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This paper studies the dispersion effect of the supersphere solid immersion lens (SIL) on a near field optical

microscopy system by using the vector diffraction theory. Results show that when a real non-monochromatic beam

illuminates a supersphere SIL microscopy, the dispersion effect of the SIL has an important influence on the image

quality. As the wavelength bandwidth of the non-monochromatic beam increases, the size of the focused spot increases

and its intensity decreases in near-field microscopy systems with a supersphere SIL.
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1. Introduction

For conventional optical microscopy, the refrac-
tive index of air in the object space is unity, which
limits the numerical aperture (NA) to unity and con-
sequently limits the lateral resolution to Ag/2, where
Ao is the free space wavelength of light. The resolu-
tion of the conventional optical microscope can be im-
proved only by a small extent by using superresolving
diffractive optical elements.'=# The near-field solid
immersion lens (SIL) technique, which is different
from the near-field scanning optical microscopy,®:
is not by definition limited to point-by-point imag-
ing but can offer excellent spatial resolution over an
extended field by placing additional refraction or re-
flection elements in the optical near-field of the surface
of an object.[7—13]

Since Mansfield and Kino first proposed and
demonstrated a hemisphere SIL microscope to clearly
resolve 100 nm lines and spaces in photoresist,!”
the SIL technique has been developed as a path to
achieve higher optical data densities on the plane of
the recording layer!® or to improve the collection ef-
ficiency in fluorescence microscopy!™ and in semi-
conductor single-photon emitter of light.['”) The SIL
technique has also been applied in surface plasmon
microscopy!*® and near-field photolithography.l'” Re-
cently, Ippolito et al used SILs to achieve very high
subsurface imaging resolution in silicon wafers.'?

More recently, Zhang and Bail'®! applied the SIL tech-
nique to the proposed high-density all-optical mag-
netic recording.

In applications, two types of SILs are developed
which use spherical-only surfaces. One type of SIL is
a hemisphere lens with the flat surface in proximity to
the recording layer or to the microscopy specimen.!”]
The other type of SIL is a supersphere SIL with its
flat rear surface in proximity to the recording layer or
to the microscopy specimen.!®! To further improve the
resolution of SIL microscopy systems or increase the
focal depth in near-field SIL optical data storage sys-
tems, some amplitude and/or phase filters have been
added in SIL microscopy systems.[19~2]

In theory, previous analyses and calculations
for the transmitted field of SILs are based on the
monochromatic light illuminating the SIL systems and
the dispersion of SILs is not considered. This paper
shows that the non-monochromaticity of the incident
beam and the dispersion effect in a supersphere SIL
have an important influence on the lateral resolution
and intensity of the focused spot.

2. Aberration function of a super-
sphere SIL

It is well known that to achieve high recording
density or high resolution, materials with high refrac-
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tive index, such as Si and GaP, are usually used. The
refractive index of these materials varies with wave-
length generally. Even if the refractive index is insen-
sitive to wavelength for some glass materials within
the visible light spectrum, weak dispersion has an im-
portant influence on resolution of a supersphere SIL
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system, because the structure of a supersphere SIL
is related to its refractive index. In this section, the
aberration function of a supersphere SIL is derived.
Figure 1 shows the imaging parameters for a su-
persphere SIL. In practice, the incident beam on the
SIL is usually non-monochromatic. Assume that the
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Fig.1. Imaging parameters for a supersphere lens and dispersion, (a) n(\) = n(\:), (b) n(A) > n(Ac) and (c)

n(A) < n(Ac).

wavelength of the incident beam is in the range from
Ae — w/2 to A + w/2, where X is the central wave-
length and w is the wavelength bandwidth. For a SIL
surface microscopy, one can design the structure of
the SIL and adjust its position in the image system
so that incident lights at the central wavelength of
A = ). are aplanatically focused at point O on the
planar surface of the SIL, as shown in Fig.1(a). Ray
1 passing through the centre (point C) of the sphere
arrives at point O and ray 2 passing through the spher-

ical boundary at point D arrives at point Q. (Q and
O superpose together for n(A) = n(\.), but they do
not for n(A) # n(A.), see Fig.1). B is the position of
the virtual focus. Ray 1 is defined as the reference ray.
Ray 2 forms an angle -, with respect to ray 1, and an
angle of «a, with respect to the line from C to D. The
distances from @ to D and from B to D are defined
as M and N, respectively. According to the geometric
relationships in Fig.1, M and N can be obtained as

M = (A—h)cosy+ \/RQ—(A—h)QsiHZV—i—h/cos'y, (1)

N = \/R2+L2+2L [cos*y\/R2 — (A —h)%sin®y — (A — h)sin? 7/, (2)
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where The optical path length (OPL) from @ to D and

0, for n()\) _ n(}\c), then to B is

Rsina
h = A— ]s%iny , for n(A) >n(X), (3) OPL(A,L,v,A\) = n(\)M — N . (5)
A Y e n(M) < n(e),
sy Then the wave aberration function is expressed as
L
_ . 0

@ e {n(A)R - ] ’ $(X) = K[OPL(A, L, v, \) — OPL(A, L,0,\)].  (6)

(3 = arcsin L[% sin 9} ,

After some algebraic calculations, we obtain the re-
vy=0+p5—-a. (4)  sulting aberration function:

PY(A) = k{R[l —n(A)]+n(A)(A—h)(cosy—1)+ L+ n()\)\/R2 — (A~ h)2sin®y

1 —cosvy

+n(A\)h (

cos 7y

) - \/32 VL2 4oL [cosv\/RQ —(A—h)2siny — (A h)sinQV} } (7)

Specially, for the light of A = \;, the aberration function is

P(Ae) = k{R[l —n(A)] +n(A)A(cosy — 1) + L +n(A.)y/ R2 — A2 sin? 5
—\/R2+L2+2L |:COS’)/\/R2—AQSing’y—ASiIIQ’y:|}. (8)

It is found from Eq.(8) that in the aplanatic solution for the central wavelength of the beam, A and L are

equal to R/n(\.) and Rn(A.), respectively. In this condition, the lights departing from the central wavelength
produce the aberration on the planar surface of the SIL, which is determinated by Eq.(7). In the following

calculations, the fused quartz glass is chosen as the material of the SIL with refractive index function[2*
0.008777898 84.06224
=4/2. 4 .
) \/ T804+ X 0010609 T X2 = 96.00000 ©)

Figure 2(a) plots the dependence of the refractive index on the wavelength. It is clear that the dispersion
of the refractive index with wavelength A is very small in the range of A from 509 nm to 519 nm. However, it

1.4615 -0.5 T .
0 = 30°
1.4613
S
= B
1.4611
(a)
1.4609 : : . . —0.5 . . . . )
510 512 514 516 518 510 512 514 516 518
A/nm A/nm

Fig.2. Dispersion of the refractive index: (a) for a fused quartz glass and the aberration function; (b) for the
supersphere SIL with the radius of R = 1 mm. The fused quartz glass SIL is designed aplanatically for central
wavelength A¢ = 0.514 pum of the beam.
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is this small dispersion that produces a non-
neglectable aberration in the supersphere SIL, which
is shown in Fig.2(b). The SIL in the figure is designed
aplanatically for central wavelength A, = 514 nm of
the beam and its radius is R = 1 mm. It is seen
from Fig.2(b) that the absolute value of the aberra-
tion function increases as the wavelength and incident
angle increase, and when § = 30° the maximum phase
difference is close to 7/2, which has an influence on
the resolution of the SIL microscopy system.

3. Optical field distribution of the

SIL microscopy system

The system considered consists of an ideal con-
verging lens (L) with high NA and a supersphere SIL,
as shown in Fig.3. The SIL, surrounded by air, is close

l

to the focus of the converging lens L;. The origin O
is at the focus of the system. The thickness of the
supersphere SIL is R 4+ A, where R is the radius of
the sphere. The distance between the Gaussian fo-
cus of the converging lens and the centre of the SIL is
L(L+ R < fo, fo is the focal length of the converging
lens). We let A = R/n(A.) and L = Rn(\.) so that
the lights with the central wavelength are aplanati-
cally focused at the focus. Consideration of a high NA
lens requires a model of diffraction defined by vector
field theory, rather than scalar field theory. An angu-
lar spectrum of plane waves method, as described by
Richard and Wolf?%! and developed by Torck et all2¢
can be used to find the electric field at any point near
the focus, with cylindrical coordinates (pc, zc, ¢c). We
assume that the lens is illuminated by a collimated
radially-polarized plane wave beam. The electric field
on the focal plane can be obtained as Ref.[19]

Om
E,(\) =i /0 tp&(A)Veos Osin @ sin @ explity(N)]J1[kn(A) pe sinv]dé,

Orm
E.(\)=2 /0 to&(A)Veos Osin @ sin @ explivy(N)]Jo[kn(A)pe sinv]dé,

where E, and E, are the transverse and longitudinal
elements of electric fields, respectively, in cylindrical
coordinates, J,, is the nth Bessel function of the first
kind, #,, is the maximum converging angle of the lens
L1, tp is the Fresnel transmission coefficient of the SIL,
and

O=0+05+n—a—7,
n = arcsin(n sin ). (11)

In Eq.(10) & () is the distribution function of the inci-
dent beam with wavelength A. Without loss of gener-
ality, we assume that £ (A) is a Gaussian distribution
with wavelength A

e@»—wpvzmxfy (12)

where ). is the central wavelength and w is the wave-
length bandwidth.

(10)
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Fig.3. Schematic drawing for microscopy system with a
supersphere SIL.

The intensity of the light in the transmitted field
is expressed as

1 Ao+w/2
g

(13)
w )\0711)/2

1B, + |E:(F] ax.
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Figure 4 shows the normalized intensity dis-
tributions in the focal plane of a supersphere SIL
microscopy system illuminated by radially-polarized
beams with different wavelength bandwidths. The
supersphere SIL made of fused quartz glass mate-
rial is designed aplanatically for central wavelength
Ac = 0.514 pm of the beam. From the figure it can be
seen that the dispersion effect of the SIL enlarges the
size of the focused spot, in comparison with the case
in the monochromatic incident beam (w = 0). We de-
fine the fully-width at half maximum (FWHM) of the
size of spot. Generally, as the wavelength bandwidth
increases, FWHM of spot increases but the intensity
of spot decreases, as shown in Fig.5.
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Fig.4. Normalized intensity distribution in the focal
plane of a supersphere SIL system illuminated by non-
monochromatic beams with different wavelength band-
widths. The fused quartz glass SIL with radius 1.6 mm
is designed aplanatically for central wavelength A =
0.514 pm of the beam.
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Fig.5. The size (FWHM) of the focused spot (a) and its normalized intensity (b) as a function of the wavelength

bandwidth of the beam incident on the supersphere SIL system.

4. Conclusions

In practice, light beams illuminating optical mi-
croscopy systems usually are non-monochromatic ones
with certain wavelength bandwidth, rather than an
ideal monochromatic beam. In this paper, the aber-
ration function of a supersphere SIL with dispersion

effect is first derived and then the expression for the
transmitted field is given for a supersphere SIL mi-
croscopy system illuminated by a non-monochromatic
radially-polarized beam. The numerical results show
that the dispersion effect in the SIL material results in
the degeneration of the image quality in supersphere
SIL microscopy systems.
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