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Realization of numerical aperture 2.0 using a gallium phosphide solid
immersion lens
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We report a study of a gallium phosphide, hemispherical, solid immersion lens through the imaging
of 40-nm-diam fluorescent dye balls. A spatial resolution as small as 139 nm has been achieved at
a wavelength of 560 nm, which is equivalent to a diffraction-limited system of numerical aperture
2.0. This resolution is a 33% improvement over conventional oil immersion objectives and
previously reported solid immersion lenses, which typically have a numerical aperture around 1.5.
© 1999 American Institute of Physics.@S0003-6951~99!02752-7#
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Solid immersion microscopy, a technique similar to
immersion microscopy, extends the diffraction limit by fil
ing the object space with a high-refractive-index mater
Oils used for this purpose typically have a refractive inden
equal to 1.5, yielding a practical numerical aperture~NA! of
order 1.4.1 The refractive index in solids can be much larg
as large asn;3.4 for gallium phosphide~GaP! at visible
wavelengths. Previous papers report the fabrication of s
immersion lenses~SILs! from high-index glasses (n;2),2–8

gallium phosphide,9 and sapphire (n;1.76),10 the best result
achieving a NA of about 1.5.2,5,10 It has since found applica
tion in data storage,3,9 lithography,5 and the study of semi
conductor nanostructures.6–8,10In this letter, we demonstrat
the implementation of a hemispherical, gallium phosphi
SIL achieving an effective numerical aperture of 2.0.

The solid immersion lens was initially developed2 as a
technique for enhancing the spatial resolution of conv
tional imaging microscopy. Two types of SILs are used. O
is a simple hemisphere2 and the other is a standard Weie
strass optic3 in which the height of the truncated sphere
equal to (111/n)r , wherer is the radius of curvature. It is
theoretically possible for both types of SILs to perform im
aging near the center of their bottom surface without geom
ric aberration.1,2,11The advantage of the Weierstrass optic
that it has the potential to improve the NA of a far-fie
objective by a factor ofn2, as compared to an improveme
of a factor n for a hemispherical SIL. In both cases, th
maximum achievable NA is equal ton. The disadvantage o
the Weierstrass SIL is that dispersion makes it subjec
severe chromatic aberration because its dimensions are
pendent onn. For most materials, this aberration limits th
usable bandwidth to only a few percent of the visible sp
trum. A hemisphere, however, suffers only mild lateral ch
matic aberration, due to the fact that the magnification o
hemisphere2 n is wavelength dependent. Because the mag
tude of this effect is only a few percent across the visi
spectrum, the hemispherical SILs may be considered ac
matic. Another advantage of the hemispherical SILs is tha
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is more tolerant than the Weierstrass SIL to the thicknes
the optic.12

The experimental setup is composed of a Zeiss Axios
50 microscope and a 0.8 NA Leitz–Wetzlar microscope o
jective with 2 mm working distance, a laser filter, a negat
achromatic lens, and a TE cooled charge-coupled de
~CCD! camera as shown in Fig. 1. The purpose of usin
negative lens is to increase magnification to enable m
accurate spot size measurements. A 500-mm-radius, grade
10, hemispherical~accurate to less than 2mm!, gallium phos-
phide ~GaP! SIL ~Ref. 13! is mounted in a conic adapte
which holds it directly on top of a slide carrying 40-nm
diam. fluorescent, polystyrene balls from Molecular Probe14

with slight contact pressure. Before each measurement,
aberration-free field of view~;10 mm! ~Refs. 2 and 11! is
centered to the optical axis of the Leitz objective, which

FIG. 1. Schematic of our experimental setup.
4 © 1999 American Institute of Physics
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done by moving the SIL and the sample together using
ZeissX–Y positioning stage. The 488 nm line of an arg
ion laser is used for excitation. The fluorescence from
dye balls is imaged onto and recorded by the CCD detec
The magnification of the system is calibrated using a 3-mm-
period calibration grating.

There are two criteria commonly used in defining t
spatial resolution of an optical system: Rayleigh’s criteri
and Sparrow’s criterion.15 Rayleigh’s criterion defines the
resolution by measuring the distance from the center to
first zero position of a diffraction-limited spot while Spa
row’s criterion defines the resolution by measuring the f
width at half maximum~FWHM! of a diffraction-limited
spot. Since the FWHM measurement is easier to perform
has higher accuracy, all measurements shown in this le
reference Sparrow’s criterion, which defines the FWHM o
diffraction-limited spot as

Dx~FWHM!5
0.51l

NA
, ~1!

wherel is the emission wavelength of the sample. This f
mula describes perfect imaging systems. We also use
formula to describe nearly perfect imaging systems by m
suring the FWHM experimentally and using Eq.~1! to cal-
culate an effective NA for the imaging system. We use t
effective NA as a measure of the resolution of the imag
system.

To test the imaging properties of the SIL, we image t
fluorescence from these 40-nm-diam fluorescent dye b
The advantage of this experiment is that the 40-nm-d
balls approximate point sources. Images obtained both w
and without the SIL are displayed in Fig. 2. Shown in Fig
2~a!, 2~c!, and 2~e! are three far-field images taken from dy
balls with emission wavelengths centered at 560, 645,
720 nm, respectively. The size of the dye balls measure

FIG. 2. ~a!, ~c!, and~e! show three images, obtained by the 0.8 NA far-fie
objective of dye balls with emission wavelengths of 560, 645, and 720
respectively.~b!, ~d!, and ~f! show similar images obtained by the 0.8 N
objective and a hemispherical GaP SIL from different fields of view.
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these images is limited by the resolution of the imaging s
tem. Images taken with the GaP SIL from different fields
view are shown in Figs. 2~b!, 2~d!, and 2~f!. The pixel size of
each of these SIL images is scaled by the index of refrac
of the SIL ~Ref. 16! to account for the magnification pro
vided by the SIL. The index of refraction of GaP is known
be 3.4203, 3.2965, and 3.2401 for wavelengths 560, 645,
720 nm, respectively.17 According to our calibration, 1mm
equals 17.7 pixels for the three far-field images shown
Figs. 2~a!, 2~c!, and 2~e!. For the three SIL images shown i
Figs. 2~b!, 2~d!, and 2~f!, 1 mm equals 60.5, 58.3, and 57.
pixels, respectively.

The fact that the dye balls appear much smaller in
SIL images clearly demonstrates that we have achieve
much higher spatial resolution with the GaP SIL. Also,
each of these three images, the size of these dye balls s
to vary. This is because the dye balls tend to aggreg
forming larger clusters. We, therefore, use the size of
smallest ‘‘dot’’ observed in each image as a measure of
spatial resolution of the SIL. Each such dot is indicated by
arrow in Figs. 2~a!–2~f!.

To measure resolution, we take a line cut across thx
axis of each dot. These are shown in Fig. 3. In each of
three plots, the broader peak is the line cut from the far-fi
image and the narrower one from the SIL image. A lea
square fit to Airy line shape is performed for each curv
from which the FWHM value is measured. The resolution
the imaging system without the SIL, as tabulated in Table
is determined to be between 0.72 and 0.74 NA. The fact
these values are slightly lower than the nominal NA of 0
specified for the objective may be due to the use of the ne
tive achromatic lens.

The results of experiments using the SIL are also su

,

FIG. 3. Line cuts~normalized! from both the far-field and solid immersion
image spots indicated by arrows in Figs. 2~a! and 2~b!, 2~c! and 2~d!, and
2~e! and 2~f! are shown in~a!, ~b!, and~c!, respectively.
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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TABLE I. Calculated and measured resolutions for our far-field system both without and with the GaP
immersion lens.

Measured FWHM
~no SIL!

Effective NA
~no SIL!

Measured FWHM
~with SIL!

Effective NA
~with SIL!

Theoretical
NA ~0.73n!

560 nm 397610 nm 0.7260.02 13964 nm 2.0560.05 2.50
645 nm 457611 nm 0.7260.02 17564 nm 1.8860.05 2.41
720 nm 499612 nm 0.7460.02 17865 nm 2.0660.05 2.37
M
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marized in Table I. The experimentally measured FWH
values are 145, 180, and 183 nm for wavelengths 560, 6
and 720 nm, respectively. Since we know that we are im
ing 40-nm-diam balls, it is appropriate to deconvolve th
finite size from the measurements. To this end, we appr
mate the broadening as a simple sum of squares,Dxobserved

2

5Dxsystem
2 1Dxdye ball

2 . This deconvolution is exact for Gaus
ian line shapes and should be a reasonable approximatio
our purposes. The resulting FWHM for the system respo
is 139, 175, and 178 nm. As tabulated in Table I, the
results correspond to effective numerical apertures equa
2.05, 1.88, and 2.06, respectively, for the three waveleng
We compare these experimental results with our theore
expectations. We have demonstrated experimentally that
far-field system functions as 0.73 NA. Multiplying this b
the index of refraction of GaP, we expect the theoretical lim
of our system to be 2.50, 2.41, and 2.37 NA for the wa
lengths 560, 645, and 720 nm, respectively. Note that we
within 20% of the theoretical limit for our imaging system

Degradation in the performance of the SIL may be
result of the gap between the bottom surface of the SIL
the dye balls. Although our experiments have been car
out under clean laboratory conditions, i.e., we have caref
removed dust particles following laser optics cleaning pro
dures, an air gap exists because the 40 nm diam of the
vidual dye balls puts the center of mass at least 20 nm be
the bottom surface of the SIL. In addition, the cluste
clearly observed in the images likely act as spacers kee
the individual dye balls even further from the bottom surfa
of the SIL. A recent calculation by Babaet al.,11 suggests
that the sample has to be withinl/10 of the bottom of the
SIL in order to achieve an effective NA of more than 2
Accordingly, our observed effective NA of 2.0 is consiste
with the dye balls being approximately 60 nm below t
bottom surface of the SIL.

Another factor which could limit the performance of th
SIL is sphericity. Our GaP SIL is specified as grade 10~i.e.,
better than 10min. peak-to-valley sphericity!, which is
equivalent to a maximum absolute wave-front er
uDFmaxu>300 nm in air. This error is equal to 0.54l, 0.45l,
and 0.4l for 560, 645, and 720 nm light, respectively, whic
is relatively large in comparison to Rayleigh’s quarter wav
length rule1 for aberration due to sphericity. Improving th
sphericity of the SIL is a possible direction for future wor

We have clearly demonstrated that a SIL can be use
realize 2.0 NA, extending the lateral spatial resolution of
traditional diffraction limit by a factor of 2 while preservin
much of the simplicities of far-field imaging. This result
significantly better than the resolution achievable with
n 2002 to 130.132.177.140. Redistribution subject to A
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immersion microscopy and all previously reported SIL e
periments. As shown above, there is still room for improv
ment. It is interesting to speculate as to the upper limits o
SIL-based system. For a far-field system with 0.90 NA o
erating at 560 nm and using a GaP SIL, one should theo
cally be able to achieve spatial resolution of order 100 n

In summary, we have measured the spatial resolution
a gallium phosphide, hemispherical, solid immersion le
and achieved an effective numerical aperture of 2.0 and s
tial resolution as small as 139 nm using 560 nm wavelen
light. We conclude that the effective numerical apertu
achieved using this GaP SIL is 33% better than that of
immersion objectives and previously reported solid imm
sion lenses.
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