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ABSTRACT

In recent years, optical super-resolution by microspheres and microfibers emerged as a new paradigm in nanoscale
label-free and fluorescence imaging. However, the mechanisms of such imaging are still not completely understood and
the resolution values are debated. In this work, the fundamental limits of super-resolution imaging by high-index
barium-titanate microspheres and silica microfibers are studied using nanoplasmonic arrays made from Au and Al. A
rigorous resolution analysis is developed based on the object’s convolution with the point-spread function that has width
well below the conventional (~A/2) diffraction limit, where A is the illumination wavelength. A resolution of ~A/6-1/7 is
demonstrated for imaging nanoplasmonic arrays by microspheres. Similar resolution was demonstrated for microfibers in
the direction perpendicular to the fiber axis with hundreds of times larger field-of-view in comparison to microspheres.
Using numerical solution of Maxwell’s equations, it is shown that extraordinary close point objects can be resolved in
the far field, if they oscillate out of phase. Possible super-resolution using resonant excitation of whispering gallery
modes is also studied.

Keywords: Optical super-resolution; near-field microscopy; confocal microscopy

1. INTRODUCTION

Optical microscopy is one of the most important and widely spread experimental techniques which can be found in
practically any biomedical or microphotonics laboratory. However, the resolution of standard microscopes cannot exceed
the diffraction limit which forms an unavoidable barrier for any far-field imaging system. More specific Abbe, Rayleigh,
Sparrow, and Houston resolution criteria show that the limit of lateral resolution is close to a half of the wavelength (4).
Increasing the resolution beyond the diffraction limit requires new physical principles such as detection of the optical
near-fields or use of strong non-linear effects.' In recent years, fluorescence (FL) microscopy achieved the resolution
beyond the diffraction limit due to nanoscale dimensions of light sources (dye molecules) combined with the nonlinear
optical effects.' However it also has many drawbacks such as photobleaching and, most importantly, staining the biological
samples with dyes is not always a desirable option.”

The label-free microscopy (LFM) relies on such effects as transient absorption®, super-oscillation®, and hyperlens
imaging®. However, LEFM is developing more slowly than FL microscopy for two reasons. First, the LFM mechanisms
rely on subtler light-scattering processes in nanoscale objects that result in lower effective image contrasts. Second, the
experimental quantification of resolution is complicated in LFM due to the lack of good “point”-sources.
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Nanoscopy by microspheres emerged a surprisingly simple imaging technique®’” where a dielectric microsphere is placed
in contact with the investigated object and its virtual image is observed using a conventional microscope, as shown in
Figs. 1(a-c). It permits FL and LFM imaging. An important advancement in this area was a proposal of using high-index
(n~2) microspheres immersed in liquids or embedded in slabs.*’ It makes possible the application of this technology for
imaging biomedical objects.'""" Furthermore, imaging by high-index, liquid-immersed spheres resulted in higher-quality
and better resolution images of nanoplasmonic structures’'*"*.

In this work, we study the fundamental resolution limits of microsphere-assisted imaging both experimentally and using
numerical modeling. We use rigorous resolution criteria based on convolution with the point spread function (PSF) and
show that resolutions ~A/6-4/7 can be realized for imaging nanoplasmonic arrays by microspheres. Our numerical
modeling shows that better than diffraction-limited resolution can be realized under conditions of resonant excitation of
whispering gallery modes (WGMs) in microspheres; however the resolution advantage is rather limited and typically does
not exceed 1.5. On the other hand, we show that extraordinarily small features can be resolved in the images of objects
emitting light coherently.

2. METHOD OF EXPERIMENTAL QUANTIFICATION OF RESOLUTION

To quantify the resolution in LFM methods, researchers often use larger-scale arrays containing objects with recognizable
shape such as periodic stripes, stars, holes, dimers or clusters.*®*'* An idea of this approach is that the resolution can be
estimated based on the minimal feature sizes which can be discerned in the optical images. For closely-spaced metallic
cylinders (or holes) an edge-to-edge gap (g) is usually accepted as a resolution measure, see Fig. 1(d). We showed,
however, that this approach can lead to overestimated resolution values. We developed more rigorous quantification of
super-resolution based on a convolution of the arbitrarily shaped objects with the two-dimensional (2-D) point spread
function (PSF).">'® The proposed method can be viewed as an integral form of the super-resolution quantification
accepted in FL microscopy where the PSF width can be narrower than the diffraction limit. As shown Figs. 1(e,f), we
demonstrated imaging of metallic dimers and bowties with ~4/7 resolution, well in excess of the diffraction limit.

(c) Virtual Image
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Figure 1. (a) Array of Au dimers with D=110 nm and g=40 nm, (b) microscope setup, (c) virtual image, (d) drawn two-circle
object, (e) convoluted image with the PSF width ~4/7, and (f) comparison of calculated (blue dashed lines) and measured at
A=405 nm (red profile) image irradiance profile.
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3. EXPERIMENTAL RESULTS

To develop a novel optical component for enhancing the microscope’s resolution, we fabricated polydimethylsiloxane
(PDMS) slabs with embedded high-index (n ~ 2) BaTiO; microspheres and showed for the first time that these slabs
provide the optical super-resolution imaging combined with the surface scanning capability.'>'” As illustrated in Fig. 2(a),
the PDMS slabs adhere to the surface of nanoplasmonic structures which results in imaging of Au dimers and bowties
with ~4/6-1/7 resolution. It is shown that the PDMS slabs can be translated along the surface of investigated samples
after liquid lubrication. Initially, the resolution is diffraction limited; however the super-resolution gradually recovers as
the lubricant evaporates. As shown in Fig. 2(b), the microfiber is another contact lens which provides magnification and
super-resolution perpendicular to its axis. The resolution was quantified based on the convolution of arbitrarily shaped
objects with the PSF of cylindrical lens.'® The resolution ~A/6 is demonstrated in the direction perpendicular to the fiber
with hundreds of times larger field-of-view in comparison to microspheres. We also demonstrated that the
microsphere-assisted imaging can be extended into the deep-UV range."’

____SEM__| Convolution || _Experiment _

.

Figure 2. (a) Experimental setup, SEM image of the object, convoluted and experimental images obtained through 4.5 um
BaTiO3 microsphere. The sphere is embedded in PDMS slab manipulated by the probe. (b) Same in the case of imaging
through SiO, microfiber with the 12 um diameter without PDMS slab.

(a) Microspheres

~

4. NUMERICAL MODELING RESULTS

Simplicity, massive impact on microscopy, and almost elusive origin of super-resolution by microspheres attracted a
significant attention to its theoretical explanation. Initially, it was related to sharper than usual focusing of light by
mesoscale spheres.” However, the width of photonic jets is slightly less than /2 only in small microspheres with
diameters about several A.° The enhancement of focusing, therefore, seems to be insufficient to explain the
super-resolution which is typically observed in larger spheres.

To get an insight into the imaging mechanisms we performed modeling based on a simplified 2-D model which catches
essential physics of real 3-D experimental geometry. The basic idea is illustrated in Fig. 3 using two point sources spaced
by s=1/2.86. The dipoles were located at small distance d=4/6.28 below the cylinder with n.=1.4 and 6.41 diameter. The
virtual images calculated in a range of focusing depths are seen significantly below the actual location of the two-point
object. The incoherent case illustrated in Fig. 3(b) represents a situation which is close to resolving two point sources;
however they are not resolved since the virtual image at the depth around 5-64 has a single maximum. In contrast, in the
out-of-phase case the object looks completely “resolved”, as shown in Fig. 3(c); however it is merely an interference
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effect. It is interesting, however, that similar coherent effects can play some role in experiments performed with coupled
particles with a finite size. Plasmonic structures such as dimers or bowties support coherently coupled modes. The
antisymmetric modes would have some properties of two-point dipoles emitting out-of-phase. Recently, we suggested
that such modes can be modeled as sinusoidal current distributions which emit light as distributed antennas.?'

(a) Model (c) Out-of-Phase

Figure 3. (a) 2-D model of imaging of two-point object with spacing s=14/2.86 located at a depth d=1/6.28 below the
cylinder with n=1.4 and D=6.41.(b-d) Virtual image intensities calculated as a function of the focusing depth (y) in the
incoherent, out-of-phase, and in-phase cases, respectively.

The results in Fig. 3 are obtained out of resonance with WGMs in microspheres. Such resonances are widely used in
sensor applications”>* and optical propulsion”*® experiments. Recently, it was demonstrated that the resonant excitation
of WGMs can slightly improve the resolution.”” We compared resonant and nonresonant imaging cases in Fig. 4 and
came to analogous conclusions. It should be noted that the resonant imaging takes place at extremely shallow depth
about 1.54 below the cylinder. This imaging takes place with a strong contribution of WGM’s optical near-fields and it
requires further studies. It is seen, however, that the image in Fig. 4(a) looks “resolved”. The standard nonresonant
virtual imaging illustrated in Fig. 4(c) takes place at much larger depths about 54 below the sphere. Due to the large
extent of the virtual image in vertical direction, this case is much easier to realize and study experimentally, however,
incoherent imaging illustrated in Fig. 4(c) shows that the corresponding image is not resolved.
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Figure 4. Comparison of resonant imaging at the WGM frequency (a,b) with nonresonant imaging (c,d). The calculations are
performed for the cases s=1/2.9 (a,c) and s=4/2.1 (b,d).

In this work we studied the fundamental limits of super-resolution microscopy by microspheres and came to conclusions
that there are two drastically different situations when better than diffraction-limited resolution can be realized. The first
case is represented by coherent imaging performed at the frequencies where different parts of the coupled nanoscale
structure oscillates out-of-phase. This situation is not a violation of the classical diffraction limit since this imaged object
has coherent properties and to some extent a prior information about the object is used (antisymmetric mode distribution).
In addition, the image does not accurately represent the shape of the object, but it allows a precise localization of some
features of the object. The second case is represented by imaging performed at WGM frequencies. This case involves
resonant enhancement of the optical near-fields in the vicinity of sphere. It requires more studies, but the likely reason
for super-resolution in this case is connected with the image magnification effect produced by the resonantly enhanced
optical near fields. Similar effects can play some part in quantification of resolution in recent experimental studies. We
plan to study these cases in our future experimental work.
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