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A virtual probe is a novel immaterial tip based on the near-field evanescent wave interference and small aperture

diffraction, which can be used in near-field high-density optical data storage, nano-lithography, near-field optical imag-

ing and spectral detection, near-field optical manipulation of nano-scale specimen, etc. In this paper, the formation

mechanism of the virtual probe is analysed, the evanescent wave interference discussed theoretically, and the sidelobe

suppression by small aperture is simulated by the three-dimensional finite-difference time-domain method. The simula-

tion results of the optical distribution of the near-field virtual probe reveal that the transmission efficiency of the virtual
probe is 102-10% times higher than that of the nano-aperture metal-coated fibre probe widely used in near-field optical

systems. The full width at half maximum of the peak, in other words, the size of virtual probe, is constant whatever
the distance in a certain range so that the critical nano-separation control in the near-field system can be relaxed. We
give an example of the application of the virtual probe in ultrahigh-density optical data storage.
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1. Introduction

In recent years, scanning near-field optical mi-
croscopy (SNOM) has stimulated continuous research
interest as it can provide an efficient way to obtain the
optical information of surface structure with a sub-
wavelength resolution.l'=* These novel devices have
been applied in a wide range of physics, surface chem-
istry, material science and biology, such as the de-
tection of topography, spectroscopy, as well as high-
density information storage.

The optical probe is the most essential component
governing the performance of SNOM. The resolution
of SNOM is determined by the size of the probe tip,
and the response sensitivity by its output intensity.
Several kinds of probes are widely used in near-field
optical technology, such as fibre probes, apertureless
probes, plasmon probes, etc.’! But there are some
shortcomings in these probes. Low transmission ef-
ficiency, slow feedback rate due to rigorous distance
control, and fragility of the probe restrict the devel-

opment of probe-type near-field optical systems.

To overcome the drawbacks of real probes, the
concept of an immaterial probe was first proposed by
Grosjean and Courjon in 2001.181 A confined light dis-
tribution is generated due to the evanescent wave in-
terference. The confinement distribution peak, called
the virtual probe, is independent of the distance z.
This new concept can be used in SNOM and other
near-field optical systems, allowing the scanning of a
sample without any mechanical contact with it. It will
be a good challenge to confocal microscopy.

Because the virtual probe concept was proposed
just a few months ago, its formation mechanism and
characteristics have not been discussed clearly. In
this paper, the evanescent wave interference is stud-
ied theoretically, the sidelobe suppression by a small
aperture is simulated by the three-dimensional finite-
difference time-domain (FDTD) method, and the for-
mation mechanism of the virtual probe is analysed.
We give an example of the application of the virtual
probe in ultrahigh-density optical data storage.
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2.Evanescent wave interference

When light is propagated from an optically dense
medium (with refractive index n;) into one which is
optically less dense (with refractive index ng, ns <
ny), the light suffers total reflection provided that the
angle of incidence #; exceeds the critical angle 6. given
by 8. = na/n;. Light beyond the critical angle has
the interesting property that it effectively passes into
the less dense medium a small distance before it is
reflected[”) (see Fig.1). In the less dense medium, there
is an evanescent wave which is propagated along the
interface in the plane of incidence (i.e. in the positive
z-direction), and which decays exponentially with the
distance z from the interface. In the Cartesian coor-
dinate system shown in Fig.1, the refractive wave can

be written as(8!

_ [6in2 0: —n2  —i(wi— in@;
By = Ae k1z4/sin? 6;—n e i(wt klwsm&)’ (1)

where A is the amplitude of the wave, ky = njw/c =
27ny /A are the wavenumbers in medium 1, w is the
angular frequency, A is the wavelength in vacuum, and
n = ny/n; is the relative refractive index.

Fig.1. An illustration of the total reflection
and evanescent wave.

If another wave incidences in the output direction
of the reflection wave of the previous incident light,
in the less dense medium there is another evanescent
wave which is propagated along the interface in the
opposite direction (—z-direction). On the assumption
that the intensity of the two incident lights is the same,

Observation
plane

the second evanescent wave can be expressed as

Eé — Aefklz\/sin2 9i7n2efi(wt+k1zsin9i))‘ (2)

In the overlap area, interference occurs between
two evanescent waves (see Fig.2). The interference

field intensity distribution is

[ — 9.4%e—2k12\/5in2 0, - {1 + cos <47rz1x

Fig.2. An illustration of the evanescent wave interference.

This shows that the spatial period of the inter-
ference fringe is A/2n; sin 6;, the peak intensity of ev-
ery fringe 442e=2k12Vsin?6i—n* 4t some observation
plane, and the full width at half maximum (FWHM)
A/4ng sin@;, with A=650nm, n;=2, no=1, 6; = 45°,
FWHM=115nm.

To understand clearly the formation of the in-
terference pattern, the propagation process of two
plane waves incident with angles larger than 6,
is simulated numerically by the three-dimensional
FDTD method.[®! Numerical calculation by the FDTD
method is the most popular and promising method
for this purpose,['%'] because it can be easily applied
The FDTD
method is based on the two Maxwell curl equations in

to actual three-dimensional problems.

derivative form in the time domain, of which the reli-
ability has been confirmed by the agreement of simu-
lation results with experiment in many researches.[?]

(b)

Fig.3. (a) Evanescent wave interference simulation model. (b) Interference
pattern in the observation plane (h=250nm).
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Fig.3(a) shows the simulation model. The Carte-
sian coordinate origin is set in the centre of the in-
terface. The whole simulation space is divided into
10 equal discrete units, each of which has the vol-
ume of AxAyAz, where Az, Ay, Az are all 50nm.
The wavelength of the incident light is 650nm and
the polarization direction is y. The distance between
the observation plane and the interface is h. The re-
fractive indices of two media are 2 and 1, respectively.
The incident angle is 45° to generate the total internal
reflection.

Fig.3(b) shows the interference pattern in the
It reveals that the
evanescent wave exists in the vicinity of the interface

observation plane (h=250nm).

due to total reflection and the interference fringes are
produced by the evanescent wave interference. The in-
homogeneity of the interference pattern is caused by
the finiteness of the plane waves because of the limi-

<

plane

(a)

z Observation

tation of the simulation space.
3. Sidelobe suppression

In order to preserve the central fringe only, a
square aperture is used to suppress the sidelobes. A
metal film with an aperture of side D in its centre is
located on the interface, which is taken as a perfect
electric conductor (PEC) with infinite conductivity.
In the near-field zone of the interface, the strength of
the k| components of the k wave vectors ranges from
7ero0 t0 K|max- From the near-field scattering relation,
the evanescent field decay is directly related to the
strength of the k| vector. The observation distance
plays the role of a spatial low-pass filter for the elec-
tromagnetic field. This will result in a broadening of
the light confinement zone when the observation plane
leaves the piece of material generating the field distri-
bution.

(b)

Fig.4. (a) Square aperture diffraction simulation model. (b) The steady-state electric

field distribution in the zz plane.

The simulation model has been built up for un-
derstanding the diffraction effect of the small aperture.
Figure 4 shows the simulation model and the steady-
state electric field distribution in the xz section. The
centre of the aperture and the origin of the Cartesian
coordinate are defined as the centre of the interface.

The intensity distribution on the observation
plane of the simulation model and the x section distri-
bution in Fig.4 are shown in Fig.5, where h is 250nm
and the side length of aperture is 1.5um. The size of
the section view is 5pum and the FWHM of the central
peak is about 230nm. As expected, on the observation
plane there is a symmetrical distribution with a sharp
peak and the sidelobes are suppressed effectively. The
distribution is axially symmetric of y and the y com-

ponent of distribution is dominant, which is related
to the polarization of incident light. One can assume
that a centrosymmetric distribution can be achieved
if the incident light is an annular beam with circular
polarization and the aperture is round based on the
principle of symmetry. The centrosymmetric light in-
tensity peak is the effective part of the virtual probe.

According to the simulation results, the virtual
probe has an effect on the condition of evanescent wave
interference and the light confinement by an aperture,
as shown in Fig.4(a). Further simulations based on
this model are carried out to investigate the charac-
teristics of the virtual probe such as the transmission
efficiency, width and depth. The influence of the aper-
ture size is considered.



No. 10

A virtual optical probe based on evanescent wave interference

Intensity I/arb.units

(a)

1025
5.0x 1012 T T
4.5X1012 [nedommbonndonedeeflondo b b
T R
1] 1) 1] * E i + a
3.5X1012 [aefunnbonadonastuan O e SODE IR SR
3.0X 1012 feardronctoccbranibanfib s denidiindiniitnns
25X1012 borudenebo b i
2.0X1012 foeefemerponehanedenchifedennitondonanton ]
1.5x10!2 « WL
12 ! O
LOX10M2 oo e
0.5x1012 AU IEEE SRTS JERE T ST L SLIe. CRER SEE P
0.0x 1012 : :
-2500 -1500 -500 0 500 1500 2500
z/nm
(b)

Fig.5. (a) Intensity distribution and (b) section along the z-direction on the obser-

vation plane (h=250nm, D=1.5um).

As shown in Fig.6 the transmission efficiency has
almost a linear relation with the size of aperture whose
order of magnitude is about 10~2, which is about 10>~
10* times higher than a usual nano-aperture probe
used in near-field optical technology.
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Fig.6. Transmission efficiency versus aperture size.

Figure 7 shows that the FWHM of central peak
(about 300nm) is constant whatever the distance z in
the range of 500 nm. When the side lengths of aper-
ture are 3 and 1.5um, the FWHM remains constant
in ranges 100-650 and 100-600nm, respectively, which
shows the effective depth of the virtual probe. When
the side length is 0.5um, the FWHM increases quickly
with the distance z, therefore the effect of the virtual
probe is not obvious.

The maximum of the peak is at a position of
200nm away from interface when the side length of the
aperture is 1.5um (see Fig.8). Then the peak intensity
decreases with the distance, but the insignificant, de-
crease of about 25-30% of the maximum in the range
of 100-400nm is acceptable.
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Fig.7. FWHM of central peak versus distance.
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Fig.8. Central peak intensity versus distance.

The evanescent interference effect of the virtual
probe is not obvious when the aperture size is smaller
than 0.5pum, and the diffraction effect is remarkable.
With the increase of aperture size, the evanescent
interference effect becomes notable gradually, and a
sharp peak emerges at the centre of the field distribu-
tion and the sidelobes are so small as to be ignored.
But when the aperture size is greater than 3um, many
sidelobes appear, which is not good for the application
of the virtual probe.
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4. Application prospect of the vir-
tual probe

The novel virtual probe can be used in near-field
high-density optical data storage, nano-lithography,
near-field optical imaging and spectral detection,
near-field optical manipulation of nano-scale speci-
men, etc. In this section, we give a design example
of the application of the virtual probe in ultrahigh-
density optical data storage.

One way to realize near-field recording is solid im-
mersion lens (SIL) near-field optical storage. The size
of the recording laser spot is decreased by utilizing
the SIL with a high refractive index. If the record-
ing media is placed close enough to the flat surface of
the SIL, this subwavelength spot size is obtained at
the media and the optical energy is transferred into
the media through near-field coupling. In this case,
the effective numerical aperture of the lens can be
greater than one. Although the SIL method can get
a much higher transmission efficiency than the probe
and higher resolution than the traditional objective,
it is very difficult to keep the distance between the
SIL and the recording media in the near-field region
(about 50nm). Thus, the SIL or recording media may
be easily damaged by scratches or dust.

| Opaque screen

OmOogeneous cone

Marginal ray

l

Inhomogeneous ring

Air gap

Fig.9. Proposed layout of the virtual probe used in
the optical data storage system.

The concept of the virtual probe can be applied
to SIL near-field optical storage to ensure that the
FWHM of light distribution does not change with dis-
tance in a certain range so that the rigorous distance
control can be relaxed and the damage of recording
head or media can be avoided. This will be very im-
portant for the development of near-field optical stor-
age.

A detailed view of the proposed virtual probe in
the SIL system is shown in Fig.9. A laser beam is
focused by an objective lens on the bottom plane sur-
face of the SIL, on which a metal film is coated with

an aperture in the centre. The recording material and
the SIL are separated by an air gap of thickness Az.
The incident light on the SIL/air interface can be di-
vided into a homogeneous cone for angles smaller than
f. and an inhomogeneous ring for angles larger than
f.. The homogeneous cone is blocked by an opaque
screen and the inhomogeneous ring is focused on the
plane surface. The virtual probe is formed in the gap
by evanescent wave interference and small aperture
diffraction. In fact, the light distribution is similar to
that from a hole-type aperture, but the light intensity
is 100 times larger than that of a fibre probe.

In the traditional near-field optical storage sys-
tem, including both the hole-type probe and SIL sys-
tem, the recording layer must be in proximity to the
coupling surface (50nm). Without close proximity,
the spot size increases and the total energy avail-
able for coupling into the recording layer decreases
due to evanescent decay. What differentiate the tra-
ditional near-field system from the virtual probe are
the separation control and the transmission efficiency.
The characteristic that virtual probe light distribu-
tion does not change with distance in a certain range
(about 100-500nm) makes the separation control sim-
ple and the collision between the recording head and
media can be avoided. The problem of low through-
put power in probe-type near-field optical storage also
can be solved utilizing the virtual probe.

5. Conclusions

The virtual probe based on evanescent wave in-
terference and small aperture has a transmission effi-
ciency of 102-10* times larger than an ordinary nano-
aperture probe used in the near-field optical system.
The FWHM of the central peak of the virtual probe
remains constant whatever the distance in a certain
range. It is possible that the interaction volume is be-
yond the diffraction limit and the interaction distance
is ten times larger than the ordinary near-field dis-
tance owing to its characteristics. The distribution of
the virtual probe could be influenced by the shape and
size of the aperture, polarization of incident light, etc.
The parameter optimization of the aperture, incident
angle, the refractive index, etc, is an important issue
to be studied further. The characteristics of the vir-
tual probe will make it possible to use it in near-field
optical storage systems, nano-lithography, near-field
imaging and spectrum detection, and in the near-field
optical manipulation of nano-specimens.
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