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Abstract 

The design of tips is of outstanding importance to obtain maximal efficiency in scanning near-field microscopy. As a 
support towards this optimization, this work presents the computation of the electromagnetic field penetrating into two- 
dimensional tips. The investigated geometries consist of elongated two-dimensional dielectric slabs (glass) terminated by 
pointed tips. Distributions of the electric field amplitude inside and outside two-dimensional models of tips are computed 
and from those solutions, far-field differential cross-sections are obtained. 

1. Introduction 

In the early eighties, the exploitation of near-field 
effects expanded the resolution of optical microscopy 
down to the mesoscopic dimensions (lo-100 nm) 
[ 1 ] . Since then, a broad variety of scanning near-field 
optical microscopes (SNOM) have been elaborated. 
Different designs were tested with the aim of im- 
proving the SNOM performances. Apertures [ 21 and 
pointed optical fibres [ 3,4] were successfully devel- 
oped. Sample images were recorded under reflection, 
transmission and tunneling illuminations [ 2,4,5]. Res- 
onance techniques based on localized plasmons [ 61 
or molecular fluorescence excitations [ 71 were intro- 
duced. Recently, opaque probe tips [ 81 were used to 
reach a resolution (N 3 nm) close to the electron scan- 
ning tunneling microscope. 

opments, little attention was paid to a deep under- 
standing of electromagnetic near-field phenomena in 
order to contribute to instrumental improvements. Par- 
ticularly, the study of tip shapes and compositions re- 
mained limited to phenomenological considerations. 
Although most experiments detect the far-field issued 
from near-field effects, the relation between far-field 
intensities and the electromagnetic field distribution 
inside, as well as around the tip, was not systemati- 
cally investigated. Preliminary studies of this problem 
were undertaken only very recently [ 91. This is not 
only due to the fact that direct measurement of the 
near-field is impossible without disturbing the inves- 
tigated electromagnetic field distribution but also to 
the difficult mathematical challenge raised by solving 
Maxwell’s equations in the awkward geometries typ- 
ical of SNOM devices. 

During this initial era of rapid technological devel- Recently a method to solve the vectorial wave 
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equation in such geometries was finalized by Mar- 
tin, Dereux and Girard [ lo]. The method involves 
Green-functions and is based upon the simultaneous 
iteration of Lippm~-Schwinger’s and Dyson’s equa- 
tions [ 111. This approach allows one to describe the 
propagation of the electromagnetic field when deal- 
ing with localized perturbing objects (dielectric or 
metallic). The method has a precious advantage: no 
symmetry constraints are required. Perturbations of 
arbitrary shape and composition are tractable. The 
accuracy of the method depends only on the density 
of the grid used to discretize the pert~bations. This 
versatility is essential in the study of SNOM tips 
facing corrugated surfaces. 

In our work, this method was implements for two- 
dimensional problems. The only approximation intro- 
duced in these computations was the discretization of 
the perturbations in small meshes. So it was really im- 
portant to be accurate when choosing the discretiza- 
tion step. Realistic computations are obtained when 
the step is at least ten times smaller than the effective 
wavelength &c/n, where n is the real part of the re- 
fraction index of the perturbation. Thus, the number 
of perturbation meshes can be very high. However the 
procedure used for these 2D scalar computations is 
rather rapid. In this particular work, the longest com- 
putation took about an hour. All computations were 
performed on RS-6000 IBM workstations. 

Step by step we show the transition from a simple 
glass slab to a tapered and coated tip probe as those 
used in near-field microscopy to illu~nate a sample 
and studied the coupling of this kind of tip with a sur- 
face. The basic considered structure is a truncated slab 
waveguide. Then we sharpen the extremity of the slab 
to obtain a first model of SNOM tip and we cover the 
boundary faces of the slab with a metal coating. From 
the near-field results we compute the far-field cross- 
sections relevant for comp~ison with experiments re- 
sults. Finally we study the interaction between a tip 
and a small defect on a surface. An electric field po- 
larized parallel to the interfaces and dielectric func- 
tions taken from the literature [ 12,131 fix our working 
conditions. We use bulk dielectric functions which are 
known to be good approximations for very thin layers 
[ 14,151. 

The near-field ~s~butions discussed in this work 
are presented as contour plots of the electric field am- 
plitude. If A, is the maximal amplitude, the plain con- 

tours specify amplitudes larger than A,/2, the dashed 
contour designates an amplitude equal to A,/2 and the 
dotted contours mean amplitudes smaller than A,/2. 
Each conto~ line represents a defined ~plitude. In 
the angular plots of far-field cross-sections, zero angle 
is the direction of forward scattering. 

2. Diffraction by isolated 2D tips 

In the results presented in this section, plane waves 
are incident from the left on the structures under study. 
The structures are glass slabs having a thickness of 
0.55 pm. When a metal coating is added, it is a gold 
coating 0.05 E*;m thick. 

2.1. Truncated slab waveguide (‘Figs, 1 and 2) 

The investigated configuration is a rectangular glass 
core embedded in air. The slab is 3.0 pm long. This 
choice was dictated by two reasons. First the slab is 
long enough to support longitudinal eigenmodes. Sec- 
ond it is short enough to comply with the requirement 
of localized perturbation associated with our Green’s 
function approach. 

For an incident wavelength ( Zinc) of 1 ,um close to 
the laser transition in a n~dy~urn glass laser, the in- 
cident wavelength is twice the slab thickness so that, 
at first sight, the slab behaves as a monomode wave- 
guide (Fig. la). However analytical results show that 
two modes are supported by an infinite slab with the 
same thickness and refraction index. In our computa- 
tion, displaying the amplitude prevents us from distin- 
guishing them. Since the slab is of finite length, the 
larger amplitudes (plain contours) concentrated in- 
side the slab correspond to stationary waves. Just out- 
side the truncated slab the electric field is decreasing 
drastically. The near-field output amplitude at the exit 
te~nation of the slab is si~ificantly large. 

Keeping the original dimensions of the dielectric 
object, we tune the wavelength to 488 nm (Argon 
laser). This wavelength is somewhat smaller than the 
slab thickness. Cons~uently, the ~s~bution of the 
near-field amplitudes (Fig. lb) is more complicated 
than in the previous case since more modes are now al- 
lowed to propagate inside the slab. However the wave 
is still well guided within the slab. The spatial width of 
the output amplitude when exiting the truncated slab 
is narrower than for Ainc = 1 pm. 
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Fig. 1. Truncated slab waveguide (3 pm x 0.55 pm). computed near-fieId d~butions. A plane wave incoming &om the left side is 
propagating along the z-axis. (a) 4% = 1 pm a&i aSw = 2.10; (b,c) Aiw = 488 mn and s&b = 2.14; (c) A gold coating is added on 
both horizontal sides (6$&j = (-2.2,4.02)). 

The introduction of boundary conditions corre- exit of the slab. 
sponding to a vanishing field at the horizontal surfaces The far-field cross-sections issued from the near- 
limiting the slab can force the fundamental eigenmode field distributions are important since they are related 
even for the green incident wavelength. A possible to ~periment~ly accessible data (Fig. 2). It turns 
implementation is shown in Fig. le. As a result of out that the above mentioned collimation of the out- 
the deposition of a metallic coating on the horizontal put wave also appears in the Fraunhofer zone. This 
surfaces, the near-field structure is deeply modified. is related to the well known Mie effect for small par- 
A regular field structure is established and a more titles. The forward scattering is much more intense 
important reflection of the incident wave isobserved. for Ainc =: 488’ nm (dashed curve) than for hine = 1 
The presence of a metallic coating does not alter sig- pm (plain curve). ‘&is is conceivably due to the eas- 
nificantly the spatial width of output amplitude at the ier penetration of this shorter wavelength into the slab 
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pig. 2. Truncated slab waveguide (3 pm x 0.5 pm). Computed far-field differential cross-sections. The plain curve corresponds to Fig. 
la, the dashed one corresponds to Fig. lb and the dashed-dotted one corresponds to Fig. lc. 

which enhances the Mie effect. The coupling of the 
incident wavelength to a finite size dielectric structure 
is not a trivial problem and has been underestimate 
in the development of SNOM tips. Indeed, for a given 
geometry, we realized that this coupling can lead to 
totally different characteristics according to the wave- 
length. For instance, we observed that coating the slab 
enhances the forward peak at Ainc = 1 pm. On the 
contrary, the output intensity decreases at hint = 488 
nm (dashed-dotted curve). The presence of the coat- 
ing fixes new boundary conditions which, according 
to the wavelength, are favourable or not to the cou- 
pling between the incident plane wave and the dielec- 
tric slab. On the other hand the slight broadening of 
the forward peak occurs for any wavelength. This is a 
di~action effect. The width of the peak is comp~~le 
to that of the central peak when a wave is diffracted 
by a slit having the same width as the slab. 

2.2. Sharpening the extremity of the slab 

Following the intuitive procedure used by experi- 
men&lists, we make a tip by sharpening the extrem- 
ity of the precedent slab structure. The aim of such 
a sharpening is to increase the output collimation so 
that the zone scanned by such a SNOM tip is reduced 

laterally, leading to an improved resolution. The same 
two incident wavelengths (1 pm and 488 nm) are 
considered. As we already observed in the slab geom- 
etry, the near-field dis~ibution inside the tip is more 
complicate for the small incident wavelength (Fig. 
3b) then for the larger one (Fig. 3a). When the wave- 
length is 1 pm, a single collimated spot comes out the 
tip. However, when tuning the wavelength to 488 nm, 
not only the end corner but also the lateral corners of 
the tip are responsible for near-field high amplitudes. 
Such multiple beams were already observed experi- 
mentally and present a problem for the interpretation 
of images. To eliminate these lateral lobes which can 
lead to ambiguous interpretation of SNOM images, a 
coating is deposited on the funds surfaces of the 
slab, including the lateral corners of the tip. We obtain 
an aperture of 150 m at the apex of the tip. The result- 
ing near-field distribution is given in Fig. 3c, where 
the lateral lobes have been forced out. 

The far-field cross-sections (Fig. 4) associated to 
the near-field patterns of Fig. 3b and Fig. 3c show also 
these lateral lobes when the tip is not coated (plain 
curve) and the decay of the lobes when a coating is 
added (dashed curve). In both cases the envelope is 
modulated by diffraction maxima and minima. We can 
also compare these curves to the ones for the truncated 
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Fig. 3. Sharpened slab, computed near-field distributions. Same conditions as Figs. la, lb and lc, respectively. 

slab geometry (Fig. 2, dashed curve). The central 
peak is slightly collimated when the slab is sharpened 
but its power loss is transferred to the lateral lobes. 
The sharpening helps the collimation but reduces the 
power of the outgoing beam. It is necessary to obtain 
a compromise between the output power and the col- 
limation. 

3. Application: tip-defect interaction 

Such two-dimensional simulations were already ac- 
complished by other teams using different methods. 
Novotny [9] studied how the near-field distributions 

are modified when a small defect is moved on a sur- 
face in front of which he placed a tip. Here we want 
to consider how the presence of a slight geometrical 
defect on a surface can modify the near-field as well 
as the far-field, following the lateral position of this 
defect. The considered configuration is an uncoated 
illuminating two-dimensional tip in front of a surface. 
All elements are in glass, in such a way that only geo- 
metrical effects are taken into account. To enhance the 
collimation, the incident wave is a gaussian beam hav- 
ing a FWHM of 1.5 pm and an incident wavelength 
of 633 nm. To isolate the tip-sample interaction, we 
put a silver screen at the bottom of the slab. 
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Fig. 4. Effect of a coating for a sharpened slab, computed far-field differential cross-sections. The continuous curve corresponds to Fig. 
3b and the dashed one corresponds to Fig. 3c. 

Fig. 5 shows near-field patterns computed when 
there is (Fig. 5b) or not (Fig. 5a) a tiny protub~~cc 
150 nm on the surface. The protuberance dimensions 
are as follows: it is 150 nm broad and 100 nm high. 
The protuberance is laterally 100 mn far from the apex 
of the tip. The perfect Sykes of the near-field dis- 
tribution in Fig. 5a is broken by the introduction of 
the defect. The steady-state waves in the fibre are per- 
turbed and an optical bridge is created between the 
apex of the tip and the defect. The change induced by 
the presence of a defect on the surface is enhanced 
in Fig. 5c where the amplitude of the difference be- 
tween the electric field with and without the defect was 
computed. The larger difference is concentrated in the 
defect and propagates beyond the metallic screen as 
well as through the slab. The same kind of represen- 
tation is also given in Fig. 6 when the defect is right 
in front of the tip apex. Here, of course, the seem 
is conserved, but the defect induced differences in the 
near-field pattern. These differences are more intense 
and their influence in reflection and transmission is 
more sensible than when the defect is laterally shifted. 
The presence of the defect could he detected under re- 
flection or transmission but the transmission mode is 
more favourable in this configuration’because in the 
reflection mode the presence of the tip and the screen 

modifies the reflected wave. 
The curves presented in Fig. ‘7 are describing the 

far-field cross-section for the three cases discussed 
above. In comparison with the far-field when there is 
no defect on the surface (plain curves), one observes 
that the presence of the defect causes a slight loss in 
reflection and a slight gain in transmission. The po- 
sition of the defect is not easy to discriminate. One 
can see that the dotted-dashed curve - corresponding 
to the asymmetric instance - is slightly asy~e~c, 
if we consider the lateral angles. It seems that the de- 
tection would be easier in transmission. However, no 
definitive conclusion can be drawn out these compu- 
tations about the best detection angle for two reasons. 
First, the back scattering is enhanced by the presence 
of the metal screen at the bottom of the tip. Secondly, 
the 2D structure is finite in the x-direction and border 
effects interfere in the far-field representation. 

4. Conclusions 

In this paper, we presented two-~mension~ com- 
putations of scattering phenomena occurring near and 
inside near-field probes used as emitters. In three steps, 
we described the transition from a simple glass slab 
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Fig. 5. Coupling of a 2D tip with a finite sample, effect of a laterally shifted defect. A collimated wave is incident from the top (FWHM= 
1.5 ym and hi”, = 633 nm). The tip, the surface and the defect are made of glass (&glass = 2.12). The metal screen is made of silver 
(&silver = (-18.0, 0.5)). 
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Fig. 6. Coupling of a 2D tip with a finite sample, effect of a symmetric defect. Same computations as Fig. 5, when the defect is right in 
front of the tip. 
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Fig. 7. Far&Id cross-sections for the coupling of a 20 tip with a finite sampfe. The plain carve cormsponds to the plane surface, the 
dashed curve corresponds to the surface having a geometrical defect in front of the tip, the dashed-dotted curve corresponds to the slight 
shift of the defect on the surface. 

to a tapered and coated near-field probe, following 
the experimental process. We showed the utility of a 
metallic coating for multimodal fibres to ensure the 
collimation and the uniqueness of the outgoing beam 
when the tip is used as an emitter. We also observed 
that a coating does not help the collimation for a sin- 
gle mode fibre. However, it could be of great impor- 
tance to localize the tip-surface interaction in a small 
zone when scanning a sample. This phenomenon is 
now under study. Finally, we considered the coupling 
occurring between such a tip and a dielectric surface 
with and without a small geometrical defect. We pre 
sented the modifications induced by the defect in the 
near-field distribution and in the far-field detection. 
We showed that such a defect can be easily detected 
in transmission or reflection. 

Although three-dimensional studies along the lines 
followed in this paper would be more realistic, the two- 
dimensional computations presented here already pro- 
vide good representations of near-field behaviours rel- 
evant to SNOM devices. Vectorial computations con- 
sidering the p-polarization or three-dimensional mod- 
els were also realized using the same algorithm as the 
one used here [ 16,171. They consume a lot of time 
and computer memory. The information provided by 

these two-dimensional scalar models is qualitatively 
sufficient to understand the mechanisms taking place 
in near-field microscopy experiments. For quantita- 
tive results, more accurate comput~ions using three- 
Dimensions codes are necessary. 
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