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Harnessing the Point-Spread Function for High-Resolution Far-Field Optical Microscopy
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The resolution limit of far-field optical microscopy is reexamined with a full vectorial theoretical
analysis. A highly symmetric excitation optical field and optimized detection scheme are proposed to
harness the total point-spread function for a microscopic system. Spatial resolution of better than 1/64 is
shown to be obtainable, giving rise to a resolution better than 100 nm with visible light excitation. The
experimental measurement is applied to examine nonfluorescent samples. A lateral resolution of 1/54 is
obtained in truly far-field optical microscopy with a working distance greater than ~5004. Comparison is
made for the far-field microscopic measurement with that of a nearfield scanning optical microscopy,
showing that the proposed scheme provides a better image quality.
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Introduction.—Enhancing the performance of optical
microscopy is one of the most challenging research topics
in the scientific community. [1] Intensive efforts have
been made to achieve optical resolution beyond the
diffraction limit during the past decade, among which
the state-of-the-art far-field microscopic techniques such
as stimulated emission-depletion microscopy [2], stochas-
tic optical reconstruction microscopy [3], and structured
illumination microscopy [4] were demonstrated, showing
a spatial resolution better than 100 nm. While these
powerful techniques are used mainly for microscopic
optical images of specialized fluorescence labeling sam-
ples, other novel superresolution approaches [5-9] were
successfully invented and demonstrated with special lenses
or structures (superlens) to measure subwavelength hot-
spots for nonfluorescence samples. The superlens-assisted
microscopic technique can be categorized as so-called near-
field optical microscopy [10].

Confocal laser scanning microscopy (CLSM) has been
widely used because of its remarkable feature of obtaining
optical images with high-resolution and depth selectivity.
The imaging properties of a CLSM were best discussed in
terms of a total point-spread function (PSF), which can be
regarded as the product of excitation and detection PSFs.
The resolution of CLSM was improved by shaping its total
PSF, which is called “PSF engineering,” i.e., by modifying
the spatial arrangement of the excitation and detection PSFs
[11,12]. However, the lateral resolution is still restricted to
about 1/3 by the diffraction limit under common conditions
(air surrounded or oil immersed), without spatially modu-
lating both excitation and detection PSFs.

Recent progress in the research of cylindrical vector
beams provides a promising method for resolution
enhancement of CLSM. A sharper focus can be generated
in air [13], in oil immersion [14], and in solid immersion
[15,16] with a spatially modulated radially polarized (RP)
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beams. While the sharper focus is known to be equivalent to
a narrower excitation PSF, the control of detection PSF is
rarely studied. Moreover, with detection PSF for a tightly
focused RP beam or azimuthal polarized (AP) beam, their
doughnut shapes give rise to a dark-field image [17]. A
sufficiently small pinhole placed before the detector can
enhance the resolution by blocking the major z component
of the light field [15], but the edge feature [17] and a poor
signal to noise ratio deteriorate the image quality. A
polarization mode converter was introduced to the
CLSM to engineer the detection PSF with RP illuminations
[18-20]. Higher-resolution imaging [378 nm full width at
half maximum (FWHM) at 633 nm] comparing to that
without the mode converter was performed. However,
linear far-field microscopy without inserting structures or
a lens in the vicinity of the sample is still restricted by the
traditional resolution limit.

In this Letter, we propose and demonstrate a novel
technique to enhance the optical resolution of a CLSM by
harnessing both excitation and detection PSFs. A full
vectorial theory of CLSM is applied for spatially modulated
optical components and a new dyadic Green’s function is
developed. High image quality with lateral resolution about
1/52 is achieved experimentally, showing a good agree-
ment with our theoretical analysis. The advantages devel-
oped in this work include applicability for a wide range of
samples, no prior knowledge of the sample required, and
less artifacts. The technique can be easily adapted to a
conventional CLSM and to other spatially resolved sys-
tems, hence immediately enhancing their performances.

Theoretical model.—Theoretical studies on tight focus-
ing are well presented in the form of the Debye-Wolf
integrals [21]. Only the apodization function needs rewrit-
ing in the integral for a certain polarized incident beam
[22]. Rigorous investigation on image formation in the
CLSM system has been analyzed in the literature [11,23].
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FIG. 1 (color online).
the PSF.

Configuration for theoretical analysis of

By inserting a polarization convertor, as shown in Fig. 1,

the dyadic point-spread function EPSF, which describes the
mapping of an arbitrarily oriented electric dipole from its
source to its image, should be recalculated.

As shown in Fig. 1, the electric field at the reference
sphere of the objective lens, derived from an electric dipole
located at the focus, can be written as [11]
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where 800(7*, 0) is the free-space far-field form of the
dyadic Green’s function, and z is the dipole momentum.

The electric field E{°(7) is collimated (ES (7)) by the
objective lens, translated into a newly polarization distrib-
uted one Z?Z? (7) by the polarization convertor, and focused

by the tube lens as E? (7) at its reference sphere. The
process can be mathematically expressed as
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here (e,,é,4,€9) and (€., ey, éy) are unit vectors of the
spherical coordinate systems for the object and the image,
respectively. (€,, €4, €,) are unit vectors of the cylindrical
coordinate system for the collimated light field. For a real
polarization conversion device, the incident light field
would be divided into RP and AP components, which
would then be converted into two orthogonal LP beams, as
shown in Eq. (3). The dyadic point-spread function then
obtains a new form as
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where P(p,¢) is the apodization function, which can
modulate the detection PSF just as it was used to shrink
the excitation PSF (for sharper focusing), and J, is the
nth -order Bessel function.

The Debye integration over the reference sphere of the
tube lens can be carried out analytically and the electric
field at the image region can be written as
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For a linear system with a sufficiently small pinhole, the

electric field in the imaging region of a RP and an AP beam
illumination becomes
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respectively, where Iy — [, are the integrals for tightly
focused beams [11].

For the RP beam, ] 0o and /¢ are proportional to J, with a
solid spot shape, and their values are much bigger than /;;
and [, respectively, at a large incident angle (large 0).
Modulation on the detection PSF i700 [in Eq. (4)] can
further shrink the total PSF and enhances the resolution of
the CLSM.

For AP beam, the polarization of the electric fielg in the
imaging region is orthogonal to that of RP beam. /,; and
Iy are proportional to J; with a doughnut shape.

Experiment.—An experimental setup based on a modi-
fied CLSM is established to verify the above theory, as
shown in Fig. 2. The light path illustrated in green depicts
the generation of a CV beam for the illumination and the
one in orange is for the image forming, corresponding
to Fig. 1. A linear polarized beam at 532 nm is passed
through a liquid-crystal polarization convertor (ARC optix,
Switzerland) and an annular aperture before being focused
by an oil objective lens [Olympus, X100, refractive index
1.52, numerical aperture (NA) 1.4]. The alignment of the
experimental setup was carefully adjusted and the polari-
zation purity of the RP beam was well inspected by a beam
analyzing system [24]. To ensure the sharper focus, a
double-knife-edge method [25] was applied to measure the
spatial structure of the focus before the imaging process.
After interacting with the sample, the reflected light is
collected by the same objective lens and reversely passed
through the annular aperture and polarization convertor,
and refocused by a tube lens into the pinhole of a fiber.
Only one single polarization convertor is required for the
CV beam generation and the polarization conversion. There
is no need to insert any structure or lens between the
objective and the sample. The large working distance of
the objective enables the system to resolve structures inside
the sample or under a cover glass.
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FIG. 2 (color online).
based on a CLSM.

Schematic of the experimental setup

The sample used for comparison is a latex projection
pattern, which is an ideal test sample to determine the
resolution of an imaging system. A monolayer of latex
spheres with 581 nm diameter was used to shelter the
substrate from the evaporated aluminium, resulting in a
hexagonal array of aluminium triangular islands with
~200 nm side length separated by 290 nm, as shown in
the inset of Fig. 3(a). The triangular islands cannot be
resolved by a standard confocal microscope. A wide field
view of the sample [Fig. 3(a)] merely indicates the align-
ment of the triangular islands, with a tilting angle ~3° to the
scanning direction along the x axis. The transmission and
reflection confocal images illuminated by a clear aperture
LP beam are shown in Figs. 3(b) and 3(c) with a resolution
of not better than 210 nm. The circular apertures corre-
sponding to the removed latex spheres appear to be elliptic
ones, with about 245 nm FWHM in the x direction and
210 nm in the y direction, because the PSF is elongated
in the direction of polarization (x axis) of the focus. The
reflection image [Fig. 3(c)] shows more artifacts, as the

--- (d), — total PSF
— excitation PSF

-1 0. 1
cross section (1)
(l) —- (), — total PSF

— excitation PSF

~140nm

oV AR
) ’V\/’J\}/M |
. VAR (R 1 !

crbss sastion (1»)

FIG. 3 (color online). Images of a latex projection pattern
resolved by a standard confocal microscopy (the first row) and by
the improved system with annular RP beam illumination (the
second row) and annular AP beam illumination (the third row).
(a) In wide field view. Inset: SEM image of the sample. (b) In
transmission and (c) in reflection with a LP illuminating beam,
where the inserted hexagonal arrays indicate the alignment of the
triangular islands. (d) and (g) Experimental images in reflection.
(e) and (h) Simulations with total PSFs shown in the inset.
Typical translationally resolved measurement results (115 nm for
RP and 140 nm for AP) shown as cross sections [(f) and (i)]
through (d) and (g) (red dashed line). The simulated excitation
PSFs (blue line) and total PSFs (green line) are shown in the same

(f) and (i).
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peanut-shaped dark pattern may be caused by plasmonic
interaction between the triangle pairs and the light field.
Each triangle pair forms a bowtie structure and gives rise to
optical enhancement at the center of the gap due to the
strong coupling between two nanotriangles. The smaller
the angle between the polarization of the light field and
the connection line of the triangle pair, the stronger the
plasmonic resonance [26]. It is obvious that the micro-
scopic imaging may be superimposed by strong artifacts as
both the intensity profile and the polarization distribution of
the focused light field contribute to the optical reflection.

Harnessing both the excitation PSF and the detection PSF
is necessary for improving a CLSM on resolution as well as
on its image quality. According to our calculation above, the
excitation PSF can be improved if the polarization of the
electric field has a cylindrical symmetry. The detection PSF
can be converted by the system to form a similar profile as
the excitation PSE. This results in a high contrast (sharper
focus with suppressed sidelobes) total PSF, as shown in the
inset of Figs. 3(e) and 3(h). The annular factor o, defined
as the ratio of inner and outer radii of the annular aperture,
is 0.8. The pinhole radius ry, is 12.5 ym. For the RP
illumination, the confocal image [Fig. 3(d)], corresponding
to the original structure with resolved triangular islands, is
well restored. The cross section of the image [Fig. 3(f)]
shows that a resolution of about 115 nm (~1/52) is
achieved. Ideally, higher 6 of a focused annular RP beam
gives rise to sharper focus. In reality, the minimized spot was
obtained for § = 0.91 because the diffraction effect has to be
taken into account [14]. For a standard CLSM, the resolution
(FWHM) is a function of the pinhole radius and ry, =
12.5 pm is sufficiently small to obtain the highest spatial
resolution [11]. Nevertheless, rp, should be smaller than
9 ym to achieve the required resolution calculated by
integrating the intensity [referred to Eq. (7)] over the pinhole
area. When 6 = 0.91 and Tph = 9 um, as shown in Fig. 3(f),
the cross section of the total PSF is obviously sharper and
has less sidelobes than that of the excitation PSE. A
resolution of smaller than 1/64 can be achieved, which
corresponds to 67 nm for the illuminating wavelength at
405 nm. Further resolution enhancement can be achieved by
using a lens with higher NA, e.g., a solid immersion lens
with a refractive index of 3.5.

In contrast, without spatial light field modulation for
the collected light beam, the image becomes blurred and
irregular (not shown here) because of the reduced signal
to noise ratio. Applying a sufficient large pinhole
(rph = 62.5 ym) can restore the triangular islands, but
the resolution is limited to the size of the excitation PSF
[about 160 nm in Fig. 3(f)]. A circularly polarized (CP)
beam is another promising light source for the CLSM,
which does also provide a cylindrical symmetry. However,
the RP beam is preferred as the spot size with a RP beam is
found to be smaller than that with a CP beam at a high ¢ for
the NA of the objective lens larger than 0.85 [27].

For AP illumination, the triangular islands turn into
small dark spots in the image [Fig. 3(g)] since the total PSF
is in doughnut shape while the circular apertures are
resolved as bigger dark spots. It is interesting that the
image still shows a resolution as high as 140 nm but it is in
contrast different with the original array structure.

The original structure pattern can be retrieved according
to a convolution theorem with the total PSF, as shown
in Figs. 3(e) and 3(h). The simulation results show good
agreement with the experiments in general. There are some
substructures among the dark apertures in Fig. 3(d), which
appear similar to the patterns in Fig. 3(g) with a location
shift. The imperfect RP beam [24] and depolarization
contributed by the sample scattering may all be contribut-
ing to this small deviation.

The interaction between the structured light field and
structured matter [28] is a complex and promising issue.
When compressing a light field into a nanofocusing spot,
the structured light field, especially its polarization distri-
bution, will affect the imaging process. Figure 4 shows the
images resolved by a confocal microscopy with an annular
LP beam and by an aperture NSOM. The simulated image
(corresponding to the reflection image) illuminated by the
annular LP beam [Fig. 4(a)] appears complementary to the
experimental transmission image [Fig. 4(b)], but is different
with the one in reflection [Fig. 4(c)]. The reason for the
difference is that the annular aperture reduces the transverse
light field component at the focus, but increases the
longitudinal one. The strong electric field coupling is
probably excited by the strong longitudinal light field.
Intensity distribution of the light field at the apex of an
aperture  NSOM tip based on a standard system
(AlphaSNOM, WITec GmbH) is simulated by means of

100nm

FIG. 4 (color online). Imaging analyses of a confocal micros-
copy (a)—(c) with a tightly focused annular LP beam and of an
aperture NSOM (d)—(f). (a) Simulation image (in reflection) with
total PSF shown in the inset. Experiment images in (b) transmission
and (c) in reflection. (d) Intensity distribution of the light field at
the apex of an aperture SNOM tip simulated by FDTD. (e) Trans-
mission NSOM image and corresponding (f) AFM image.
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finite difference time domain [29], as shown in Fig. 4(d).
The light field cannot be confined within the aperture
(90-nm diameter) and spreads into two sidelobes at the rim,
hence degrading the resolving power of the NSOM.
Complex electric field distribution at the apex and its
coupling with the sample will further deteriorate the
imaging quality of the NSOM, as shown in Fig. 4(e).
This deterioration is still a problem of NSOM imaging and
will probably be encountered in various applications. It is
obvious that the confocal image illuminated by an annular
RP beam has less anisotropy and better imaging quality.

In conclusion, we develop a full vectorial theory of
CLSM with spatially modulated optical components. A
new dyadic Green’s function is deduced according to a
realistic experimental configuration. A theoretical optical
resolution beyond 1/64 should be obtainable, giving rise to
a routine sub-100 nm resolution for a truly far-field, visible
linear optical microscopy. Lateral resolution of a confocal
microscopy about 1/51 is achieved experimentally by
shrinking both the excitation and detection PSFs. We
present experimental evidence that extreme care must be
taken to understand the polarization properties for both
the excitation and detection optical configuration and for
sample polarization preferences when a high-resolution
optical microscopy is applied for both far-field and near-
field measurement. We believe that harnessing the PSF
with highly symmetrical focused light fields for excitation
and for detection should open up an avenue for sub-100 nm
far-field linear, nonlinear, and time-resolved optical
Mmicroscopy.
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