte
grated optics, the maximum intensity of the SPP field
0031-9007y97y78(14)y2823(4)$10.00
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located at the surface, it is easier by far to scatter SP
out of the surface plane than along it. In addition, the SP
propagation path is rather limited (by tens of micromete
in visible) due to the internal damping [1], a circumstanc
which severely limits sizes of possible optical componen
for SPP’s and compels one to look for new approach
rather than to follow the beaten track of integrated optic

In this Letter we propose to control the elastic SPP sc
tering by fabricating a specially configured set of individ
ual microscatterers and present the appropriate techni
together with first experimental observations. As far
the development of the fabrication technique is concern
it was clear from the outset that anelasticmicroscatterer
should be sufficiently large and with smooth boundaries
order to maximize the scatterer’s strength while preservi
an adiabatic perturbation. We believe that film materi
modification [9] can hardly be used for fabricating such
scatterer, as the influence of material properties on the S
characteristics is known to be very strong [1,2]. On th
other hand, some of the observed surface bumps dem
strated sufficiently effective elastic SPP scattering by e
hibiting well-pronounced interference patterns related
the interference between the excited and scattered SP
[6–9]. The technique that we suggest to use for creati
deliberately similar bumps is rather simple: One has
press an uncoated fiber tip against a metal film surface.
fact, we have a suspicion that some of those bumps
served [6,7] were created during the initial approach of
fiber tip toward the surface. Once tip displacements (to a
from the surface) at given surface points are controlled
set of surface bumps that exhibits specific scattering pro
erties can be fabricated.

The experimental setup used in this work consists
a stand-alone photon tunneling SNOM combined with
shear force based feedback system and an arrangem
for SPP excitation in the usual Kretschmann configur
tion (Fig. 1), and is described in detail elsewhere [6
SPP’s are excited along a 45-nm-thick silver film tha
has been thermally evaporated on a glass prism (refr
tive index n ø 1.52) in vacuum (,1025 Torr) during a
rather short time interval (,10 s) aiming at fabrication of
© 1997 The American Physical Society 2823
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FIG. 1. Experimental setup for imaging intensity distributio
of surface plasmons [(a) typical optical image of4 3 4.5 mm2]
simultaneously with surface topography [(b) correspond
surface image with the maximum depth of 76 nm], and for S
excitation [(c) angular dependence of the reflected light pow
LS, laser source; AOM, acousto-optic modulator; L, lens;
mirror; S, sample; PT, piezotranslator; OF, single-mode opt
fiber; and PMT, photomultiplier tube. The polarization of ligh
is parallel to the figure plane.

a smooth but relatively soft film. Thep-polarized (elec-
tric field is parallel to the plane of incidence) light bea
from a He-Ne laser (l ø 633 nm, P ø 3 mW) is weakly
focused onto the base of a prism with the silver fil
(focal lengthø 500 mm, spot size, 400 mm). Such an
arrangement allows one to increase a local intensity of
incident beam while keeping it within the angular wid
of resonant SPP excitation. The reflected light is detec
by a photodiode, and the SPP excitation is recognized
minimum in the angular dependence of the reflected li
power [1]. The appropriate angular dependence was m
sured in order to determine the resonant excitation an
[Fig. 1(c)]. By fitting the measured dependence to th
calculated for the three-layer structure, the film diele
tric constant´f and the appropriate SPP characterist
(the effective wavelengthlSPP and the propagation length
LSPP ) were determined [1]:́ f ø 216 1 1.08i, lSPP ø
612 nm, LSPP , 22 mm. The SPP local field is probe
with an etched (55 min in a 40% solution of hydrofluor
acid [11]) fiber tip that ensures both strong optical s
nal [7] and relatively faithful imaging [12]. The SPP ex
citation exhibited a well-pronounced resonance behav
[Fig. 1(c)] with the detected optical signal of up to 10 nW
at resonance. The average optical signal was more
2824
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20 times smaller if the incident angle was out of res
nance and/or if the fiber tip was moved,1 mm away
from the film surface. It means that the optical signa
which is detected with the tip-surface distance of a fe
nanometers (maintained with shear force feedback) a
with the SPP being resonantly excited, is related to t
SPP intensity distribution along the film surface [7]. F
nally, it should be noted that all images presented here
oriented in the way that the excited SPP propagates fr
the right side toward the left in the horizontal direction.

The sample (a glass prism with the silver film) ca
be moved to and from a fiber tip of our stand-alon
SNOM by using both the mechanical positioning syste
(for rough approaching with the accuracy of,1 mm)
and the piezoelectric translator (for fine adjustment w
the accuracy of,5 nm). Since shear force feedbac
has a finite time constant (,1 ms, in our case), one can
press a tip against a surface and, thereby, apply locall
considerable force on the film surface, simply by movin
sufficiently fast the sample toward the tip. Apparentl
by adjusting the speed and time of sample moveme
the applied force and the resulting effect can be eas
varied. It is our experience that gold and silver film
evaporated thermally (in a wide range of evaporati
parameters) are soft enough to be deformed with su
a technique, without breaking a fiber tip. In fact, th
same fiber tip has been used throughout all experime
In these preliminary experiments, the driving voltag
applied to the piezotranslator was controlled manual
Nevertheless, surface microdefects with similar scatter
properties could be repeatedly produced.

It has been found that the sample displacement o
300–400 nm during,1 s results in a micrometer-sized
surface structure that elastically scatters the excited S
with a noticeable efficiency. Typically, well-pronounce
parabolic interference fringes were observed due to the
terference of the excited SPP (with a plane phase fro
and the scattered SPP (with a cylindrical phase fro
[Fig. 2(d)]. Such a pattern could have been obscured
additionally present scattered SPP’s, especially for a re
tively weak scatterer [Fig. 2(c)]. High contrast observe
normally in near-field optical images (Figs. 1–5) points
the fact that the elastic SPP scattering is rather efficie
For the same reason, shadow regions are usually see
the lee of individual microscatterers (the shadows are
pecially pronounced in Figs. 2 and 3). However, it shou
be borne in mind that any surface defect contributes a
to the inelastic SPP scattering (out of the surface plane
well as to the nonresonance SPP excitation (in the first
proximation, it is independent on the angle of beam inc
dence). It is only because of the aforementioned (optic
signal dependences on the excitation angle and tip-surf
distance that these processes can be safely ignored in
present consideration.

Because of the axial symmetry of the fabricatio
process, one would expect to find circular shaped (dou
nutlike) microscatterers, but that is only approximately th
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FIG. 2. Gray-scale (a), (b) topographical and (c), (d) ne
field optical imagess4 3 4 mm2d of individual microscatterers
fabricated on a 45-nm-thick silver film. Depth of the top
graphical images is (a) 78 nm and (b) 84 nm. Contrast, i.e.,
relative difference between maximum and minimum detec
optical signal, of the optical images is (c) 94% and (d) 96%.

case [Figs. 2(a) and 2(b)]. The observed asymmetry
the scatterer’s shape is believed to be related to a pos
asymmetry of the tip shape and to a (vertical) direction
the tip resonant oscillations (amplitude,10 nm) used in

FIG. 3. Gray-scale (a) topographical, (b) near-field opti
image s1.5 3 1.8 mm2d, and (c) partial cross section of th
optical image of a single-mode microcavity. Depth of t
topographical image is 82 nm. Contrast of the optical ima
is 98%.
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shear force feedback. Since the fabricated microscat
ers are sufficiently large and asymmetrical, some angu
variations in the scattered SPP amplitude should be a
expected, e.g., a shadow region [Fig. 2(d)] in front of
sharp corner of the microscatterer [Fig. 2(b)].

We have also noticed that most of the created microsc
terers exhibited an appreciable intensity enhancemen
the SPP field inside scatterer’s walls [Figs. 2(c) and 2(d
It appears that the side walls of microscatterer produce
effect of thesingle-moderesonator (cavity) for SPP’s since
the separation of walls is just about half the SPP wav
length [Fig. 3(a)]. In addition, the maximum optical sig
nal (detected inside a microresonator) exhibited the sa
resonance dependence on the excitation angle as the
erage (SPP related) optical signal. The appropriate S
intensity distribution is of nearly ideal round shape, and e
hibits the intensity enhancement by,5 times with the full
width at half-maximum (FWHM) of,300 nm (ølSPPy2)
[Figs. 3(b) and 3(c)]. Such a microcavity is somewh
similar to the cavity formed by the walls of the metal coate
fiber tip [9], and can also be viewed as aSPP quantum dot
with distinct resonance properties. Dispersion of the m
crocavity showed up via the circumstance that the intens
enhancement was observed to vary strongly (from,1 to
,5) for similar structures (Figs. 1–5).

Different optical microcomponents for SPP’s can b
created by fabricating specially designed arrays of m
croscatterers. Several microscatterers lined up with sm
separations would evidently produce a mirror that refle
the excited SPP in accordance with the law of reflectio
The interference fringes due to the excited and reflec
SPP would then be oriented parallel to the mirror line, i.
to the line connecting microscatterers, and can be c
sidered as a two-dimensional analog of the well-know
Wiener fringes. Various differently oriented micromirror
consisting of only 2–3 scatterers were successfully fa
ricated (Fig. 4). Well-pronounced and properly oriente
interference fringes that are seen on the presented ima
demonstrate convincingly the efficiency of the creat
micromirrors.

It is clear that once the problem of fabricating m
cromirrors is solved, numerous components for SPP’s c
be designed and produced by using a micromirror as a
sic element. As an example of such a development,
present here a two-dimensional analog of a corner cu
mirror, whose main property is in reflecting incident ligh
in the exactly opposite direction (with any cube orient
tion). Following the concept developed above, we fab
cated a corner square micromirror consisting of only thr
scatterers that formed a right angle triangle (Fig. 5). T
appropriate near-field optical image is quite remarkab
and worth considering in more detail. Notwithstandin
a small image size, two regions with different kinds o
interference fringes can be distinguished. Inside the
angle of microscatterers, there are two sets of interf
ence Wiener fringes, each related to the reflection fro
an individual micromirror. Outside and to the right from
2825
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FIG. 4. Gray-scale (a), (b), (c) topographical and (d), (e),
near-field optical imagess2.6 3 3 mm2d of differently oriented
micromirrors. Depth of the topographical images is (a) 99 n
(b) 96 nm, and (c) 82 nm. Contrast of the optical images
(d), (e) 95% and (f) 88%.

the corner square micromirror, the two sets are gradu
transforming into fringes corresponding to the interferen
between the excited and backscattered SPP’s. This tr
formation manifests the transition from the region wi
single SPP scattering being dominating to the region w
double SPP scattering (due to successive reflections f
two micromirrors), and indicates one of possible pheno
ena involved in the formation of the backscattered S
observed recently on rough silver films [7,13].

In summary, we have presented a concept of mic
optics of SPP’s as two-dimensional optics of SPP’s w
artificially created microcomponents, which allow one
control and manipulate with elastic SPP scattering. T
appropriate technique for fabricating special configuratio
of individual microscatterers has been presented toge
with the first experimental observations of differently or
ented micromirrors, single-mode microcavities, and a c
ner square micromirror. The extension of the develop
technique for producing virtually any conceivable micr
component and their combination is relatively straightfo

FIG. 5. Gray-scale (a) topographical and (b) near-field opti
image s4 3 4 mm2d of a corner square micromirror. Dept
of the topographical image is 82 nm. Contrast of the opti
image is 95%.
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ward. One can easily combine tip scanning (along th
surface) with pressing it against the surface in order
fabricate linelike (straight and curved) structures (instea
of doughnutlike bumps). Taking into account a large fiel
enhancement due to the resonance SPP excitation [1],
believe that micro-optics of SPP’s (with near-field mi-
croscopy as a diagnostic technique) can find many app
cations, e.g., in local (linear and nonlinear) spectroscop
surface sensing, and, in general, as a tool for local stu
ies of two-dimensional wave phenomena on the subwav
length scale. One cannot help suggesting to fabricate
micro-SPP-laser based on a single-mode microcavity, e.
by placing a polymer microsphere doped with a dye in th
center of the cavity and pumping such a structure with
metal coated fiber tip as a radiation source [8,9].
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