
VOLUME 77, NUMBER 18 P H Y S I C A L R E V I E W L E T T E R S 28 OCTOBER 1996
Imaging of Surface Plasmon Scattering by Lithographically Created Individual Surface Defects
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A new technique for direct-write ablation on a 100 nm scale has been implemented in a photon
scanning tunneling microscope setup. This combination allows us, for the first time, to study surface
plasmon scattering byin situ created individual surface defects, while the sizes and shapes of the
defects are varied. It is found that, within a certain range of size, a hill on an otherwise flat surface
can be a source of a micrometer wide plasmon beam. Another new observation is that the effective
cross section of a defect can be substantially larger than its visible geometrical size. These results
suggest possible practical applications of surface plasmons in two-dimensional optical arrangements.
[S0031-9007(96)01521-9]

PACS numbers: 73.20.Mf, 61.16.Ch
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The surface plasmon (SP) is a fundamental electrom
netic excitation mode of a metal-dielectric interface [1
The electromagnetic field of the SP decays exponentia
with distance from the interface into each of the boundi
media. The SP is free to propagate along the metal s
face. Its mean free path is determined by the quality
the surface and Ohmic losses. If the surface is perfec
flat then Ohmic loss is the only channel for decay sin
the momentum conservation law prohibits SP convers
into photons. In the visible range the SP mean free p
on a silver surface is limited to about 50mm but can ex-
tend to many mm in the infrared region. Similar wave
exist on the surfaces of a number of dielectrics and se
conductors. Since the properties of SPs depend stron
on the properties of the interface along which they prop
gate, they have found applications in surface analysis [
But until recently there was no tool for the direct stud
of SP propagation, since the SP field decay length p
pendicular to the interface is on the order of 100 nm
the visible range. The development of near-field sca
ning optical microscopy (NSOM) has opened the way
probe the SP field [2,3] above the surface and to visual
its distribution [4,5]. The extension of SP studies to th
control of SPs by two-dimensional optics is anticipate
However, to date, there has been no attempt to crea
real two-dimensional optical element for SPs.

We have developed a novel direct-write lithograph
technique that allows us to create submicron size p
terns on virtually any opaque surface. This technique i
plements a standard NSOM/shear force microscope (
version of this microscope is described in [6]). Th
use of uncoated UV grade tapered fiber and nanos
ond pulsed 248 nm excimer laser light allows us to d
liver an estimated 200 GWym2 UV light power into a
tip-sample region smaller than200 3 200 nm2 during a
single laser pulse. This power is sufficient for local su
face ablation of gold or silver and local melting of silico
without melting of the transparent UV fiber tip [7]. The
topographic changes caused by UV irradiation are imm
diately recorded by the shear force microscope. The
0031-9007y96y77(18)y3877(4)$10.00
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veloped technique is to some extent similar to scannin
tunneling microscopy lithography but is not restricted by
the conductance of the sample surface. We have impl
mented our lithography technique to study the scatterin
of surface plasmons byin situ created individual surface
defects and to create some prototype two-dimensional o
tical elements for SPs.

In our experiment, SPs are excited in an attenuated to
reflection (ATR) arrangement [8] on the surface of an
80 nm thick silver film evaporated onto the hypotenus
face of a right angle glass prism (Fig. 1). An unfocuse
He-Ne laser beam is used for the excitation of the SP
Wave vector matching to the SP mode at the silver
air interface is achieved when light is internally inciden
on the silver film at an anglea  arcsinhfeAgysegeAg 1

egdg1y2j  42±, where eAg and eg are the dielectric
constants of silver and the glass prism (this value stem

FIG. 1. Schematic view of the experimental setup. Dispersio
curves for surface plasmons and photons in air and in glass a
shown in the inset.
© 1996 The American Physical Society 3877
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from the SP dispersion relation in the thick film limi
[4]). The thickness of the film is slightly less than th
decay length of the SP field into silver, so the coupling
fields between the top and bottom interfaces is sufficie
for effective SP excitation. The SP local field is probe
with an uncoated adiabatically tapered fiber tip which
drawn at the end of 200mm UV fiber by heating it with
a CO2 laser beam in a micropipette puller. The fiber ti
can be scanned over the sample surface with a cons
tip-surface distances,5 nmd by the shear force feedback
described elsewhere [6]. Therefore, surface topograp
can be imaged with a resolution on the nanometer sca
while simultaneously recording a near-field optical imag
corresponding to a distribution of the SP local fiel
intensity near the film surface. This configuration of
near field microscope is usually called a photon scanni
tunneling microscope (PSTM) [9]. For the purpose o
lithography the free end of the fiber can be connected
the output of the 248 nm excimer laser. The laser pow
is easy to attenuate in order to change the size of defe
in the film.

We present images of the optical near field aroun
in situ created single defects having different shapes a
sizes. These images result from the scattering of the
field by the defects. They also contain an evanesc
component of the totally internally reflected He-Ne las
beam used for the excitation of SPs. But this evanesc
component does not propagate along the surface, so
can distinguish its contribution from the contribution o
SP field scattering. The internal halftone contrast is us
in the images with the difference from black to whit
corresponding to the difference between the lowest a
the highest level of the optical signal in the image.

At maximum laser power, a single nanosecond U
pulse delivered to the silver film surface by the uncoat
tapered fiber was able to ablate a hole through the 80
thick film. The topography of such a defect looks like
crater with an approximately 0.5mm hole in the middle.
The optical near field has a strong maximum aroun
the hole because the glass prism surface is almost c
of metal in the hole, and we see the near field of th
totally internally reflected He-Ne laser beam used for th
excitation of SPs. By attenuating the UV laser puls
power we are able to make craters of shallower dep
and smaller diameter. Craters may even disappear
lead to a hill at the irradiated site. Such hills created
approximately3

4 of the initial power are shown in Fig. 2.
Strong maxima of the optical near field are again se
around these hills. The surprising new feature of the ne
field image in Fig. 2(b) is the appearance of quite stro
and narrow beams (their cross section is about 1mm)
shining from the hills in the direction determined by th
He-Ne laser beam used for SP excitation. These “beam
are localized within the surface. The near-field intensi
seems not to change significantly along the 7mm length
of the left “beam” visible in the image. On the othe
3878
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FIG. 2. Topography (a) and optical near-field distribution (b
(color) around two plasmon flashlight structures. The uppe
right corner of image (a) is an artifact caused by feedbac
saturation.

hand, a far-field image taken 7mm away from the surface
appears completely dark on the same halftone scale.
number of images taken at intermediate distances sho
exponential attenuation of the beam “brightness” with th
increasing distance from the surface. Evidently, we se
surface plasmon beams shining from the peaks of th
optical near field around the hills. We refer to thes
structures as plasmon “flashlights.”

In order to understand why a plasmon “flashlight”
structure is possible, we should remember that at a giv
frequency the momentum of a surface plasmon is larg
than the momentum of photons in a vacuum. In our ATR
geometry, plasmons gain their momentum from photon
in a glass prism that have larger momentum. So, the d
rection of plasmon propagation is determined by the d
rection of the incoming He-Ne laser beam. Defects o
the surface can destroy plasmons, since the momentu
conservation law is no longer valid in the vicinity of a
defect (a defect breaks translational symmetry of the su
face). But, because of the reciprocity theorem, defec
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can also increase the plasmon creation rate by photo
Although the coupling conditions are worse around t
hills in Fig. 2 (phase matching conditions are corrugate
the strength of the near-field maxima around the hills pr
vides stronger overall coupling between photons in gla
and surface plasmons. This fact is actually used in a
other experimental technique for plasmon excitation: ed
diffraction geometry [10]. In this geometry, plasmons a
excited by a laser beam shining at some defect (for
stance, a razor blade edge) that is brought close to
metal surface. The plasmons are created near the de
and propagate along the direction of the laser beam. W
plasmon beams generated in such a geometry were u
in SP Fourier spectroscopy [1]. Still, it is quite surprisin
that it is possible to create such a well defined microme
wide plasmon beam on the surface. One can anticip
the use of such flashlights in miniaturized surface che
istry sensors.

Further attenuation of the UV power during the lithog
raphy process allows us to create smaller surface defe
and study plasmon scattering by these defects. The
sults of these studies are shown in Fig. 3. The UV pow
used to create these smaller defects was approxima
1
2 of the initial power. We cannot see bright near-fie
maxima around these defects anymore. Instead, we
prominent shadows behind the defects (the direction
plasmon propagation is shown by the arrows). Two ch
FIG. 3. Topography (a),(c) and optical near-field distribution (b),(d) around smaller defects created at about1
2 of the initial power.

The direction of plasmon propagation is shown by the arrow. Shadows are seen behind the defects.
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acteristic features of these figures emerge. The source
the shadows appear to be larger in the near-field ima
than might be expected from the topography. [Compa
son of these images with the near-field image in Fig. 2(
shows that this effect does not stem from the resoluti
of the near-field images.] Also, the shadows have an
gular shape with different but rather large angle value
The angle values cannot be accounted for by diffractio
The diffraction angle can be easily estimated from the u
certainty principle:b , dkplykpl , lplys2pdd, where
lpl  590 nm is a plasmon wavelength andd is the size
of a scatterer. A micrometer size scatterer gives diffra
tion angle values on the order of 5±. This value is consis-
tent with the rather small visible width of the SP beams
the plasmon flashlights in Fig. 2.

The simplest explanation of the observed discrepan
between the visible sizes of the shadow sources in
near-field and topographic maps could be that the act
size of the scatterers is not the one that is seen
the surface topographic map. The bulk structure of t
silver film can be deformed around the surface defe
Also, the chemical composition of the surface oxide lay
(and/or absorbed layer) could be changed under U
irradiation on a much larger scale than the visible si
of the defect. Precise control of these parameters wo
require experiments under ultrahigh vacuum condition
But, there is also strong theoretical evidence that t
3879
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visible size of even a point scatterer in the near-fie
map may be on the order of some micrometers. Let
imagine a point defect on an otherwise ideally flat met
film surface. This defect is irradiated by a plane surfac
plasmon wave. The defect breaks translational symme
of the film surface. The SP wave can transfer part o
its momentum to the defect and decay into a photo
Consider the cross section of the point defect for suc
a process. This point defect can be Fourier decompos
into a set of diffraction gratings with periods from zero
to infinity (in reality, the upper limit is the inverse atomic
size). Since SP scattering is a linear process, we can tr
the SP interaction with each diffraction grating separatel
Each grating can change the momentum of a plasm
by a multiple of its inverse period. Most probably the
plasmon momentum will change by only one invers
grating period. If the inverse grating period is smalle
than the difference between the momentum of plasm
and the momentum of photon, then plasmon decay w
not happen. Hence, only gratings with sufficiently larg
inverse periods will interact with the plasmon. In orde
to find the cross section of the point defect, we shou
cut off the Fourier spectrum of the defect at wave vecto
less than the difference between the plasmon and pho
wave vectorsskpl 2 kphd and perform an inverse Fourier
transformation. Such a procedure gives an effectiv
cross sections , 1yskpl 2 kphd. This cross section is
s , 1.6 mm at He-Ne laser wavelengths. This value i
consistent with the effective sizes of the shadow sourc
in Figs. 3(b) and 3(d).

The cross sections is, in fact, only the cross section
for an inelastic process: the decay of a plasmon in
a photon. The elastic cross sectionse of plasmon to
plasmon conversion could be larger. In this process t
plasmon changes its propagation direction, but the val
of its momentum remains the same. Similar to inelast
scattering, the elastic cross section for the deflection
a plasmon at an angleb in the Born approximation is
determined by the Fourier component of the scatter
at the momentum transferreddk  2kpl sinsby2d. The
symmetry between deflection at anglesb and 2b is
broken when the real SP wave packet (instead of t
plane wave) passes by the defect with a nonzero collisi
parameter. These reasons could explain qualitative
the angular shape of the shadows in Fig. 3, althoug
these angles are still rather large. The scattering of
surface plasmon from a point defect remains an unsolv
theoretical problem.

We have used created surface defects to make anot
simple two-dimensional optical element that we refer t
as a “beam stop.” The SP field distribution around th
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FIG. 4. Optical near-field distribution around a plasmon bea
stop structure.

element is shown in Fig. 4. A number of defects simila
to the one in Fig. 3(c) were created along a single lin
at distance about 1mm from each other. The near-field
image shows some increase in the optical field around
defects and a prominent dark shadow behind the line
defects. Thus, an effective optical shield has been crea
that does not allow plasmons to pass by.

In summary, we have constructed a novel combin
PSTM/direct-write lithography setup that has allowed u
to study the scattering of surface plasmons by individu
defects, while continuously adjusting their shapes a
sizes. We have demonstrated simple prototype SP opt
elements such as the plasmon flashlight and beam s
We believe our technique has the potential to crea
analogs of any three-dimensional optical devices in tw
dimensions. Similar techniques can be used not only
the two-dimensional optics of surface plasmons on me
surfaces but also in the optics of any surface waves
semiconductors and dielectrics.
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Julius Goldhar and Saeed Pilevar.
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