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Optimizing the optical field distribution of
solid immersion lens system by a continuous phase filter
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In solid immersion lens (SIL) microscopy systems with high numerical aperture (NA), there always exists
the aberration produced by Fresnel effects at the interface between SIL and the sample. This aberration
may cause the degradation of the image of sample. We design a continuous phase filter and optimize
the optical field distribution of SIL system. The numerical results show that when the continuous phase
filter is used, the field distribution of SIL system can be optimized, and the focal depth and intensity of
transmitted light can be increased. At the same time, the intensity of side-lobe and the resolution are kept
almost unchanged.
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The technique of solid immersion lens (SIL), which can
overcome the diffraction limit, was first proposed by
Mansfield and Kino in 1990[1]. Since then, various ap-
plications of SILs have been developed, such as optical
storage[2−4], scanning microscopy[5], photolithography[6],
the study of semiconductor structures[7], and other
applications[8−10]. Among them, two types of SILs are
being widely developed, one is hemisphere SIL (h-SIL)
and the other is super-hemisphere SIL (s-SIL). To fur-
ther improve the resolution of SIL microscopy system,
the two-zone amplitude filters[11,12] or phase filters[13,14]
have been used for high numerical aperture (NA) SIL sys-
tems. However, these amplitude filters may result in re-
duction of focal depth or Strehl ratio, which is a drawback
to their application. Although a discrete phase filter can
increase the focal depth of a SIL system in some extent,
the Strehl ratio still is not high enough and the side-lobe
intensity is large. Recently, we proposed a three-zone
amplitude filter and a phase filter[15,16]. Both of them
can increase the focal depth and improve the resolution of
SIL systems, but they still cannot avoid the energy loss.
In the near-field microscopy, the improvement of lateral
resolution is required, and the long focal depth and high
Strehl ratio are useful to many applications such as op-
tical storage and photolithography, especially in improv-
ing the collection efficiency of single-photon emitters[10].
However, the aberration at the interface between SIL and
the sample may degrade the image of sample in the near
field. In order to corrent the aberration of SIL system,
Zhang has proposed a unique design of SIL system by
changing the radius or thickness[17]. In this letter, we in-
troduce a filter that has a continuously varying phase to
eliminate influence of aberration. This filter can increase
largely Strehl ratio and focal depth of the SIL systems,
and keep the side-lobe intensity and resolution almost
unchanged.

The schematic of the SIL system optimized by a contin-
uous phase filter is illuminated in Fig. 1. The thickness
of the SIL is h = R + A, where A is the distance from
the plane surface to the center of the sphere and R is the
radius of the SIL. Supposing the SIL is surrounded by
air, the distance from Gaussian focus of the converging

lens to the center of the SIL is L (L + R < f0, f0 is the
focal length of the converging lens). The phase filter is
placed closely in front of a converging lens L1 with a high
NA and the SIL is on the right side of L1. The origin O
on the plane surface of the SIL is at the focus of the sys-
tem. Following the procedure of Helseth[18] and Török et
al.[19], we obtain the transmitted field of a general SIL
system near the focus,

E =
∫ θ2max

0

dθ
∫ 2π

0

A(θ1, φ) exp(ik3z3 cos θ3)

× exp[ik2ρc sin θ2 cos(φ − φc)]exp(ik0ψG) sin θ2dφ, (1)

where θ2max is the maximum effective converging angle
of light in the medium 2, ki (i = 1, 2, 3) is the wave
number in the medium i, k0 is the wave number in vac-
uum, ψG is the geometric aberration function of the SIL,
and (ρc, zc, φc) are cylindrical coordinates centered at the
plane surface of the SIL. The relationship between the
maximum effective converging angle of the SIL and the
maximum converging angle α of the lens is given by

θ2 max = α+ arcsin
(
A

R

n2 sin θ2 max

n1

)

− arcsin
(
A

R
sin θ2 max

)
. (2)

Fig. 1. Schematic of the SIL system.
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A(θ1, φ) in Eq. (1) is the vector pupil distribution,

A(θ1, φ) = P(θ1, φ)
√

cos θ1, (3)

where
√

cos θ1 is the apodization function, P(θ1, φ) is the
polarization vector, which has been derived as

P(θ1, φ) =

⎡
⎣ t1pt2p cosφ(a cosφ+ b sinφ) cosΘ − t1st2s sinφ(−a sinφ+ b cosφ)
t1pt2p sinφ(a cosφ+ b sinφ) cosΘ + t1st2s cosφ(−a sinφ+ b cosφ)

−t1pt2p(a cosφ+ b sinφ) sin Θ

⎤
⎦ , (4)

Θ = θ1 + β1 + θ3 − β2 − θ2,

β1 = arcsin(An2 sin θ2/Rn1),
β2 = arcsin(A sin θ2/R),
θ1 = θ2 − β1 + β2,

θ3 = arcsin(n2 sin θ2/n3), (5)

where t1p, t1s and t2p, t2s are the Fresnel transmission
coefficients at the spherical and planar interfaces, respec-
tively, a and b are the parameters describing an incident
polarization P0,

P0 =

[
a(θ1, φ)
b(θ1, φ)

0

]
. (6)

Supposing that the radial polarized plane wave illumi-
nates the system, Eq. (4) can be simplified as

P(θ1, φ) =

[
t1pt2p cosφ cosΘ
t1pt2p sinφ cos Θ
−t1pt2p sin Θ

]
. (7)

The geometric aberration function ψG is similar to that
in Ref. [20],

ψG = R(1 − n2) + n2A(cos θ2 − 1) + L

+n2

√
R2 −A2 sin2 θ2 − (R2 + L2

+2L[−A sin2 θ2 + cos θ2
√
R2 −A2 sin2 θ2])1/2. (8)

When A = L = 0 for h-SIL and A = R/n2, L = n2R
(n2 is the refractive index of the SIL) for s-SIL, the two
SIL systems are aplanatic and consequently the geomet-
ric aberration ψG in Eq. (8) is equal to zero. Substituting
Eqs. (3), (7), and (8) into Eq. (1) and performing the in-
tegral for the angle φ, we obtain

Ex = iI1 cosφc,

Ey = iI1 sinφc,

Ez = −2I0, (9)

I1 =
∫ θ2max

0

t1pt2pT (θ2)
√

cos θ1 sin θ2 cosΘ

× exp(ik3zc cos θ3)J1(k2ρc sin θ2)dθ2,

I0 =
∫ θ2max

0

t1pt2pT (θ2)
√

cos θ1 sin θ2 cosΘ

× exp(ik3zc cos θ3)J0(k2ρc sin θ2)dθ2, (10)

where T (θ2) is the effective transmittance function of the
phase-only filter, Jn is the nth Bessel function of first
kind. To describe the characteristic of rotating symme-
try of light field, we transform the expression of electric

field in Cartesian coordinates (Eq. (10)) into cylindrical
coordinates and find that the azimuthal element is zero.
The longitudinal and transverse elements can be deter-
mined by

Eρ = i

∫ θ2max

0

t1pt2pT (θ2)
√

cos θ1 sin θ2 cosΘ

× exp(ik3zc cos θ3)J1(k2ρc sin θ2)dθ2,

Ez = 2
∫ θ2max

0

t1pt2pT (θ2)
√

cos θ1 sin θ2 sin Θ

× exp(ik3zc cos θ3)J0(k2ρc sin θ2)dθ2. (11)

From Eq. (11) it is found that the optical field distribu-
tion of SIL system is related to the Fresnel transmission
coefficient t2p, which is written as

t2p =
2n2 cos θ2

n3 cos θ2 + n2 cos θ3
,

θ3 = arcsin(n2 sin θ2/n3). (12)

Figure 2 shows the phase transmittances. All plane-
wave components with incident angles in the range of
θ2 ∈ [0, θc], where θc is the critical angle of the total
reflection, have real transmission coefficients. Conse-
quently, there are no phase shifts between incident and
transmitted waves at the interface. However, plane-wave
components in the range of θ2 ∈ [θc, θ2 max] undergo
total reflection at the interface, and the transmission
coefficients become complex. These complex transmis-
sion coefficients impose a phase shift between incident
and transmitted waves that can be viewed as an addi-
tional aberration between the incident and transmitted
waves, as shown in Fig. 2. The additional aberration can
be described as

ψF =
{

arctan(−n2

√
(n2 sin θ2)2 − 1/ cos θ2), θ2 > θc

0, θ2 ≤ θc
.

(13)

Fig. 2. Phase transmittance according to the Fresnel trans-
mission coefficient.
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This aberration may cause degeneration of image qual-
ity in optical field distribution of SIL system. In order
to overcome the influences of the aberration completely,
the transmittance function of the designed phase filter is

T (θ2) =
{

1, 0 ≤ θ2 ≤ θc
e−iψF , θc ≤ θ2 ≤ θ2 max

. (14)

Now let us analyze the effects of an inserted continu-
ous phase filter on the transmitted fields of h- and s-SIL
systems, respectively. At the same time, we compare the
effects of designed phase filter with the annular ampli-
tude filter proposed by Lu et al.[11], which is with the
transmittance function of

T (θ2) =
{

0, 0 ≤ θ2 ≤ θc
1F , θc ≤ θ2 ≤ θ2max

. (15)

Both the h- and s-SILs are with the refractive index of
n2 = 2, and the illuminating wavelength of diode laser
is 0.65 μm. For the h-SIL system, the NA of converg-
ing lens is chosen as 0.707, therefore the effective NA
of h-SIL system is NAe = 1.414. For s-SIL system, NA
=0.433 and NAe = 1.732.

The transverse and axial intensity distributions of the
s-SIL system in focal region are shown in Figs. 3(a) and
(b), respectively. Figure 4 shows the case for the h-SIL
system. For comparison, we also plot the intensity dis-
tributions with the annular amplitude filter.

By comparing the cases with and without the con-
tinuous phase filter, it is found that the designed phase
filter can increase the intensity of focal spot and the focal

Fig. 3. (a) Transverse and (b) axial intensity distributions of
the s-SIL system. The solid, dotted, and dashed curves are
the cases with phase filter, without filter, and with amplitude
filter, respectively.

Fig. 4. (a) Transverse and (b) normalized axial intensity dis-
tributions of the h-SIL system. The solid, dotted, and dashed
curves are the cases with phase filter, without filter, and with
amplitude filter, respectively.

depth defined as the axial full-width at half-maximum
(FWHM). In the s-SIL system, the continuous phase
filter increases the intensity of focal spot and the focal
depth by 30% and 25.1%, respectively. At the same time,
the maximal side-lobe intensity is reduced from 8.1% to
6.3% and the focal spot size keeps almost unchanged.
However, the annular amplitude filter decreases both the
intensity of the focal spot and the focal depth. In the h-
SIL system, the increases in the intensity of focal spot
and the focal depth are 27.6% and 30%, respectively,
when the continuous phase filter is added. The side-
lobe intensity is suppressed well while the focal spot size
is almost constant. Reversely, the intensity of the focal
spot and the focal depth are decreased greatly when us-
ing the annular amplitude filters. At the same time, by
comparing Fig. 3 and Fig. 4, it is found that s-SIL can
achieve smaller focal spot size and stronger intensity of
focal spot than h-SIL. However, h-SIL can produce longer
focal depth than s-SIL.

A physical model of the continuously varying phase
filter is proposed and the optical field distribution of SIL
system is optimized. The effects of the continuous phase
filter are compared with that of an annular amplitude
filter[11]. The numerical results show that the continuous
phase filter increases the intensity of focal spot and the
focal depth markedly for both h- and s-SIL systems. At
the same time, the side-lobe intensity is suppressed well
while the focal spot size is almost constant. This con-
tinuous phase filter can be produced by using diffraction
optics[21] or spatial light modulators[22].
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