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Abstract The imaging properties of high-index immersed
microsphere lenses in the diameter range of 5-300 um are
experimentally studied. Our experimental results show that
shifting the focal plane of the objective lens can result in
different optical properties. When light beams generated
from the objective lens are focused near the low surface of
the microsphere lens, interference rings can be observed
by a conventional optical microscopy, and its diameter and
ring number increase with the diameter of microspheres,
which can be similarly described by conventional wave
optics. When the focal plane of the objective lens is further
turned down about several microns, the Blu-ray disk with
sub-wavelength structures can be discerned with a magni-
fication up to 4.5 x and field of view up to 14 pm. The
image contrast and resolution decrease as the microsphere
diameter increases. Calculations of the electric field distri-
butions indicate that the “photonic nanojet” induced by the
microsphere performs an important role in sub-wavelength
imaging. The surrounding medium can be expected to
improve the formation of both the sub-wavelength images
and the interference rings. Our studies will help the under-
standing of the imaging mechanisms in microsphere lenses.
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1 Introduction

Motivated by beating Abbe’s diffraction limit, scientists
have proposed many approaches to realize super-resolution
imaging. These techniques include negative index metama-
terials [1, 2], fluorescence microscopy [3], near-field scan-
ning [4], hyper-lens and super-lens [5-9], and microsphere
lens [10-18]. Among these approaches, microsphere lens
assisted by a conventional optical microscope is a simple
and effective method to obtain super-resolution imaging
and has a promising implement in biology, medicine and
other fields [13, 16]. Wang et al. [11] have demonstrated
that a low-refractive-index microsphere lens with a diame-
ter 2-9 um can collect and magnify sub-diffraction features
with a lateral resolution up to 50 nm. The microsphere lens
illuminated by a standard white-light source can collect the
near-field information and transfer it to the far-field prop-
agating waves which can be picked up by a conventional
optical microscope. Recently Li et al. [16] have developed
the submerged microsphere optical microscopy in biology
and successfully obtained direct white-light optical imaging
of 75-nm adenoviruses. The optical super-resolution capa-
bility can be achieved by using a low-index microsphere
semi-immersed in ethanol [17] or a high-index barium
titanate glass (BTG) microsphere totally immersed in lig-
uid or elastomers [18, 19]. The far-field imaging properties
where the object is spatially separated by a SU-8 layer have
also been studied [20]. The super-resolution imaging prop-
erties of the dielectric microsphere lens can be explained
by the methods of “Mie scattering” [21], “whispering gal-
lery mode” [22], “Poynting vector field” [23], or “photonic
nanojets” [24-27]. The sizes of the well-studied micro-
sphere lens as mentioned above are almost within several
to several tens of microns. However, according to geomet-
ric optics, when the scale of the microsphere lens is well
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Fig. 1 a Schematic of the
experimental setup. b Imaging
properties of the microsphere
lens including interference rings
and sub-wavelength images

N\

larger than the optical wavelength, the image obtained by
the microsphere can be explained by geometric optics [28].
Moreover, studies have shown that, when the focal plane of
the objective lens is shifted, the microsphere lens can form
different electric filed distributions, which can result in dif-
ferent image properties [29]. Compared to the well-studied
microsphere lens with a super-resolution capability, the
imaging properties as a function of the microsphere diam-
eter have not been studied. In this letter, we have experi-
mentally investigated the optical imaging properties by
using high-index (n = 1.9) BTG microsphere lenses with a
diameter 5-300 um, and the microsphere lenses are totally
immersed in water (n = 1.33). We find that, as the focal
plane of the objective lens shifts, the light beams can be
concentrated by the microsphere lens to the bottom of the
microsphere or form a focus with sub-wavelength waist
underneath the microsphere, and thus interference rings
or an optical image of the Blu-ray disk (our sample) can
be seen, respectively. As the diameter of the microsphere
increases, especially when it is close to the scale of geo-
metric optics, the interference rings will increase in num-
ber and be more clear, while the resolution capability of the
microsphere lens decreases as the image contrast weakens.
Our simulated results indicate that the electric field distri-
bution generated by the microsphere including the effect of
“photonic nanojet” performs an important role in the imag-
ing properties.

2 Experimental arrangement

As illustrated in Fig. la, a conventional microscope
equipped with a CCD camera is used under a reflective illu-
mination mode to observe our samples. Microsphere lenses
with different sizes are spread on the top of the object and
immersed in de-ionized water. The object sample used in
the experiment is a commercial Blu-ray disk (BD) with
its protection layer peeled off before use. We consider
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the objective lens of the ZEISS microscope (Axio Imager
A2m) combined with the microsphere lens as a unit optical
system. Figure 1b illustrates that a white-light source with
a peak wavelength 540 nm generated from a halogen lamp
is concentrated by the microsphere lens. When the focal
plane of the objective lens is shifted, different distribu-
tions of the electric field are formed, resulting in different
imaging properties. First, direct image of the microsphere
lens can be observed through the objective lens. Then, in
the region with several microns scale near the bottom of the
microsphere lens, the reflective lights generated from the
lower surface of the microsphere lens and the plane of the
object samples can form interference ring images, due to
the superposition of the two reflective lights. Finally, when
the focal plane of the objective lens is further turned down,
the images of the BD sample (magnified by microsphere
lens) can be formed underneath the surface of the micro-
sphere lens, which results from the formation of a focus
with sub-wavelength waist.

3 Results and discussion

Figure 2 illustrates the observed interference rings images.
We can clearly see the conversion of the interference rings
as the diameter of the microsphere lens increases, for
the microsphere lens with a diameter of 30 um, a central
bright spot with blur surrounding rings can be formed by
the microsphere lens, as shown in Fig. 2a. The surround-
ing rings increases in number and gradually become clear
as the diameter of the microsphere increases to 60 um
(Fig. 2b). When the diameter of the microsphere lens is
about 150 pm, clear interference rings which are com-
mon in conventional wave optics can be formed as shown
in Fig. 2c. According to conventional wave optics, in the
region near the contact point between the microsphere
and the object, two planes including the low surface of the
microsphere lens and the objective surface can reflect the
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Fig. 2 Experimental interference rings formed by the microsphere lens assisted by conventional microscope. The diameter of the water-

immersed microsphere lens is a 30 um, b 60 um, ¢ 150 um, respectively

Fig.3 a SEM image of the BD
sample and its sub-wavelength
image using ZEISS microscope
50 x (NA = 0.75) objective
assisted by a microsphere lens
immersed in water with dif-
ferent diameters, b 20 pm, ¢

30 um, d 100 um

light beams from the illuminating source. The reflected
lights can form interference rings due to different optical
paths determined by the space between the two planes.
An appropriate relation can be described as r > = d x D,
here D is the diameter of the microsphere, d is the dis-
tance between the object plane and the microsphere lens,
and r is the horizontal distance from the contact point. The

interference takes place based on the condition that d is
equal to K\, here K is an integer.

Sub-wavelength images due to the microsphere focus
can be formed as the focal plane of the objective lens is fur-
ther turned down. The moved distance of the focal plane is
only several microns. The BD sample consists of 200 nm
stripes separated by 100 nm grooves, as shown in Fig. 3a
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Fig. 4 a Diameter of the
first-order interference ring as
a function of the microsphere
diameter for the interference
rings image. (red lines-
experimental results and blue
lines-calculated results). b
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(SEM image of the BD sample), and cannot be resolved
by a conventional optical microscope, while its structures
can be discerned by the microsphere lens. Figure 3b shows
that the microsphere lens with a diameter about 20 pm has
a high magnification which is about 4.5 x . Microspheres
with a diameter of 5-20 um have the best image contrast as
the stripes of the BD sample can be clearly resolved. The
resolution decreases as the diameter of the microsphere
lens increases, which can be seen in Fig. 3c, d. When the
microsphere diameter increases to 100 pm, the magnifica-
tion gradually decreases to 2.8, and the image contrast
becomes low, as shown in Fig. 3d. When the diameter of
the microsphere lens reaches up to 150 pm, the structures
of the BD cannot be resolved under our experimental con-
ditions due to the image contrast is too low.

For the interference rings, we have measured the diam-
eter of the first-order bright interference rings. The experi-
mental and numerical results based on the conventional
wave optics are shown in Fig. 4a. For the microsphere with
a diameter of 150-300 pm, which is closer to the scale of
geometric optics, the diameter of first-order light ring is in
the range of 15-30 um. The experimental data are larger
than the calculated value due to the magnification of the
microsphere lens. For the microsphere lens with a diam-
eter which increases from 30 to 100 um, the experimental
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value increases from 8.2 to 20.1 um. Moreover, for the
microsphere lens with a diameter less than 30 um, only one
bright ring can be formed. The diameter of the bright ring
for the microsphere with a diameter of 5 um is only about
2.4 pym. Figure 4a shows that the tendency of the experi-
mental results is close to the calculated values, which indi-
cates that the interference rings can similarly be described
by the conventional wave optics.

For the sub-wavelength images, the magnification cal-
culated by geometrical optics can be estimated as M ~ In’/
(2 - n)l ~ 2.5, here n’ is the refractive index contrast
between the BTG microsphere lens and water. The value
of n’ in our experiments is about 1.43. The experimental
values tend asymptotically to the geometric optics values
as the diameter increases, as shown in Fig. 4b. The exper-
imental data of the field of view (FOV) and focal image
position as a function of diameter are presented in Fig. 4c,
d, respectively. Here, FOV is defined as the diameter of
disk area that can be discerned by the microsphere [30].
Compared to the low-index microsphere lens, the FOV of
the BTG microsphere can be spread to a large region due
to its high index [18]. The FOV is another important prop-
erty of the microsphere lens. As the microsphere diameter
increases from 5 to 100 um, the FOV increases from 1.8
to about 14 um, as shown in Fig. 4c. Figure 4d shows the
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Fig. 5 Images obtained by the
microsphere lens with diameter (a)
a 180 um fully immersed in
water, b 180 um in air, ¢ 5 pm
fully immersed in water, d 5 pm
in air

virtual focal image position (FIP) below the object surface
plane for microsphere lenses with different diameters, and
the experimental results demonstrate that the focal image
position increases as a function of diameter, which can
reach up to about 50 um, which means that sub-wave-
length imaging of BTG microsphere lens can be formed at
a large distance. It should be noted that the imaging mag-
nification and contrast will be greatly affected by the focal
image position.

Our experiments also show that the surrounding
medium has a great effect on imaging properties of the
microsphere lens. For the microsphere with a diam-
eter ~ 180 um fully immersed in the medium, the clear
interference rings can be captured, but the interference
rings will disappear when the medium almost evaporates.
The diameter of the interference ring gradually reduces,
and the intensity of the interference ring gradually weak-
ens as the liquid slowly evaporates. The process is exhib-
ited in Fig. 5a, b. For the microsphere lens with a diam-
eter ~ 5 um, it can discern the sub-wavelength patterns of
the BD sample when it is absolutely immersed in water. As
shown in Fig. Sc, stripes of the BD samples can be seen
clearly through the microsphere lens with a magnification
about 3.5 x . But when water disappears, the image of the

BD will be lost, as shown in Fig. 5d. The important role of
the immersed medium can be expected, as the electric field
distribution of the microsphere lens is greatly affected by
the refractive index contrast and the immersed medium
allows the sub-wavelength focus to be produced outside of
microsphere [24].

In order to give a reasonable explanation to our stud-
ies, finite-difference time-domain simulation is carried out
to calculate the electric field distribution. The rightward-
propagating incident light has a wavelength of 540 nm in
our calculations. The transverse-filed profiles are drawn
based on the light intensity. Figure 6 presents the calculated
transverse field distributions when the objective lens shifts
on different cross sections of the microsphere lens with a
diameter 30 um. As shown in Fig. 6a, interference rings
can be formed at the plane above the bottom of the micro-
sphere (about 4.9 um), and the light beams can be further
compressed which is shown in Fig. 6b, when the focal
plane of the objective lens is tuned down, which is about
2.1 um above the bottom of the microsphere. The interfer-
ence rings stem from the interference of the reflective light
beams as described in the conventional physics optics.
The concentric rings can form far-field sub-wavelength
focusing, which has been experimentally verified [31].
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Fig. 6 Evolution of the
electric filed distribution as the
z-position along the incident
axis shifts. a interference rings,
b interference rings with further
compression ¢ sub-wavelength
focus d sub-wavelength focus
with diffuseness. The curves
below them are the transverse
electric field profiles. The
diameter of the microsphere is
30 um and the wavelength of
the incident light is 540 nm
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Fig. 7 a Electric field intensity
distribution and the FWHM
(260 nm) of the “photonic nano-
jet” formed by microsphere lens
with diameter 5 pm b Electron
field intensity distribution of the
microsphere lens with diameter
30 pm. The results are simu-
lated by CST
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According to our calculated results, the sub-wavelength
focus is generated at the plane below the microsphere at
about 1.6 um, as shown in Fig. 6¢c. Figure 6d illustrates
that the focus will diffuse as the focal plane moves away
from the microsphere lens. Moreover, as the diameter of
the microsphere increases, the interference rings become
more clear with the increase in the diameter of the center
spot and the number of the ring, which are consist with our
experiment results (Figs. 2, 4a). The increase in the diam-
eter of the rings indicates the loss of the diffraction light
intensity in the far field, which is similar to the mecha-
nism of the grating diffraction, and this will result in the
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reduction in the sub-wavelength focusing capability of the
microsphere lens.

The focus in the shadow of the microsphere has a strong
electric field termed as “photonic nanojet”, which means
the specific spatial region within the external focal waist
of the light wave diffracted on microspheres or microcyl-
inders [24]. The nanojet which can induce strong back-
ground scattering indicates that super-resolution imaging
can be formed, and the background scatter effect of the
photonic nanojet is experimentally verified [26, 27]. The
sub-wavelength imaging capability in our experiment can
be related to the full width at half maximum (FWHM) of
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the photonic nanojets. Figure 7a shows that, for the micro-
sphere with a diameter of 5 um, the FWHM of the nanojets
is about 260 nm. The half-wavelength scale of the nano-
jet waist indicates a high-quality sub-wavelength imaging
can be achieved. For microsphere lenses with a diameter
of 30 um (as shown in Fig. 7b) and 50 um, the FWHM of
the nanojets is 320 nm and 380 nm, respectively. The posi-
tion of the maximum electric intensity is about 0.1 R ~ 0.18
R under the low surface of the microsphere lens, where R
is the radius of microsphere lens. When the microsphere
diameter increases, the waist of the photonic nanojet broad-
ens and focus capability weakens. Moreover, a large micro-
sphere diameter means long propagating distance, which
induces heavy loss of the evanescent waves that carry sub-
wavelength imaging information. Therefore, the resolu-
tion of the microsphere reduces as the microsphere diam-
eter increases, and only conventional interference rings can
be formed when the microsphere diameter is larger than
150 pm in our experiments, although it might also have
sub-wavelength imaging capability under other micro-
scopes such as a confocal microscopic system. It should
be emphasized that, besides the nanojet effect discussed in
this paper, some other mechanisms must contribute to the
microsphere imaging, such as surface wave or quantum
effects.

4 Conclusions

In conclusion, we have observed the conversion of imag-
ing properties of high-index microsphere lenses as a
function of the microsphere diameter. Our experiments
demonstrate that interference rings and sub-wavelength
images can be observed through the microsphere lens by
adjusting the focal plane of the objective lens. Both the
two properties are dependent on the microsphere diam-
eter. The immersion medium is important for the forming
of both the sub-wavelength images and the interference
rings. The electric field distribution of the microsphere
and the FWHM of the “photonic nanojets” in the shadow
of the microsphere lens can be used to explain the imag-
ing properties.
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