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The 1imaging properties of the transmission-illumination mode of a scanning near-field optical microscope are
investigated. Three-dimensional calculations of the power transmitted into classically allowed and forbidden

regions for a nonsymmetrically positioned amplitude object are implemented by use of the finite-difference

time-domain solution of Maxwell’s equations.

The evolution of the images with the distance from the object as
well as the effect of the polarization of the illumination is shown.

The computations show that for applications

involving the imaging of an amplitude object, the use of the allowed light is preferred. Collection of light from
both the allowed and the forbidden zones leads to degraded contrast and resolution. © 1998 Optical Society of

America
OCIS codes: 180.5810, 240.7040.

One generates optical images in the transmission mode
of a scanning near-field optical microscope (SNOM) by
scanning an optical probe over the sample and record-
ing the transmitted signal as a function of the probe
position. The tunnel scanning near-field optical mi-
croscope detects not only the regularly transmitted
waves but also the radiation coupled by evanescent
waves to the classically forbidden directions (angles
larger than the angle of total internal reflection). For-
bidden light can, in some cases, provide images with
contrast and resolution higher than those of the stan-
dard SNOM in the allowed light. However, the con-
trast of the scan images depends on the dielectric
properties of the object. It was shown experimentally
that phase-object images have positive contrast in al-
lowed light and negative contrast in forbidden light,
whereas amplitude-object images have negative con-
trast in both types of light.! Different contrast mecha-
nisms were also investigated analytically by use of a
single dipole located above a planar dielectric substrate
as a light source.” In numerical studies of SNOM the
multiple-multipole method®~° was shown to be use-
ful for two-dimensional (2-D) modeling. However, this
method may be less suitable for three-dimensional
(3-D) stmulations owing to difficulties in dealing with
complicated inhomogenous material geometries. An-

other approach based on an iterative Green function
method was also proposed.®’

The finite-difference time-domain (FDTD) method®
may present a better alternative for 3-D SNOM
modeling because it permits an arbitrary material
permittivity and permeability to be specified at each
electric- and magnetic-field component location. The
FDTD method solves for the electromagnetic field in
time and space with the full-wave coupled Maxwell’s
curl equations. Centered finite-difference expressions
are used for the space and time derivatives. FDTD
was used for 2-D simulations of the field patterns in
illumination SNOM® and for 3-D simulations of image
formation in collection-type SNOM.* .

The present study involves a FDTD-based numerical
investigation of the near-field optical imaging mecha-
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nism of the tunnel SNOM by use of a realistic 3-D con-
figuration. This configuration involves a nonsymmet-
rical positioning of a metal scattering object relative to
a conical metal-clad glass taper. We note that this con-
figuration could not be modeled by rotationally sym-
metric formulations.™ '

We compute the 1mages of an amplitude object 1n
the transmission-illumination mode. Figure 1 shows
the FDTD geometry of the model under investiga-
tion for two cases. For case 1 the total (x, y, z) size
of the model 1s 400 nm X 400 nm X 400 nm (100 X
100 X 100 cells); for case 2 the model size is 400 nm X
400 nm X 480 nm (100 X 100 X 120 cells). In each
case the absorbing boundary condition used at the
outer planes of the space lattice is Berenger’s perfectly
matched layer,’” which yields a reflection coefficient
of the order of 0.0001 for the parameters used in this
model. For the purposes of our simulation the outer
boundary is effectively transparent.

A TE{; mode excites a conical metal-clad glass taper
having an aperture diameter of 24 nm (6 cells). The
glass taper 1lluminates a metal object of size 64 nm X
64 nm X 16 nm (16 X 16 X 4 cells) with light of wave-
length A = 488 nm. We conduct multiple FDTD runs
to obtain the image. For each simulation the metal
object 1s positioned at a specific location along the x di-
rection on the surface of a glass substrate of refractive
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Fig. 1. FDTD geometry of the TNOM model. All dimen-
s1ons are 1in nanometers.
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(a) f Figure 4 shows the FDTD-computed images ob-

&) tained for the lattice size of case 2. Here /i — 200 nm
(50 cells) and w = 372 nm (93 cells). In Fig. 4(a) the

allowed-light 1mage is 59 nm wide at half-maximum
in p polarization and 67 nm wide in s polarization.

(b) Both polarizations exhibit an image contrast of 9.4:1.
. In Fig. 4(b) the forbidden-light images are distorted
and show strong dependence on the polarization of the

illuminating light.

Our calculations to date are limited to distances of

' 200 nm from the object (approximately three times the
() - object size). At this distance the forbidden light may

not yet be completely separated from the allowed light.

Indeed, complete separation takes place at distances

at which the size of the allowed region 1s much larger

than that of the object; this i1s only approximately true

(@) in our model, in which the allowed region is 5.8 times
G g ' larger than the object. However, the major image
trends are already apparent. That is, the allowed
light image exhibits negative contrast of a higher value
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Fig. 2. FDTD-computed TNOM electric-field distribution
as a function of the object distance from the axis of the
glass taper: (a) O nm, (b) 16 nm, (¢) 32 nm, (d) 64 nm.
The dynamic range is saturated to render weak intensity
values visible. '
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index n = 1.47. In our model s and p polarizations
are excited by the y- and x-polarized components of
the TE{; mode, respectively. The Poynting vector is
calculated in the output z plane located in the glass
substrate 2~ nm below the surface, and in the x- and
y-plane boundaries of the substrate (Fig. 1, dashed
lines). At the output z plane the width of the allowed
region is w nm, as determined by the angle of total in-
ternal reflection. The transmitted power is found by 0.0 .

integration of the appropriate normal component of the -160 -120 -80 -40 0 40 80 120 160
Poynting vector. At each probe position the calculated ' probe position (nm)

transmitted power is normalized to the total transmit-

ted power observed with no object present.

Figure 2 shows gray-scale visualizations of the mag- 0.5 '

nitude squared of the FDTD-computed electric field at ' I |

various object distances from the axis of the glass ta-

per. The lattice size of case 1 is used. Here the light 0.4

i1s polarized 1n the direction of the scan. It can be seen
that there 1s a distinct shadow region formed by the
object despite 1ts small electrical size. Further, there
1s clearly a field enhancement at the sides of the ob-
ject. The shadow-region intensity profile leads to a
negative-contrast image of the object. -

- Figure 3 shows the FDTD-computed scan images
generated with the probe shown in Fig. 1 in allowed

and forbidden light as well as for both s and p polar-
izations. The lattice size of case 1 is used; A = 80 nm

(20 cells) and w = 148 nm (37 cells). Both allowed- 0.0 120 80 40 0 40 80 120 180

and forbidden-light scan images show negative con- probe position (nm)

trg(lst. tIIllq Fl‘}g ' 3(3.)’ the _allowed-ihght ;}’nage 1§ ;i N Rig. 3. FDTD-computed TNOM images generated at an
wide al nhall-maximum 1n p polarization an N observation locus 80 nm below the object in (a) allowed

wide in s polarization. Both polarizations exhibit an  }ight and (b) forbidden light. Dashed curves, p polariza-

image cont}'ast of _13-8:.1- In Fig. _3(b) the object i.mage tion; solid curves, s polarization; thick solid lines, geometric
in the forbidden light 1s 87 nm wide at half-maximum profiles of the 64-nm-wide sample; filled circles, locations of

for both polarizations and exhibits a contrast of 4.0:1. the corresponding visualizations in Fig. 2.
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Fig. 4. FDTD-computed TNOM images generated at an

observation locus 200 nm below the object in (a) allowed
light and (b) forbidden light. The curves (lines) are the

same as 1n Fig. 3.
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than that of the forbidden light and little dependence
on the polarization of the illumination. Further, the

forbidden-light image is distorted and exhibits strong
- polarization dependence.

For applications involving
the imaging of an amplitude object, the use of the
allowed light is preferred. Collection of light from both
the allowed and the forbidden zones leads to degraded
contrast and resolution.

~We thank M. Aamodt and his colleagues at Cray
Research, Inc., for providing the supercomputing re-
sources used for this study.
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