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ABSTRACT

Microsphere-assisted microscopy is a sub-diffraction-limited imaging technique, which uses dielectric microspheres to collect the near-field
information of an object. In this work, the bulk of the classical microsphere-based system is reduced by the simple introduction of a ball lens.
The miniaturized imaging system has been designed and vertically assembled. Performance of the proposed dual-sphere system is quantified
through numerical simulations and experiments. A theoretical impulse response with a full width at half maximum smaller than half of the
wavelength is reached in air. As a proof of concept, 500-nm-period standard gratings and gold nanoparticles are observed without a classical
objective, validating a sub-wavelength resolution with a high imaging quality and low aberrations over the field of view.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0135346

Stretching the limits due to the diffraction of light so as to be able
to visualize feature sizes smaller than k/2 (k, the wavelength of light)
has received much interest in optical microscopy. This has led to sev-
eral approaches that have succeeded in breaking the diffraction limit
up to a value of k/30. Among them, near-field scanning optical
microscopy has made it possible to characterize nano-structures with
a high efficiency.1 Within this range of resolutions, stimulated-emis-
sion-depletion microscopy2 and photo-activated localization micros-
copy3 are also able to explore infinitely small biological elements.
These two super-resolved fluorescence techniques were brought to the
forefront in 2014 with the Nobel Prize for Chemistry.4 Nonetheless,
lateral scanning, complex alignment of the optical components, or
photo-toxic illumination of the sample is required to reach super reso-
lution. In addition, label-free imaging techniques providing sub-dif-
fraction-limit resolution (i.e., a resolution up to k/6) have been
developed among which structured illumination microscopy,5 solid
immersion lenses,6 and metamaterial-based components.7,8

Another technique consists of imaging through dielectric micro-
spheres, which has been demonstrated in air9 and in immersion.10

Introducing a dielectric microsphere in front of a white-light micro-
scope allows the lateral resolution of the microscope to be considerably
increased. Microspheres are assumed to act as a superlens through
which the high spatial frequencies of the object are converted into
propagating modes.11 Investigations have made it possible to not only
define the physical phenomenon behind the sub-diffraction-limit reso-
lution12–14 but also to quantify the effects of the coherence of light on

the imaging quality15 and to determine the influence of the geometri-
cal and the optical parameters on the imaging formation.16,17 As well
as the lateral resolution reaching up to k/5 in air, full-field micro-
sphere-assisted microscopy is easier to implement and more efficient
than other sub-diffraction-limit imaging techniques.18 Microsphere-
based systems have, thus, been demonstrated to be useful in biological
imaging19–22 and for the topography reconstruction of transparent
nanodots with a high spatial accuracy.23

In microsphere-assisted microscopy, a magnified image of the
high-spatial-frequency details of the object is generated24 below or
above the object plane depending on various parameters.25 Then, a
microscope objective usually collects and directs this image onto a
camera. Two-microbeads-based systems have more recently been
developed to increase the imaging contrast26 or to enhance the lateral
magnification27,28 in microsphere-assisted microscopy. In the experi-
ments presented, due to the significant difference in size between the
microscope objective and the microsphere, manipulating and position-
ing the microspheres above the object area to be observed is not simple
despite suggested advances.29–31 Furthermore, the arrangement of the
optical system remains bulky.

In this work, the classical objective is substituted for a ball lens in
order to miniaturize the optical head and still achieve high lateral reso-
lution. The compact dual-sphere system consists of two glass spheres
and a two-dimensional detector. The design aspects of the dual-sphere
optical system have been studied using both electromagnetic simula-
tion and ray-tracing analysis in order to optimize the performance.
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The system has been experimentally assembled to demonstrate the
imaging feasibility through direct experimental measurements.

The design of the proposed dual sphere system is illustrated in
Fig. 1(a). The microsphere has a diameter Dms of 42lm and a refrac-
tive index nms of 1.52 in the visible range. Deposited on the sample,
the microsphere generates an intermediate magnified image (contain-
ing the near-field information of the object). The ball lens then collects
the intermediate image from the microsphere to form a final real
image on the camera. The ball lens has a diameter Dbl and a refractive
index nbl of 300lm and 1.52, respectively. In the experiment, a glass
layer (i.e., the protection windows of the camera) is between the ball
lens and the camera plane, in contact with the last surface of the ball
lens. The optical path length of the protection glass is of 320lm and
the distance between the camera plane and the last surface is 620lm.
These values were measured using an interference-based profiler.

To demonstrate its sub-diffraction-resolution ability, the micro-
sphere alone was first numerically simulated using a 2D finite element
method (COMSOL MultiphysicsV

R

). The polarization is transverse
electric (TE), being an electric field orthogonal to the simulation plane.
The maximum element size of the mesh is of k/10 (with k¼ 550nm).
The object consists of two symmetric point sources A and B in air

having an opposite initial phasor.15 Due to the low optical path differ-
ences compared to the coherence length of the source (a few tens of
micrometers), the phase difference between two close objects of the
sample cannot be neglected.32 The behavior in electromagnetic simula-
tion is more complex than in a classical incoherent imaging processes.
Indeed, interferences may occur between the two point sources. And,
if their relative phase difference is smaller than p rad, the image con-
trast of the two points would be lower. The transverse distance AB
between the two point sources is of 300 nm (i.e., k/1.8). Hence, the
microsphere generates two virtual intermediate images A0 and B0. To
visualize them, a time-reversal propagation is achieved in free space
[Fig. 1(b)] where the two maxima correspond to the two virtual
images.17 The virtual image plane is at an axial distance of 84lm from
the center of the microsphere. Moreover, the transverse magnification
factor of the microsphere alone is of �2.67. This latter has been aver-
aged by varying the distance AB. Finally, the image numerical aperture
(i.e., the angle of the beam exiting the microsphere) is of 0.16 and the
field of view is of around 6lm.

The complete dual-sphere system has then been simulated by
first propagating light through the two spheres [Fig. 1(c)] with the 2D
TE finite element method (maximum element size¼ k/10). Second,
the waves are propagated in free space from the center of the protec-
tion window to the camera plane using the radiation spectrummethod
[Fig. 1(d)]. The latter method, through a permanent harmonic field
hypothesis, has the advantage of having a fast calculation time.33 The
axial increment is of 0.3lm. The two maxima A00 and B00 correspond
to two real images on the sensor chip of the camera. According to the
simulation, the magnification factor A00B00=AB of the dual-sphere sys-
tem is of �9.2. Assuming the imaging system to be linear, the ball lens
magnification is, thus, of �3.5. In the image plane, the impulse
response has been calculated by simulating only one point source. Its
full width at half maximum (FWHM) is of around 1.6lm. In the
object plane, this leads to a FWHM of 175nm, corresponding to k/3.2.

The ability of the ball lens to resolve the features in the intermedi-
ate virtual plane depends not only on the magnification from the
microsphere but also on the image numerical aperture of the micro-
sphere. With an entrance numerical aperture of 0.16, the ball lens
would not be able to resolve features smaller than 1.7lm in the inter-
mediate image plane, being of around 640nm in the object plane. This
latter appears to be lower than the one numerically determined (i.e.,
FWHM¼ 175 nm). Actually, the cone of light could, thus, be higher
than 0.16 which was previously estimated only using the high-
intensity beams exiting the microsphere. Indeed, the beams having a
lower intensity have not been considered despite they contain high-
spatial-frequency information. This hypothesis could also explain the
gallery modes propagating at the periphery within the ball lens [Fig.
1(c)] as well as performance further experimentally demonstrated.

Ray tracing analysis (Zemax OpticStudio) of the system was also
implemented (Fig. 2). Despite the fact that ray-tracing may not be
most appropriated for simulating the microsphere, it, nonetheless,
makes it possible to qualify the optical aberrations of the ball lens and,
further, to optimize the performance. As expected, the combination of
a microsphere with a ball lens leads to spherical aberrations, influenc-
ing the evolution of the imaging contrast [Fig. 2(d)]. The spherical
aberration factor (Coddington shape factor) of the microsphere alone
is of around �1.2.34 However, by adjusting the distance between the
last microsphere surface and the ball lens surface at around 31lm, the

FIG. 1. (a) Layout of the dual-sphere-based imaging system. MS, microsphere; BL,
ball lens; PG, protection glass; and D, detector. (b) Normalized modulus of the
time-reversal electric field in air. The planes of the object AB and of the intermedi-
ate virtual image A0B0 , as well as the microsphere, are drawn with a white-dashed
line only for showing their position. k¼ 550 nm, Dms¼ 42 lm, and nms¼ 1.52. (c)
Normalized modulus of the electric field through the dual-sphere imaging system.
Dbl¼ 300lm and nbl¼ 1.52. (d) Normalized squared modulus of the electric field
emanating from the dual-sphere imaging system. An image A00B00 of the object AB
is formed in the conjugated image plane.
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global optical aberrations have been reduced: the peak to valley and
the root mean square of the wavefront in the image plane are now of
0.30k and 0.07k, respectively. Moreover, the magnitudes of the defocus
(Z4) and the oblique trefoil (Z9) along the optical axis are of �0.09k
and 0.11k, respectively. The FWHM of the point spread function is of
around 290nm, being higher than using COMSOL MultiphysicsV

R

.
Indeed, the evanescence-wave collection by the microsphere and the
coherence effects due to the low optical path differences are not con-
sidered. Thus, in ray-tracing, the calculated FWHM can only be higher
than half of the wavelength (i.e., 275 nm).

Based on this optimized design, a dual-sphere imaging system
was built in the transmission mode. A LED light source with an illumi-
nation peak at 550nm illuminates the sample. A soda-lime-glass
microsphere and an N-BK7 ball lens form the image of the sample on
the camera (Basler, acA3800–14um). To build the system, the camera
points upwards and the ball lens sits on the camera protection glass.
The microsphere remains naturally attached to the object surface due
to electrostatic forces. The protection glass of the camera was in the
good range. The image adjustment has been made using the distance
between the two spheres. This explains the small difference between
experiment and simulation. First, the ball lens alone is used to image
the sample. Then a microsphere is searched and placed in the center
(moving the sample). Finally, the virtual image achieved by the micro-
sphere is searched moving up the sample. Measurements show that
the ball lens alone provides a lateral magnification of �3.9 [Fig. 3(a)],
in agreement with the numerical estimation. And, the magnification
of the dual sphere system was estimated using an 800-nm-period
Ronchi grating [Fig. 3(b)] to be equal to �8.85. The impulse response
is sampled over 2 pixels. The measurement of the Ronchi grating
shows distortions of the vertical lines, revealing the influence of the
microsphere quality. In the center of the field of view, a bright spot
also occurs due to the illumination condition. Randomly deposited
gold nanoparticles and a 250-nm-linewidth (500nm period) transpar-
ent grating (with a refractive index of 1.7) were then observed through
a high-quality microsphere. In this experiment, the dual-sphere system

performs high quality imaging, so demonstrating its ability to resolve
small features. In Fig. 3(d), the contrast has been numerically increased
in order to highlight the transparent grooves. The use of dark-field
illumination could also increase the contrast.22

This proof of concept has demonstrated the imaging ability of a
high-resolution dual-sphere system which could be exploited, for
example, in microfluidics to improve the detection sensitivity.35

Further improvements of the system can also be considered to reach
super-resolution. First, in the numerical analysis [Fig. 1(c)], the dis-
tance between the cover glass and the image plane is higher than the
real distance between the protection glass and the camera chip
(620lm), a detail that could be optimized. In the experiment, the ball
lens is positioned so as to obtain an in-focus image. Also, the sampling
of the impulse response is close to the theoretical Nyquist criterion,
whereas it should be a factor of two in order to avoid undersampling.
This could be achieved by either using a camera with smaller pixels or
using a smaller microsphere to increase the resolving power of the
dual-sphere system.14 To compensate the reduction in the lateral field
of view through the use of a small microsphere, a matrix arrangement
of microspheres could be considered.36 In addition, the microsphere
should be raised for biological imaging in order to perform contactless
measurements.30 For this purpose, the optical components could be
vertically assembled and integrated not only to be axially positioned
above the sample but also to be batch fabricated, leading to a compact
imaging system of around 1mm in size.37 Finally, a low-optical-aber-
ration design could also be investigated.38

The proof of concept of the miniaturization of a microsphere-
assisted microscope is demonstrated in air by means of numerical
analysis and experimental measurements. For this purpose, a ball lens
replaces the classical microscope objective to collect the magnified
image generated by a microsphere. The dual-sphere system with
smaller pixels could theoretically resolve features having a size of

FIG. 2. Ray-tracing analysis of the dual-sphere imaging system. k¼ 550 nm. (a)
Normalized point spread function distribution. (b) Fraction of the encircled energy
as a function of the radial distance. (c) Wavefront distribution (in k) over unit pupil
function. (d) Normalized modulation transfer function as a function of the spatial fre-
quency. OTF: Optical transfer function. In (b) and (d), the dashed lines represent
the evolution curves of a diffraction-limited system.

FIG. 3. Experimental measurements through the dual-sphere imaging system. (a)
See-through ball lens image of a 1951 USAF target, (b) 400-nm-groove Ronchi
grating, (c) 500-nm-diameter gold nanoparticles, and (d) 250-nm-linewidth transpar-
ent grating.
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175nm (k/3.2). Gold nanoparticles and 250-nm-groove transparent
grating have been observed with high imaging quality. Future
enhancements could be considered to improve the performance of the
system so as to be suitable for use in biological and microfluidic appli-
cations for examples.
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