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Focusing in microlenses close to a wavelength in diameter
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Light focused from air into a spherical microlens is affected by diffraction at the lens surface as its diameter

approaches the wavelength of light.

Through an extension of Mie theory, we show that a converging wave

that is incident upon a Si microlens with a diameter less than approximately 4\ creates a spot as much as
25% smaller than predicted with vector diffraction theory. Si microlenses only a wavelength in diameter are
shown to be virtually insensitive to variations in the maximum illumination angle, and changes in index of
refraction are not found to cause the proportional changes in spot size that would be expected from vector

diffraction theory.
OCIS codes:

Spatial resolution below the diffraction limit in air
has been achieved with solid immersion microscopy,
in which light focused through a solid immersion lens
(SIL) forms a spot at the bottom surface of the lens.
A sample held in the near field of the focused spot can
be imaged with spatial resolution limited by diffraction
in the solid. With a hemispherical SIL, spatial reso-
lution is smaller than that in air by a factor equal to
the refractive index of the lens, according to the vector
diffraction theory of Richards and Wolf,! which com-
pletely specifies the electric and magnetic field vectors
at a focus many wavelengths away. SIL’s larger than
1 mm in diameter have been used for imaging,?~% data
storage,!? and photolithography.! Recently a Si SIL
with a diameter of 15 um and demonstrated A/5 reso-
lution at a wavelength of A = 9.3 um was microfabri-
cated.!? However, vector diffraction theory cannot be
used to predict focused spot size in lenses this small.

When lens diameter is reduced to nearly the wave-
length of light, diffraction of the input beam at the lens
surface causes variations in phase and amplitude that
affect focusing inside the lens. An extreme example of
the breakdown of diffraction theory occurs for the elec-
trostatic case when the lens diameter is much smaller
than the wavelength and the fields become uniform
across the lens. For lens diameters of the order of the
wavelength, scalar diffraction theory and the vector
diffraction theory of Richards and Wolf cannot be used
to predict the spatial distribution of field amplitudes.

In this Letter we examine the fields within a spheri-
cal Si microlens illuminated by a converging wave and
investigate the effects of the lens’s radius of curva-
ture, maximum illumination angle, and refractive in-
dex on fields near the focus. Our results show that
vector diffraction theory overpredicts the spot size in
Si microlenses smaller than 41 in diameter. Changes
in maximum illumination angle have little effect on
the focus in Si microlenses smaller than a wavelength
in diameter, and changes in index do not cause the pro-
portional changes in spot size that would be expected
from vector diffraction theory.

We consider the case of a Si sphere (n = 3.4) with di-
ameter d illuminated by a converging wave with wave-
length A and maximum illumination angle 6, as shown
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in Fig. 1, in which the illumination numerical aperture
(NA)is sin 6 in air. The illuminating wave propagates
in the positive z direction and is focused by an ob-
jective to the center of a Si sphere suspended in air.
Fields within a sphere illuminated by a plane wave
can be calculated according to Mie theory, for which
the standard derivation can be found in many refer-
ences.’® ¥ Tields within a sphere illuminated by a
converging wave are obtained here by use of an exten-
sion of Mie theory.

We start by defining two vectors, M =V X (ey¢) and
N = (V X M)/k, where ¢ is a scalar function that sat-
isfies the scalar wave equation, %k is the wave num-
ber, and ¢ is an arbitrary constant vector. It can be
shown that M and N have all the required properties
of an electromagnetic field.!® The fields in the inci-
dent converging wave are given by Richards and Wolf*
in terms of integrals over the maximum illumination
angle. The incident converging wave E; can be ex-
panded in vector spherical harmonics according to

E, = i i (Amann + anNmn) » D
m=0n=m

Fig. 1. Schematic of a spherical microlens of diameter d
and index n illuminated by a converging wave of wave-
length A at a maximum angle 6.
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where the coefficient A,,, is given by

A = I3[ Eo - M, sin 6d6d¢
[T 1M 2 sin 0d6de

(2)

and B,,, is given by a similar expression. Like the
incident wave, the internal and scattered fields, E; and
E;, respectively, can be written in terms of the vector
spherical harmonics M and N. The incident waves
(Eop and H)), external scattered fields (E; and Hy), and
internal fields (E; and H;) are related at the sphere’s
surface by the boundary conditions (Eg + E; — E;) X
e —qg2 =0and (Hy + H;, — H;) X e,—g2 = 0. These
conditions require that the tangential components of
the external and internal field be continuous at the
interface.

Since the expression for the incident electric field
requires integration over the maximum illumination
angle, it is not possible to find a general analytical ex-
pression for the internal and external fields. Instead,
the equations are numerically integrated to yield ex-
pansion coefficients for the incident converging wave.
The internal fields are reconstructed from expansion
coefficients obtained through the boundary condition
relations, and the results are presented in terms of
the Poynting vector, S = 1/2Re{E; X H;"}, in the di-
rection of propagation (S,) as a function of radial dis-
tance normalized by wavelength. Although the SIL
is normally close to a hemisphere in shape, we use
a full sphere in the model for simplicity. The effect
of a plane exit face on the focused beam shape is ex-
pected to be small based on comparisons with a modifi-
cation of vector diffraction theory that accounts for
reflections at the exit face.!® The primary resonance
peaks predicted for a sphere from Mie theory exist
for dimensions smaller than those considered here, al-
though higher-order resonances may affect field am-
plitudes within the sphere.!*

Figure 2 shows the radial distribution of S, within
spheres of diameter 4A, 2A, and A for an illumination
NA of 0.8. The fields are plotted at the position along
the z axis of maximum S, for ¢ = 7/2, where ¢ is
an angle relative to the initial polarization of the in-
cident wave. As the sphere diameter is reduced, the
FWHM of the focused spot is reduced to 0.18A, 0.164,
and 0.14 A, respectively, and the position along the z
axis of maximum S, approaches the location predicted
for an incident plane wave. For these lenses, the cal-
culated spot sizes are more than 5% and up to 25%
smaller than the FWHM of 0.191 expected from vector
diffraction theory for an infinite Si sphere. The spot
sizes for other values of ¢ vary by approximately 1%
from the mean. Lenses smaller than approximately
A/3 in diameter no longer focus light to a central spot
and approach a uniform field distribution across the
sphere with further reduction in diameter.

The size of a focused spot is inversely proportional
to the illumination NA, according to vector diffraction
theory. For spheres that are close to the wavelength
in diameter, calculations show that NA has a dimin-
ishing effect on the focused spot size as sphere diame-
ter decreases. Figure 3 gives the radial distribution

of S, within a sphere of diameter A for illumination
NA’s of 0.8, 0.6, 0.4, and 0.2 at ¢ = 7/2. The differ-
ences in the FWHM of the spots are less than 2% from
0.14)A. The focused spot created by the incident con-
verging wave is nearly the same size as that created
by an incident plane wave, as shown by the Mie theory
results plotted for comparison in Fig. 3.

Reducing the index of refraction of the sphere in-
creases the effective wavelength inside the lens with-
out changing the excitation fields on the lens surface.
Figure 4 shows the radial distribution of S, within a
sphere of diameter 2\ for n = 3.4 and n = 1.7 with an il-
lumination NA of 0.8 at ¢ = 7 /2. The spots predicted
by vector diffraction theory for an infinite sphere with
n=3.4,1.7,1.0 are also shown. Decreasing the index
of the refraction by a factor of 2 increases the spot size
by a factor of 1.7 instead of the factor of 2.0 expected
from vector diffraction theory.

In conclusion, we have shown that diffraction at the
surface of a microlens illuminated with a converging
wave becomes significant as the diameter approaches
the wavelength. For Si lenses with diameters smaller
than 4, focused spots are predicted to be as much as
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Fig. 2. Variation in spot size with Si microlens diameter
for d = 41, 2A, A for a NA of 0.8 at ¢ = 7/2. The dot-
ted curve shows the spot expected from vector diffraction
theory.!
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Fig. 3. Variation in spot size with illumination NA’s of 0.8,
0.6, 0.4, and 0.2 in a Si microlens of diameter A at ¢ = 7/2.
The dotted curve shows the spot expected from Mie theory.
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Fig. 4. Variation in spot size with index of refraction n =
3.4, 1.7 in a Si microlens of diameter 2A for a NA of 0.8
at ¢ = w/2. The solid curves show results from the con-
verging wave model, and the dashed curves show the spots
expected from vector diffraction theory.

25% smaller than those given by vector diffraction the-
ory. Reduction of the index of refraction by a factor of
2 increases the spot size less than would be expected
from vector diffraction theory. These properties must
be considered in predicting and evaluating the per-
formance of microfabricated lenses that are close to a
wavelength in diameter.
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