| E, | . The size of each image plane displayed is 700x700 nm? (140(x)x 140(y) cells) in

front of the probe. The x-component of electric fields form a four petals field pattern
distributed symmetrically along the rim of the tip apex much smaller than the y-, z-component
of electric fields. The z-component of electric fields form a two petals field pattern distributed
symmetrically along the rim of the tip apex, is also smaller than y-component of electric fields,

an intriguing enhancement occurs at the rim of the tip apex. Both | Ex | and | E; | decay

rapidly as the distance away from the probe increases. The y-component of electric fields
leads to propagation mainly in forward direction along the optical axial and possess the total
field distribution mostly emerging from the tip. The depolarization phenomenon of
components of electric fields is the near-field effect. Recall that under the weak scattering
probe (Rayleigh particle), where the interaction of the tip with the electromagnetic field near
the sample surface is approximately negligible. The weak scatterer approximation the
strongest intensities are found near the center of the tip apex. As shown in Figs. 4(c),(d),
obviously, for this non-coated probe, s-polarization is predominate for surface digging. The
p-polarization generates a large-scale,background in which a central depression, due to the

near-field couplings, is superimposed.

4.3.3 The 3-D NSOM image of metal coated tip

For the metal coated tip, the"model is used as the same as non-coated dielectric tip
except it coated with aluminum film of 25 nm (5 cells) and the height of tip of 350 nm (70
cells) shown in Fig.3(b). Figs. 6(a)-(d) show the calculated results in x-z sectional plane (at

y=70¢) and y- z sectional plane (at x=70 A) for p-polarization illumination and s-polarization

illumination, respectively. The presence of a metal coating on the tip avoids lateral escape of
light and significantly reduces the penetration of light emerging from the probe. The
reflection light from the metallic layer of conic side couples with the incident light to form the
high intensity standing wave and become maximum at the diameter of sectional plane in conic
shape about 320 nm. Note that this diameter is different from the non-coated one (180nm).
Metals are good materials to confine the light wave in the tip since they have high
absorption properties due to their high values in the imaginary part and negative dielectric
constants. We choose Al as the coating film on probe surface. In Figs. 6(c) and 6(d), the
incident wave is s-polarized, and penetrates inside the tip without any escape by the lateral
surfaces. It propagates mostly forward to the apex, with an intense field emerging from the

aperture. However, the field intensity produced by the very tip is weaker one yielded than a
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non-coated tip. On the other hand, when considering the p-polarization illumination has
shown in Fig. 6 (a) and (b), respectively, that the field intensity at the tip apex is not weak
anymore. The higher intensity of fields are localized near the rim of tip aperture. It is well
localized, and originates with the evanescent components were stopped before the tip end.
Note the existence of a localized electric field enhancement at the edge along the rim of metal
tip extending in teen nanometer range from the tip apex. The field enhancement of a metallic
tip is originated mainly from the localized surface plasmon mode excited at the apex of the tip

by the evanescent field.
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Fig. 4.6. Distribution of the 3-D electric field intensity modulus around
the tip-sample coupling zone (metal coated tip): (a) in x-z plane (at
y=70 A), p-polarization, (b) in y-z plane (at x=70 A), p-polarization,
(c) in x-z plane (at y=70 A), s-polarization, and (d) in y-z plane (at
x=70 A), s-polarization, respectively. The electric field results from an
incident wave coming from the left side.

In addition, when the coating of a probe is very thin, such as less than 100 nm, the
leakage of incident light should deteriorate the near-field signal in an experiment. The reasons
why we still used the thinner film (25 nm) of coating are described as followed : (1) In our

study, we are interested in the surface plasma around the rim of tip aperture. Plasmons may
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play a role in the interaction of optical radiation with an aperture. In the near-field zone, the
thinner of the metal coated probe is, the more the effects of surface atoms can play. Indeed,
according to the frequency dependent dielectric properties, localized eigenmodes
characterized by evanescent wavefunctions may be sustained by small objects and even by
surfaces. If the thinner metal thin film is coated along the rim of tip apex, the aperture of tip
can be looked as many dipoles at the symmetry positions around the circular aperture. The
metal coated tip we used in Fig. 3(b) of the revised manuscript has an aperture opening of 50
nm at the apex of tip. If we choose the thickness of the coating of the probe larger than 100
nm, the effect of near-field is not obviously than the smaller one. (2) In order to gain a better
understanding of plasmon excitation in near-field region, the shorter distance between tip and
sample (30nm in this section), the smaller diameter of tip apex (50nm in this paper), and the
thinner metal coating (25 nm in this paper) are needed in simulation domain. (3) Base on our
simulations, we find that the different thickness of metal coating of a probe possess different
cut-off plane inside the probe tip. The so-called cut-off plane which is a distinct plane
between the radiation waves and evanescent field. The larger the thickness of coating is, the
shorter the cut-off plane near the bottom side.of-the‘probe is. This is due to different boundary
condition between the internal material (silica core) and the conic surface (Al thin film) of the
probe. Besides, the thinner coating can be excited a larger number of surface plasmons which
interact with the incident field and form*the Tocalized fields inside the probe tip. This is to be
expected since many surface charge densities will be induced in this metal coating thin film
by the incident electric fields.

4.3.4 Comparison of the 3-D NSOM image of dielectric tip and

metal tip

Base on our simulations in this case of metal coated tip, the electric field decay rapidly
along the transverse and longitudinal directions faster than the non-coated one(the results are
not shown here). The depolarization phenomenon of electric field components is a near-field
effect. The characteristics of edge enhancement of field intensity is declined as the distance
from the tip apex increasing. For metal coated tip, this phenomenon exists several teen
nanometer away from the tip aperture. Comparison with the field distribution decaying along
z axis, the metal coated tip is faster than the non-coated one. For the metal coated one, the
range of the field distribution decaying along z axis is about 40 nm at 1/e of maximum value
and about 300 nm for the non-coated one. This is because of different waveguide structures

and the different boundary conditions of tip apex. In the case of non-coated one, the HE;; can
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propagate in any sizes of conic shapes. Since there is no clear cut-off plane to separate from
the radiation wave and evanescent field. As regards to the coated one, the propagating mode
has changed because of the existence of metal film and formed the near-field coupling into the
forbidden zone. Upon the shielding effect of metal film, the presence of a metal coating on the
tip avoids some lateral escape of light and concentrating the most of light inside the tip. It is
well localized, and originates from evanescent components exclusively. Besides, he metal
coated tip possess the phenomena of optical enhancement and beam confinement are due to
the effect of surface atom in the region of nano dimension, i.e. the dipole polarization on the
surface of aperture rim, and the beam blocking by the metal film of the conic surface.

In conclusion of this section, knowledge of the polarization is very important for the
interpretation of images. The non-coated tip produce a well-confined and intense central spot
from the s-polarization, with a central decay due to depolarization effects occurring in the
p-polarization. For the metal coated tip, the p-polarization is responsible for the surface
digging. As is shown in Figs. 6(a) and 6(b), respectively, the intensity of p-polarization is the
most important one. In Figs. 6(c) and (d); we see that less light is generated by the tip apex in
s-polarization. On the contrary, forp-polarization, there is a lot of light at the rim of aperture,
coming from the metal coated and forming a local dipele along the rim of aperture.

4.3.5 A new design for fabricating an-optimal tip

In this section, we present a new technique that combines a metal coated probe with a
dielectric tip. Here we can adopt both the advantages of high transmission efficiency with no
absorption of the dielectric tip and local enhancement of the metallic coating one (the tip
coated with metallic thin film which could be used to produce spots smaller than that
generated with the dielectric one) to design a new type of tip. We illustrate two kinds of
improved tip which are named type A and type B in this section. The type A is a metal tip
combines with the local dielectric one as shown in Fig.7(a). In the process of coating
aluminum thin film of metal tip (by the evaporation process), we keep the tip apex exposed to
fabricate local non-coated dielectric tip. That is to say, the tip bases on metal coated tip and
extends the internal dielectric material outside the metal coated tip. The diameter of the tip
apex is 50 nm (10 cells) and the length of non-coated part is 25 nm (5 cells). In front of the
probe, at a distance of 15 nm (3 cells) a semi-infinite silicon medium was taken as the sample

with the refractive index of n=1.5. The dimensions of each cell is Ax=Ay =Az =A=5nm ,

and the entire region model is 140(x) x140(y) x140(z) cells. The tip of type B is the same as
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Fig. 4.7 Sectional plane diagram of 3-D improved tips: (a) the metal coated
tip combines with the dielectric one, (b) the same as (a) except the hollow
shane of tin anex formed a semi-snherical lens surface.

type except that a hollow shape of tip apex with radius of 25 nm formed a
semi-spherical lens surface as shown in Fig. 7(b). Figs. 8(a)-(d), show the calculate results in
X-z and y-z sectional lane by p-polarization illumination, respectively, where Fig.8(a) and (b)
are corresponding to the tip of type A, Fig:8(¢).and (d) are corresponding to the tip of type B.
It can be seen in Fig. 8 (a) and (b) for the,tip.of type A, the light emerging from the top of
metal coated part into the dielectric. medium of the end of tip apex, it is expected that the
optical transmission will be enhanced at the interface area between coated and non-coated part
of tip apex. The field enhanced éffect-is due to the dipole polarization on the rim of metal
aperture and the beam block by the metal layer‘(coated part). The high transmission effect at
the top of tip apex is due to the effect of non-absorptive properties of dielectric medium
(non-coated part). Because of the use of both metal coated part and non-coated part, the
transmission light that illuminates from the tip apex will be excepted higher than that of a
non-coated tip as shown in Fig.3 (a) and the spot size will be smaller than that metal coated
one used alone as shown in Fig. 3(b), thus causing improved transmission and smaller spot
size emerging from the tip apex. The spot size is about 200 x 75nm? as shown in Fig. 8(a) in
x-z cross sectional plane for p-polarization illumination, which is smaller than that produced
by the metal coated tip (about 300 x 100nm?, as shown in Fig. 6(a), in X-z cross sectional
plane for p-polarization illumination.). Note that the higher transmission will be observed. We
can find the field intensity of spot size shown in the Fig. 8(b) is obviously higher than that
shown in Fig. 6(b). The disadvantage of the tip of type A is a challenge for users to reach the
accuracy requirements for fabricating a tip shown in Fig. 7(a).

As regards to the tip of type B, the light coming from the base of objective lens (the

semi-spherical shape at the tip apex) which is focused the light on the output end of tip apex
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in front of the sample surface. Because of the use of a semi-spherical lens shape at the tip
apex shown in Fig. 7(b), the focus spot that illuminates from the hollow shape is expected
smaller than that of a metal coated tip use alone as shown in Fig. 3(b), thus causing smaller
spot size emerging from the tip apex. Owing to the small distance (in this case is 15nm)
between tip and sample, a smaller spot is produced. The spot size will be reduced to
70x30nm? as shown in Fig. 8(c) in x-z cross sectional plane for p-polarization illumination
case, which is much smaller than those produced by the tip of type A and metal coated tip
used alone. Using the tip of type B, we can obtain a very small spot size of 70£30nm2, which
allows us to realized a recording density approximately of 300 Gb/in?. Besides, it is possible
to reduce the recording marks below the laser beam spot by controlling the input beam power.
The disadvantage of the tip of type B is the same as a challenge like the tip of type A,
especially for fabricating process of a hollow shape on the tip apex shown in Fig. 7(b).
Compares the intensity of field distribution between two improved tips (type A and type B)
and metal coated tip used alone, Fig. 9 represents the intensity of field distribution along y
axis direction, where doted line represents the tip type A, solid line represents the tip of type
B, and dashed line represents the metal coated tip used alone. It can be observed in Fig. 9, the
tip of type A presents the stronger fleld mtensuty than the other two type of tips. That is to say,
the smaller beam spot size by usmg the tlp of type B is achieved at the expense of field
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Fig. 4.8 Distribution of the 3-D electric field intensity modulus around the
tip-sample coupling zone (improved tip) for p-polarization: (a)in x-z plane (at
y=70 A), (b)in y-z plane (at x=70 A), (c)in x-z plane (at y=70 A), and (d)in y-z
plane (at x=70 A), respectively. The electric field results from an incident wave
coming from the left side.
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By means of these simulation results, we can conclude that this two type of improved
probes are better structures for our applications since they exhibit the advantages of both high
throughput light efficiency and small beam spot size, and also the better type of tip pattern
from the standpoint of fabrication process.
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Fig. 4.9 Comparison of field intensity along y axis direction, where doted
line represents the tip of type A, solid line represents the tip of type B, and
dashed line represents the metal coated tip used alone.

4.4. Conclusion
Near-field analysis has been studied to obtain more insight in the mechanisms

responsible for NSOM architecture using the 3-D FDTD method. Among many types of
structures simulated in this paper, including an aperture on an infinite metallic thin plate with
and without sample interactions, comparisons of non-coated and coated tips, a novel probe
structure combining metallic probe with local dielectric tip , a structure using a semi-spherical
lens shape at the tip apex. In our simulations, we find some characteristics in 3-D NSOM
structures are concluded in some details, which allows us to realize more clearly the physical
mechanism in NSOM. Note that the depolarization phenomenon of electric field components

is important in the near-field zone. The phenomena of optical enhancement and beam
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confinement are due to the effect of surface atom in the region of nano dimension, i.e. the
dipole polarization on the surface of aperture rim, and the beam blocking by the metal film of
the conic surface. We have also verified the FDTD design of field enhancing NSOM probe
that are experimentally feasible and provide a suggestion for fabricating an optimal probe.
Using the improved tips with a tip size of 50 nm, we can get a very small spot size
approximately the same dimensions as the diameter of tip apex, which are much smaller than
those produced by the non-coated or metal coated tip used alone. In the near future, the
non-linear response of the irradiated sample, the NSOM application using in photonic crystals
will be further studied.
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