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Abstract

The propagation of light through an aperture scanning near-field optical microscope is studied. Rules for optimizing the confinement and
throughput of aperture near-field probes are derived. The radiation from the aperture through simple sample structures, a fiat substrate and a
substrate with stripe-like elevations and depression, into classically allowed and forbidden directions is determined quantitatively. It is shown
that small amplitude and phase objects can be distinguished by comparing ‘*allowed’” and ‘‘forbidden’” light images.
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1. Introduction

The wealth of optical phenomena offers attractive oppor-
tunities for interaction with the world of mesoscopic dimen-
sions: (i) if the relevant radiation fields can be made
sufficiently intense in a sufficiently confined interaction vol-
ume, and (ii) if the radiation emerging from such a confined
volume can be detected with sufficient sensitivity and selec-
tivity. Confinement into volumes less than 100 nm in diam-
eter, i.e. considerably smaller than the wavelength, is possible
only by means of material structures that have such small
dimensions themselves. Small apertures, small particles act-
ing as scattering centers, and pointed metallic or dielectric
tips are suitable for this purpose (Fig. 1). When integrated
into a scanning probe microscope, such structures can provide
optical scan images with resolution in the sub-100 nm regime.

The most popular microscope operating on this principle
is the aperture scanning near-field optical microscope
(SNOM, also called NSOM) [1-13], which is based on a
design we developed ten yearsago [ 1-3]. In the present paper
we report on recent, mainly computational studies [ 14-16]
of: (i) the light flux from the far field to a subwavelength-
diameter aperture in a metallic screen, (ii) the interaction
with amplitude and phase objects, and (iii) the subsequent
spreading of the transmitted radiation. The multiple multipole
(MMP) method [17,18] was used to calculate the electro-
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magnetic fields in all the SNOM configurations considered
so far because of its efficiency and precision. Knowledge of
these properties is instrumental to the design of efficient near-
field optical microscopes. Complementary experiments are
described in the paper of Heinzelmann et al. [ 19] from these
proceedings and in Refs. [12] and [13].

2. INlluminating a subwavelength-diameter aperture

A scanning aperture optical probe logically consists of a
conical or pyramidal transparent body with a frustrated apex
coated with metal such that the sidewalls are opaque but a
transparent hole is left at the apex (Fig. 2(a) and 2(b) ). The
transparent body may be the corner of a facetted quartz crystal
[1-3], a micropipette [4], an optical fiber that has been
puiled [8] or etched [20,21] to form a sharp tip at one
end, or a transparent micromechanic cantilever with tip
[19,22,23]. The coating is usually obtained by evaporating
an Al film of 100-200 nm thickness. As the aperture diame-
ters of interest are much smaller than the wavelength (even
inside the probe), all waveguide modes run into cutoff before
reaching the apex. An extremely small fraction of the input
power only ‘‘tunnels’” to and through the aperture; see, for
example, Refs. [3,15].

Optimization of the optical probe shape for maximum light
throughput and minimum spot size is instrumental for the
advancement of the SNOM technique, be it with regard to
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Fig. 1. Structures suitable for nanometer confinement of optical radiation: aperture in a metallic screen at (a) the apex of a transparent tip and (b) a flat
waveguide structure; scattering center, illuminated through (c) a flat waveguide or (d) by an evanescent wave excited at the object surface. (a), (b), (¢) from

Ref. [7].

Fig. 2. Aluminum-coated aperture SNOM tips with contour plots of the electrical energy density (constant |E|?, factor of two between successive lines,
polarization in the plane y=0). (a), (b) open aperture, diameter = 50 nm, wall thickness =70 nm, arrows: direction of Poynting vector. (¢) Entirely coated
(CTC) probe, wall thickness infinite, a=30°, R=10 nm, D=5 nm, z5=20 nm. In (b), (c), a glass substrate with ¢,;=2.25 has been approached to the

aperture. (a), (b) from Ref. {15], (¢) from Ref. [16].

resolution, detection of faint signals such as in near-field
infrared microscopy [24], or photochemical/photophysical
modification on the nanometer scale. We therefore studied
the influence of the cone angle on throughput and spot size
[16].

The common open, transparent (hollow) frustrum-shaped
(OTF) aperture (Fig.3(a) and 3(b)) produces a double-

peaked intensity distribution in the exit plane [25] (cf.
Fig. 3(a) and 4(a) (dotted curve)). The quasi-singularities
in the plane of polarization are caused by the extreme cur-
vature of the rim of the aperture (*‘lightning rod effect’’).
We therefore also studied an alternative ‘‘aperture’” optical
probe, which does not have a sharp rim, but has the shape of
a frustrum topped by a spherical transparent calotte, metal
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Fig. 3. Intensity ( |E}?%, factor of 2'"? between contour lines) evaluated in a plane | nm in front (a) of an OTF, 50 nm diameter, a=10°;, (b), (¢) of CTC

probes with R= 10 nm, D=3 nm, a=30° and 75°. From Ref. [16].

coated such that the film thickness at the apex is less than the
optical skin depth in the apex region [16] (Fig. 3c) and
hence is semitransparent.

In the models used for computational determination of the
optical fields, the OTF or the coated transparent calotte
(CTC) probe is connected to a cylindrical waveguide at the
wide end. For the latter, assumed to extend to infinity in the
z direction, exact analytical solutions in the form of wave-
guide modes are known [26]. The cylinder diameter is 200
nm, which guarantees that the HE,, mode we chose for exci-
tation is in the propagating regime for the wavelength used
in our calculations, A=488 nm. The incident radiation is
polarized in the x direction. The chosen dielectric constants
€.=2.16, €,,= —34.5+ 8.5/ of the transparent core and the
metallic coating refer to quartz glass and aluminum. The
probe tip is either in free space or mounted above a flat glass
substrate with €, =2.25 at a distance z;.

The shape of the OTF probe is characterized by the taper
angle (a=1/2 cone angle) and the diameter of the core in
the exit plane, 10° and 50 nm, respectively, in the examples
to be shown here. The CTC probe shape is determined by the
taper angle of the conical part, the radius R of the calotte, and
the thickness D of the coating at the apex. All three parameters
were varied in the course of our investigations to better under-
stand their influence on the resulting field distributions.

Some field distributions are shown in Fig. 2 in the form of
contour plots of the square modulus of the electric field |E|2.
Only the foremost parts of OTF and CTC SNOM probes are
depicted. The arrows indicate the flux of radiation (time-
averaged Poynting vector). In the (y, z) plane the electric
field is parallel to the glass/metal and metal/air interfaces
and of almost vanishing intensity. In the (x, z) plane the
electric field everywhere has a component perpendicular to
the interface, and the contour lines are hence discontinuous.
The fast decay towards the end of the probe [15] is a result
of overdamping. To the sides, the fields decay exponentially
into the aluminum cladding, where a considerable amount of
the incident power is dissipated.

Contour plots of the field distributions 1 nm in front of the
exit plane are shown in Fig. 3. The double peak structure
(Fig. 3(a)) is produced by the 50 nm diameter OTF probe,

whereas Fig. 3(b) and 3(c) stem from CTC probes having
taper angles of 30° and 75°, respectively. Their near fields
have only one sharp maximum, which allows more unambig-
uous imaging conditions and a smaller overall spot size. This
is displayed more clearly in the intensity cross-sections in
Fig. 4(a). With increasing distance z from the exit plane
(Fig. 4(b)), the fields decay rapidly, having a gradient com-
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Fig. 4. Intensity (1E1?) along the (a) x, (b) z direction of Fig. 2. Dotted
line, S0 nm open aperture; solid line, CTC, a= 15°, D=3 nm, R=10 nm;
dashed line, same except a=45° dash-dotted line, same except a=80°.
From Ref. [16].
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Fig. 5. (a) Spot size and (b) transmission of CTC probes as a function of
taper angle. (a) R=10 nm; D=3 nm (solid line), 5 nm (dashed line), 10

nm (dotted line). (b) D=3 nm; R=5 nm (solid line) and 10 nm (dashed
line). From Ref. [16].

parable with that in lateral directions. It is seen that the CTC
spot size in all three dimensions is of the order of 20 nm for
taper angles of both 15° and 45°. The interaction volume can
hence be kept extremely small with CTC optical probe tips.

The spot size, defined as the average between the FWHM
of |E|? along the x and y directions, and the total transmitted
light flux are plotted in Fig. 5 as a function of the cone angle.
The spot size (Fig. 5(a)) evaluated for three values of D and
R=10 nm, z5=1 nm remains almost constant up to about
a>60°. The power transmission (Fig.5(b)), however,
grows enormously with increasing taper angle.

Whereas the data obtained refer to operation at A =488
B, a glass core, and an Al coating, similar behavior may be
expected for other wavelengths and other materials. The pres-
ent results therefore allow us to define in principle the shape
of the optimum (CTC) aperture SNOM probe:

(haif) angle of apex, a= 30" to 60°;

radius of curvature, R — 0;

residual coating thickness, D — 0.

Such large-angle probes will be particularly useful for fluo-
rescence and modification experiments, which depend in a
critical way on a sufficiently high light flux.

CTC probes can be produced in a similar way to OTF
probes. A sufficiently thin coating of the apex can be achieved
by appropriately adjusting the evaporation source used for
sidewall coating or by deposition of an additional thin metal
film onto the apex. As pulling of fibers usually leads to taper
angles smaller than 20°, etching techniques [1,20,21] may
be superior. Etched crystals, in particular, may have atomi-
cally sharp apices that approach the ideal of vanishing R.

3. Radiation from a small aperture

As complicated as the influx of radiation to the aperture
zone is so is its outflux, even if we ignore for the moment the
influence of any interrogated structured object. What is the
‘‘diffraction pattern’’ of an aperture of subwavelength diam-
eter? What happens if it is approached to a flat substrate?
Sound answers to these questions again require considerable
computational effort.

The radiation from a subwavelength-size aperture turns
out to be emitted most strongly not in the forward direction
but at an angle in the direction of polarization (cf. Fig. 2).
Upon approaching a substrate with €, = 2.25, the total trans-
mitted light flux increases significantly (compare equivalent
contour lines in Fig. 2(a) and 2(b)). Some of the flux is
scattered around the probe and couples to modes of the exter-
nal surface, propagating with strong radiative losses into the
backward direction.

Most of the extra light, however, is radiated into the
substrate at angles larger than the critical one given by
6..=arcsin (€, '/?). The rapidly decaying field in the prox-
imity of the aperture can excite total internal reflection (TIR ) -
type evanescent waves at the dielectric interface. Such waves
represent radiative interface modes. The direction of emission
is determined by the requirement that the component of the
k vectors parallel to the surface be conserved (‘‘inverse”’
TIR). This finding led to the development of the forbidden-
light or tunnel SNOM (TNOM) [12,13,19].

The integrated light flux @ vs. gap width zg is shown in
Fig. 6 for various observation conditions [15]; namely 6,
70°; angle of acceptance, 10 x, z plane (solid curve); total
radiation into the forbidden regime (dash—dotted curve), into
the allowed one (dotted curve), and into the entire hemi-
sphere under the probe tip. In the first case, the decay length
exactly equals that of a TIR evanescent wave excited by a
plane wave incident at 8="70°, as to be expected on the basis
of the reciprocity principle. The much larger signal from the

2 Y
X 100\;‘ e -
&_—_v___,./——\
0 -
0 100 200 300 400

gap-width [nm]

Fig. 6. Light flux into far field vs. gap width (OTF) of Fig. 2 but with infinite
cladding. Dashed curve, total flux; dash—dotted curve, forbidden zone; dotted
curve, allowed zone; solid curve, y=0 plane, 8=70° angle of accep-
tance = 10°. From Ref. [15].
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Fig. 7. SNOM probe scanning a glass grating: Are (a) "top” and (b) "valley”
positions opticaily equivalent? (c), (d) Computed electrical energy distri-
butions, 2D model, p polarization. From Ref. [13]. (e), (f) Radiation
patterns, difference between top and bottom positions.

total forbidden radiation also shows an almost exponential,
though less abrupt, distance dependence, whereas the flux
coupled into the allowed zone is dominated by interference
undulations that provide little unambiguous information
about the gap width.

It should be noted that forbidden light, being excited effi-
ciently only for gap widths <1 pm, is quite insensitive to
stray light emerging, for instance, from pinholes at the shank
of the optical probe. It is therefore possible to obtain high-
contrast images in the TNOM mode, even with optical probes
that are unsuitable for standard SNOM [13].

We next turn to two very simple object structures: a narrow,
low height (8 nm), stripe-like elevation and a corresponding
depression on an otherwise flat dielectric (glass) substrate
(Fig. 7(a) and 7(b)) [13]. The elevation (depression) is
assumed to be distinctly wider (190 nm) than the aperture
diameter (50 nm), but still small compared with the wave-
length (488 nm). If the SNOM signal depended only on the
properties of the immediate proximity of the aperture, no

800 nm

difference between the ‘‘top’” and ‘‘bottom’’ positions

indicated in the figure should exist; only the steps ought to

appear in a SNOM image. Much experimental evidence

[12,13,27,28], however, indicates that stripes 100~200 nm

in width do indeed appear in SNOM images, bearing an

obvious similarity to the topographic structure (Fig. 8) [13].
To understand this result, one might think of a number of

mechanisms.

1. The glass in the surface layer of a valley might differ from
the material of the elevation due to the manufacturing
process.

2. The gap width is larger when the tip is above a valley
because it cannot penetrate it completely.

3. Elevations and valleys may be considered to a first approx-
imation as being convex and concave parts of the surface,
respectively. These opposite curvatures may influence the
spreading and propagation of the transmitted radiation.

Careful inspection of the topography recorded by means
of the shear force detector built into the SNOM [12,13,19]
as well as by a standard AFM, however, gave no evidence of
increased roughness in the valleys. We therefore believe that
differences in surface structure are insignificant, in agreement
with the manufacturer [29]. Comparison with the experi-
mentally observed contrast further rules out the second
hypothesis because the valleys are brighter than the elevations
in forbidden light, opposite to what one would expect on the
basis of the approach curves in Fig. 6. The observed behavior,
however, is in agreement with hypothesis 3 in so far as the
laws of classical optics would predict a focusing effect for
the convex elevation, i.e. a concentration of radiation in the
forward direction, and the opposite for the concave valley.
To substantiate this assumption, the influence of surface
curvature was studied numerically, simulating the electro-
magnetic fields in the geometries sketched in Fig. 7(a) and

7(b). Computations were restricted to the two-dimensional

model SNOM introduced previously [ 14} because the result-

ing field distributions strongly resemble those of the corre-

sponding three-dimensional configuration [15].

Fig. 7(c) and 7(d) depict the computed near fields for p

(TM) polarization (with regard to stripe orientation) for

“top’” and ‘‘valley’’ positions of the optical probe. One
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Fig. 8. Images of a bare glass grating with period 383 nm, step height 8 nm (prepared by B. Curtis, PSI Zurich), polarization perpendicular to grating lines.
(a) forbidden light; (b) allowed light: (¢) topography (friction image); (d) scan lines. A, allowed, F, forbidden light; T, topography. From Ref. [13].
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3000 nm

Fig. 9. Lithographic "eye-bee(M)" logo, 5 nm Ti + 5 nm Au, seen with (a) forbidden, (b) allowed light, (c) with the "shear force” detector, (d) superposition

of (a) and (c).

clearly sees the focusing/defocusing effects of the two topog-
raphies. A similar but smaller variation exists for the near
fields of s- (TE)-polarized light. The differences between the
radiation patterns of top and bottom positions are plotted in
Fig. 7(e) and 7(f) for p and s polarization. For both polari-
zations, the side lobes, which represent the forbidden radia-
tion, are negative, meaning that elevations indeed appear
darker than depressions. The opposite is true for the forward
lobes, which represent the allowed light. The calculated con-
trast is compared in Table 1 with experimental values from
Fig. 8. The direction of observation was in the plane of polar-
ization, almost perpendicular to the direction of the stripes,
corresponding to p polarization. The contrast is defined as
2(Prop— Puatiey) / ( Doy T Duaiiey) - The agreement both with
regard to the sign and to the improved contrast of the forbid-
den image is remarkable. (The close proximity of the numer-
ical values is considered coincidental.)

One has to conclude that the recorded light flux does not
depend on the local optical properties of the object alone but
also on the environment within a distance of several aperture
diameters. A number of previous theoretical investigations
actually arrived at similarresults, see, for example, Refs. [30]
and [31]; these studies, however, did not allow direct com-
parison with our experimental results because the models
used differed significantly from the present TNOM set-up.

Table 1
Contrast of elevations and depressions of a glass grating; comparison
between 2D model SNOM and experiment [13]

Contrast (%) Calc. s pol. Calc. p pol. Exp. p pol.
Allowed 1.6 34 4
Forbidden -56 —10.1 -12

Non-local effects are also known to have an influence on
images obtained by scanning tunneling microscopy and
AFM. The ‘‘interference patterns’’ recorded in Eigler et al.’s
famous quantum corral experiment [32], for instance, fall
into this category, as do the difficulties in imaging soft tissues
with AFM. In both cases it is still possible to recognize very
small structures, the signatures of which are superimposed
on longer range structures. This is obviously also the case in
the present near-field optical investigation.

Very small objects such as the imperfections (dust parti-
cles?) seen on top of the grating in Fig. 8, which we believe
to be phase objects, have been found to appear with reverse
contrast in allowed and forbidden light images, again in
agreement with numerical simulations. The signature of
amplitude objects, however, is negative contrast in both types
of images, cf. for instance Fig. 9, which shows an artistic
version of IBM’s logo (I=eye, B=bee) implemented by
lithographic techniques as a 5 nm titanium plus 5 nm gold
semitransparent layer on glass. Forbidden light images com-
bined with allowed light images hence allow one to distin-
guish between the amplitude and the phase object, which is
instrumental for quantitative image interpretation.

4. Summary

The results of our investigations suggest the following.

® The optimum aperture optical probe is a wide-angle,
sharply pointed transparent tip entirely coated but trans-
parent at the apex.

® A sizable portion of the light transmitted by the optical
probe into the object flows in the forbidden directions.
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® SNOM images represent a superposition of strictly local
and non-iocal contributions from the near-fieid range.

® Images obtained with forbidden light provide high contrast
and are insensitive to stray light.

¢ Small phase objects can be distinguished from amplitude
objects by comparing forbidden and allowed images.
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