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ABSTRACT We report a direct optical super-resolution imaging approach with 25 nm
(~A/17) lateral resolution under 408 nm wavelength illumination by combining fused silica
and polystyrene microspheres with a conventional scanning laser confocal microscope (SLCM).
The microsphere deposited on the target surface generates a nanoscale central lobe
illuminating a sub-diffraction-limited cross-section located on the target surface. The SLCM
confocal pinhole isolates the reflected light from the near-field subdiffractive cross-section and
suppresses the noises from the side lobe and the far-field paraxial focal point. The structural
detail of the subdiffractive cross-section is therefore captured, and the 2D target surface near
the bottom of microspheres can be imaged by intensity-based point scanning.
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bbe's diffraction limit is generally
Arecognized as the ultimate barrier

in optical imaging by far-field lens-
based optical microscopes. Numerous ef-
forts have been attempted to overcome
the classical diffraction limit (~1/2, where
A is the light wavelength) and achieve
super-resolution imaging in the past few
decades. Recovery of nonpropagating eva-
nescent waves that contain diffraction-free
and fine details of the electromagnetic (EM)
waves in the near-field (within the distance
of the optical wavelength) is a major ap-
proach achieving sub-diffraction-limited
imaging. Several direct optical imaging
(i.e., nonflorescence) techniques have been
reported including scanning near-field
optical microscopy (SNOM),'* metamaterial
superlens,®~'° solid immersion lens (SIL),'"'?
et al. The far-field super-resolution imag-
ing has also been demonstrated by a
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superoscillatory lens (SOL), which focused
sub-diffraction-limited hot spots at a typical
distance of 10 um from a nanostructured
binary mask.”*~'® The imaging resolution
via the superoscillatory lens was around
/6 (105 nm)."®

Compared with the above techniques,
nanoscale solid immersion lenses,'”'® sur-
face plasmon polariton (SPP)-enhanced
microdroplets,’®?° and microfiber?' cou-
pling with a conventional optical micro-
scope provide alternative ways to achieve
optical super-resolution imaging. The reso-
lutions via these superlenses were 126 nm
(4/4), 60 nm (4/8), and 70 nm (1/8), respec-
tively. In 2011, a white-light optical micro-
scope (WM) coupled with 2—9 um fused
silica microspheres (refractive index n = 1.46) in
air was first demonstrated, where the achieved
imaging resolution was ~50 nm (1/8).2 The
mechanism of super-resolution imaging
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Figure 1. Experimental setup of the microsphere-coupled SLCM (mSLCM) under the reflection illumination mode.
(a) Schematic of the experimental configuration. (b) Optical path of the mSLCM.

was explained as “photonic nanojet”?* ?’-enhanced

sub-diffraction-limited illumination and conversion of
the near-field evanescent waves to magnified far-field
propagating waves by the microspheres.®® The subse-
quent studies further indicated that the low-index
microspheres (n = 1.46) semi-immersed in liquid can
reinforce the super-resolution strength,”® and the
high-index microspheres (n = 1.9—2.1) with larger
diameters (50—220 um) totally submerged by a liquid
layer could achieve super-resolution imaging down to
2/7.2°Li et al. demonstrated the super-resolution imag-
ing of 75 nm viruses by submerged microsphere
optical microscopy without the use of fluorescent
labeling or staining.?® The effect of the surrounding liquid
for immersed microsphere optical nanoscopy has been
studied by Lee et al, showing that water is most
effective’ The microsphere magnifications have also
been studied for various microsphere sizes and distances
to the target surface. The 6 to 8 times magnification was
achieved by polystyrene (PS) microspheres with larger
diameters (30— 100 um) in air,*> whereas the magnification
of 5 um diameter fused silica microspheres semi-immersed
in ethanol was limited at 147 times* However, the
resolution by large-diameter microspheres cannot break
the record of 50 nm. Furthermore, the super-resolution
imaging mechanism of the microsphere-coupled white-
light optical nanoscopes was investigated and argued in
previous work.2>?%33738 For practical applications of micro-
sphere nanoscopy, Krivitsky et al. first employed a fine glass
micropipet to control a microsphere for moving and
positioning.>” Such a method provides a way to achieve
a wide field of view (FOV) by multiple nanoimaging
through a moving microsphere.

In this work, we present a new technique by combining
microspheres with a scanning laser confocal micros-
cope (SLCM) for super-resolution imaging. As opposed to
the conventional wide-field optical microscopes used in
previous studies, the SLCM employs a focused laser as the
illuminating light. The laser spot scans the whole focusing
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plane, and the reflected light intensity is detected via a
pinhole-coupled photomultiplier.3® The major difference
of the imaging process from wide-field optical microscopy
is that the SLCM collects the light intensity point by pointin
scanning and joins the “point” light intensities together to
create an image, i.e, a point scanning imaging technique,
rather than directly projecting a wide-field image ona CCD
detector, which is commonly used in wide-field optical
microscopes. In this study, we utilized the unique imaging
approach, achieving super-resolution imaging far beyond
the diffraction limit by coupling an SLCM with micro-
spheres. The super-resolution imaging mechanism of the
microsphere-coupled SLCM (mSLCM) was investigated.

RESULTS

Figure 1 shows a schematic of the experimental
configuration for microsphere nanoimaging. The mi-
crospheres employed in this work were fused silica (FS)
microspheres (n = 1.47 at 408 nm wavelength) with
diameters of 2.5, 5,and 7.5 um, as well as 5 um diameter PS
microspheres (n = 1.62 at 408 nm wavelength). An anodic
aluminum oxide (AAQ) template with 25 nm hole diam-
eters and 25 nm edge-to-edge separations was used as
the calibration (Figure 2a), which were not gold-coated in
order to avoid the potential effect of metallic properties
(e.g. SPPs) on the visible spectrum. Ag nanowires (NWs)
with a diameter of 40 & 5 nm (Figure 3a) and WOz NWs with
a diameter of 50 = 5 nm (Figure 3b) were also employed to
exhibit the capability of the mSLCM for arbitrary nanopattern
imaging. Moreover, an array of gold quintuplet nanodots
coated on a glass substrate as shown in Figure 4a was used
to demonstrate the spatial resolution of an mSLCM for two
individual objects with a separation of 25 nm.

AAO (25 nm) Template Imaging Experiments. The AAO
template captured by a standard SLCM is shown in
Figure 2b. The hole array cannot be resolved because
the 25 nm (4/17) structural feature is far beyond the
SLCM maximum resolution (i.e., 120 nm). Figure 2c shows
the super-resolution imaging using a 5 um diameter FS
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Figure 2. Micrographs of the 25 nm AAO template by (a) SEM, (b) standard SLCM, (c) 5 um diameter FS mSLCM, (d) 2.5 um
diameter FS mSLCM, (e) 7.5 um diameter FS mSLCM, and (f) 5 «m diameter PS mSLCM, where the insets are the corresponding

pseudocolor images.

(b)

(d) (f)

Figure 3. Images of 40 nm diameter Ag NWs and 50 nm diameter WOz NWs. The SEM images of (a) Ag NWs and (b) WOs; NWs, the
standard SLCM optical images of (c) Ag NWs and (d) WO; NWs, and the mSLCM optical super-resolution images of (e) Ag NWs and
(f) WO3 NWs by 5 um diameter FS microspheres. The scale bars in (€) and (f) represent the lengths within the view fields by microspheres.

mSLCM. It can be clearly seen that the 25 nm holes and
edge-to-edge separations are resolved. Such a 25 nm
structural feature can also be observed using 2.5 um
diameter FS, 7.5 um diameter FS, and 5 um diameter PS
microspheres, respectively, as shown in Figure 2d—f.
Nanowire Imaging Experiments. Ag NWs and WO3; NWs
were employed in this work to demonstrate the
mSLCM imaging capability for arbitrary nanopatterns.
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Figure 3cand d shows that the 40 nm diameter (~1/10)
Ag NWs and 50 nm diameter (~1/8) WOz NWs cannot
be directly resolved via a standard SLCM. Under the
5 um diameter FS mSLCM, the super-resolution Ag NWs
and WO; NWs images can be observed as shown in
Figure 3e and f, respectively. It can be clearly seen that the
40 nm diameter Ag NWs and 50 nm diameter WO3; NWs
are resolved. For nonmetallic WO3; NWs, it should be
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Figure 4. Images of gold quintuplet nanodots on a glass substrate by (a) SEM, (b) standard SLCM, and (c) 5 um diameter FS
mSLCM, where the inset is the corresponding pseudocolor image. The scale bar in (c) represents the length within the view
field by the microsphere. (d) Intensity variation of (c) along the transverse cross-section.

noted that there is no effect of SPPs on super-resolution
imaging via the dielectric microspheres.

Gold Quintuplet Nanodot Imaging Experiments. As can be
seen in Figure 4b, the standard SLCM without micro-
sphere coupling cannot distinguish the gold quintu-
plet nanodots with 25 nm (1/17) separations of peri-
pheral dots to the central one. However, the nanodots
can be nearly resolved by the 5 um diameter FS mSLCM,
as shown in Figure 4c, in which the resolved nanodots set
is close to the microsphere center (ie, contact of the
microsphere and the substrate surface), whereas the rest
is distorted and blurred. Figure 4d illustrates the intensity
variation within the clear imaging region. It can be found
that the 25 nm separations have lower imaging intensities
than the nanodots. The experimental result indicates
that the individual objects with subwavelength spatial
separations can be nearly resolved by the mSLCM.

DISCUSSION

As opposed to the conventional wide-field optical
microscope used in previous studies,?*?® 33 the SLCM
employs a single laser beam to scan the focusing plane
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in a raster pattern. The laser beam is controlled by a pair of
galvanometric mirrors and focused by objective lenses on
the target surface (as Figure 1b). The intensity of the
reflected light by the focused laser spot illumination is
collected by the objective lenses and filtered by the
confocal pinhole. The photons passing through the pinhole
come exclusively from the focal point of the objective®
Compared with conventional optical microscopes, the
SLCM imaging is based on reflecting light intensity from
an illuminated point rather than a wide-field projection.
The 2D image of SLCM comprises the intensity of each
illuminated point on the target surface by scanning
sampling. The focused laser spot size (~A/2 in the far-
field) determines the imaging resolution. Therefore, the
maximum resolution of the standard SLCM (~A/4) is half of
the wide-field optical microscopy (~A/2) limited by the
Airy disk (~A) point-spread function. If a microsphere
can focus the laser beam into a sub-diffraction-limited
illumination spot (<A/2), a subwavelength reflecting
cross-section on the target surface can be generated, as
shown in Figure 5a. It should be noted that the reflected
light is diffraction-limited, but its intensity is determined
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Figure 5. Numerical simulation of light focusing through a microsphere. (a) Schematic of far-field illumination and super-
resolution illumination in SLCM imaging. (b) Front view and (c) top view of the EM distribution for a laser beam focused by a
5 um diameter FS microsphere. (d) Intensity profile along the x-direction (i.e., the lateral direction) in the plane away from the
microsphere bottom with a distance, d, of —50, 0, and 50 nm. (e) Variation of power intensity and FWHM of the central lobe
with a position (z) along the axial direction. (f) Variations of the central lobe FWHM on the target surface with the distance
(d) from a perfect microsphere bottom for various microspheres.

by the structural feature of the sub-diffraction-limited
reflection cross-section (i.e,, the reflectance of the local
area), as in Figure 5a. Therefore, the imaging resolution
depends on the reflecting cross-section size, ie, the
focused laser spot size, rather than the Airy disk
diameter. Then the 2D super-resolution image is ob-
tained by collecting and joining all reflecting light
intensities from the corresponding subwavelength
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reflecting cross-sections in the microsphere focusing
plane by point scanning sampling.

In order to validate the above hypothesis, the pro-
cess of illumination light focusing by a microsphere
was simulated via finite difference in time domain
(FDTD). Figure 5b and c demonstrate a typical intensity
contour of a laser beam focused by a 5 um diameter FS
microsphere. It can be seen that a shiny nanoscale spot
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Figure 6. Reflected light intensity profile during the subdiffractive illumination spot scanning of a grating structure. (a) Schematic
of a subdiffractive illumination spot scanning of a grating structure. (b) Light intensity profiles of various gratings imaged by
subdiffractive illumination spot scanning. (c) Contrasts of super-resolution images for various microspheres and grating periods.

(central lobe) exists in the oscillatory field near the
microsphere bottom. The full width at half-maximum
(FWHM) is around 100 nm (A/4) in air. It is much smaller
than the diffraction limit (ie, 204 nm) at 408 nm
wavelength. Compared with the previous studies using
wide-field white-light microscopes,®?3%333¢ the nano-
scale spot here exists away from the far-field paraxial
focusing region of the microsphere (Figure 5b). More-
over, as shown in Figure 5¢, the transverse distribution
of light intensity in the oscillatory field near the micro-
sphere bottom is similar to the intensity profile via a
superoscillatory lens.'*'%3 This means that the micro-
sphere is a natural superoscillatory lens in the near-field.

However, it can be seen in Figure 5d that the side
lobe in the oscillatory field near the microsphere
bottom contains the vast majority of the light energy.
This would reduce the signal-to-noise ratio (SNR) dur-
ing imaging. Considering the confocal pinhole filtering
capability (i.e., 120 nm in lateral and 160 nm in axial
directions), the reflected light from the subdiffractive
cross-section illuminated by the central lobe can be
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isolated from the noises caused by the side lobe (as the
dashed line illustrates in Figure 5d) and the normal
paraxial focal point (as the dashed line indicates in
Figure 5e). This means that only the light, of which the
intensity represents the structural detail of the subdiffrac-
tive cross-section, can pass through the confocal pinhole.

The super-resolution SNR is therefore increased.
Furthermore, the distance from the target surface to
the microsphere center could be slightly greater or less
than the microsphere radius due to the deflection of the
incident light during scanning and the imperfection of the
microsphere. Figure 5f shows the variations of the central
lobe FWHM on the target surface with the distance (d) from
a perfect microsphere bottom for various microspheres. It
can be seen that all the microspheres used in this work can
generate a subdiffractive central lobe (ie, illumination
light spot). The minimal FWHMs of the central lobes via a
7.5 um diameter FS microsphere and a 5 um diameter PS
microsphere are close to 120 nm near the microsphere
bottom within a distance of 200 nm. The focusing power of
the 2.5 um diameter FS microsphere is relatively weak,
VOL.8 =
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by which the FWHM of the central lobe is >170 nm. Hence,
the imaging resolution using the 2.5 um diameter FS
microsphere should be the lowest. On the contrary, the
5 um diameter FS microsphere is most suitable to focus
the light into a small region (where FWHM ~ 90 nm).
Therefore, it would achieve the highest resolution. From
the simulation results, it should be noted that the sub-
diffractive central lobes exist only in the near-field within a
distance of 400 nm (~24) from the microsphere bottom.

The near-field central lobes provide sub-diffraction-
limited illumination during scanning confocal imaging.
Considering the refractive index of the sample, e.g., AAO
(n = 1.78 at 408 nm wavelength), the FWHM of the central
lobe in the sample can be further reduced to 1/n, where n
is the refractive index of the sample. The minimal FWHM
via a 5 um diameter FS microsphere is therefore reduced
to 50 nm in the AAO sample. We assumed the central lobe
to be a normalized Gaussian distribution. The theoretical
imaging resolution of the mSLCM can be identified by a
1D numerical calculation. A grating with a period of 2R and
a duty cycle of 50% was used in the calculation. When the
central lobe irradiates the grating (Figure 6a), the reflected
light intensity can be expressed as

+ oo (4n+1)R , ,
| = Z / e72X /0.722FWHM dx 1M
n= —oJ(@n — 1R

Under the scanning imaging mode, the reflected light
intensity varies with the beam moving a distance of |,
which can be written as

+ o0 (4n+1)R ) ,
l(l) _ z / e72(X — )*/0.722FWHM dx (2)
n= —oJ(4n — 1R

It was assumed that the reflected light is completely
collected by the mSLCM. Therefore, the reflected light
intensity profile during the central lobe scanning can
be plotted as Figure 6b. As can be seen, the imaging
contrast of the grating is reduced with shortening the
grating period. The variations of imaging contrast with
the grating width R for various microspheres are
plotted as Figure 6c. Considering the high sensitivity
of SLCM for photons collection (where the resolvable
image contrast is down to 5% according to the calcula-
tion from the SLCM specification), the calculated max-
imal theoretical resolutions of 2.5 um diameter FS,
5 um diameter FS, 7.5 um diameter FS and 5 um diameter
PS microspheres are 46 nm, 22 nm, 35 and 36 nm,
respectively, for the AAO sample. They are close to the
nanostructural feature size (~25 nm) in the AAO sample.
Therefore, the 25 nm imaging resolution can be achieved
using the mSLCM without the effect of SPPs. For NWs, the

METHODS

AAO Sample. The AAO used in Figure 2a was fabricated by a
two-step anodizing of 0.3 mm thick aluminum in sulfuric acid
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imaging resolution using a 5 um diameter FS micro-
sphere is 40 nm as the ambient media is air (n ~ 1).
Therefore, the 5 um diameter FS mSLCM has the power to
resolve 40 nm diameter Ag NWs and 50 nm diameter
WO3 NWs as shown in Figure 3. For the gold quintuplet-
nanodots coated glass (n & 1.5), the imaging resolution
should be around 26 nm using a 5 um diameter FS
microsphere according to the above calculation. Hence,
the 25 nm separations between the nanodots can nearly
be observed. It should also be noted that the subdiffrac-
tive central lobe is only located near the microsphere
bottom (i.e, the contact of the microsphere and the
substrate surface) and thereby the nanostructures
close to the microsphere center can be imaged but
the rest is blurred and distorted due to being out of
central lobe focus and spherical aberration, as shown
in Figure 4.

CONCLUSIONS

In this work, we presented a microsphere-coupled
SLCM (mSLCM) for optical super-resolution imaging.
Using a 408 nm wavelength illuminating laser, 25 nm
imaging resolution (~4/17) under the reflection illumina-
tion mode was demonstrated. The root of the mSLCM
super-resolution imaging was due to the near-field super-
resolution illumination spot focused by microspheres.
When the illuminating light penetrates through a micro-
sphere, a subdiffractive central lobe is generated near the
microsphere bottom. The width and length of the central
lobe along lateral and axial directions are generally short-
er than 4/2 and 24, respectively. The sub-diffraction-
limited central lobe generates a subwavelength reflect-
ing cross-section on the target surface. Although the side
lobe existing around the central one in the focusing plane
and the far-field focal point in the axial direction contain
the vast majority of the light energy, the pinhole of the
SLCM can isolate the reflected light from the near-field
subdiffractive cross-section illuminated by the central
lobe and suppress the noises from the side lobe as well
as far-field paraxial focal point. The pinhole filtering effect
significantly increases the SNR from the subdiffractive
cross-section. The structural detail of the subdiffractive
cross-section is therefore captured, and the 2D target
surface near the microsphere bottom can be imaged by
SLCM intensity-based point scanning. A 25 nm (~4/17)
direct optical imaging resolution was experimentally
demonstrated in this work via mSLCM. The present study
opens up new opportunities to understand and develop
microsphere-coupled scanning laser confocal nanoscopy
for higher resolution imaging (<A/17).

(0.35 mol L~") under a constant voltage of 18 V and an oxidizing
temperature of 4 °C. The oxidizing times are 1 and 2 h for the
first and the second steps, respectively.
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Imaging Method. The microspheres were first sufficiently
diluted (<10 uL™") by deionized water and then deposited
onto the substrate surface by drop coating. The images were
then captured after the microsphere suspension was dried, and
all the microspheres were discrete on the substrate surface in a
monolayer in order to avoid light interference during imaging. It
should be noted that only the nanostructural features near the
contact of the microsphere and substrate surface can be
resolved, and the rest of the region is distorted and blurred
due to being out of the central lobe focus and spherical
aberration. The SLCM used in this work was an Olympus LEXT-
0OLS3100 fitted with 50x and 100 objective lenses (MPLAPO),
of which both NAs are 0.95. The illuminating laser (wavelength =
408 + 5 nm) is focused by the objective lens, and the reflection
illumination mode without fluorescence was selected as shown
in Figure 1b. The nominal lateral and axial resolutions of the
SLCM are 120 nm (1/3.4) and 160 nm (1/2.6), respectively.

Conflict of Interest: The authors declare no competing
financial interest.
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