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The far-field imaging properties of a high index microsphere lens spatially separated from the object are exper-
imentally studied. Our experimental results show that, for a Blu-ray disk whose spacing is 300 nm, the high index
microsphere lens also can discern the patterns of the object sample when the distance between the lens and the
object is up to 5.4 μm.When the distance is increased from 0 to 5.4 μm, for the microsphere lens with a diameter of
24 μm, the lateral magnification increases from 3.5× to 5.5×, while the field of view decreases from 5.1 to 3.0 μm. By
varying the distance between the lens and the object, the optical image can be optimized. We also indicate that the
far-field imaging capability of a high index microsphere lens is dependent on the electromagnetic field intensity
profile of the photonic nanojet under different positions of the microsphere lens. © 2015 Chinese Laser Press

OCIS codes: (350.3950) Micro-optics; (080.0080) Geometric optics; (180.0180) Microscopy; (220.3630)
Lenses.
http://dx.doi.org/10.1364/PRJ.3.000339

1. INTRODUCTION
Many novel optical properties of a microsphere lens such as
photonic nanojets [1–3], whisper gallery modes [4], Poynting
field [5,6], light compression [7], and super-resolution imaging
[8–17] have been observed. Microsphere-assisted microscopy
is a simple and effective approach to obtain super-resolution
imaging. This technique has the potential to apply label-free
[11] and fluorescent biomedical imaging [12] in real time
under white light illumination. Schwartz et al. have success-
fully obtained single molecule imaging by using a high refrac-
tive index TiO2 colloid with a diameter of 2 μm [13]. Lee et al.
have observed near-field focusing and magnification through
a microsphere lens and indicated that there is a connection
between the super-resolution capability of the lens and the
super-strength focus in the near field [14]. Wang et al. have
experimentally demonstrated that a microsphere with a low
refractive index n∼1.46 in the diameter range of 2–9 μm
can be used to collect and magnify subdiffraction limited fea-
tures, and the lateral resolution is up to 50 nm [15]. The micro-
scale spherical lens can capture the subdiffraction limited
details of an object, magnify it, and form a virtual image under-
neath the surface of the microsphere lens by converting the
high spatial frequency components of the evanescent field
into a propagating wave. Recent experiments demonstrate
that, when the low refractive index microsphere lens is semi-
immersed in a liquid droplet, the super-resolution capability
can be reinforced, thus forming a sharper contrast image
[16]. The fully immersed microsphere lens with high refractive
index also can discern the fine structures with a minimum size
of ∼λ∕7, and the field of view (FOV) is large due to the diam-
eter of the imaging microsphere being larger than 100 μm [17].
Studies also show that, when the lens and the object are not
closely contacted, the lens with low refractive index also can
magnify the stripe patterns of the object samples [18,19].

Moreover, a high refractive index microsphere presents many
advantages in prefabrication and location movement because
it can be embedded in transparent solidified films used as
cover slips to observe the samples [10]. Darafsheh et al. have
observed the radiation-induced glioblastoma cells using a high
index microsphere embedded in elastomers [7]. Considering
the application superiority of a high index microsphere,
although the far-field properties of low-index lens are well
studied, the imaging properties of high-index lenses in a far-
field need to be further revealed. In this work, we use a barium
titanate glass (BTG) microsphere with a high refractive index
(n ∼ 1.9) to image the Blu-ray disk (BD) sample. Our experi-
mental results show that, for our object sample with a spacing
of 300 nm, the high-index lens performs novel far-field proper-
ties. When the distance between the microsphere and the sam-
ple is increased from 0 to 5.4 μm, the lateral magnification
increases from 3.5× to 5.5×, and the FOV decreases from
5.1 to 3.0 μm. These properties are different from the proper-
ties of a low index lens. Our results provide an optimization
method to improve the magnification and eliminate the dark
area in the center of the image by keeping the object sample at
an appropriate distance away from the high refractive index
microsphere lens.

2. EXPERIMENTAL ARRANGEMENT
Figure 1(a) shows that a ZEISS microscope equipped with mi-
croscope objectives and a CCD camera are used to observe
the object. The microscope works under white-light illumina-
tion with a peak wavelength of 540 nm and reflective mode.
Our object is a commercial BD with its protection layer peeled
off before use. The BD sample consists of 200 nm stripes sep-
arated by 100 nm grooves, as shown in Fig. 1(b). The fine
structures of the BD sample cannot be resolved by a conven-
tional optical microscopy. A layer of SU-8 resist was spin
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coated on the top of the disk. When an SU-8 layer is coated on
top of the objects, the Rayleigh resolution limit for line objects
is 225 nm (r � 0.5λ∕nNA): here, λ � 540 nm, n � 1.6 (the re-
fractive index of SU-8), and NA � 0.75 (for a 50 × NA � 0.75
microscope objective) [20]. Therefore, our object is larger
than the resolution limit. The SU-8 layer was then exposed,
developed, and crossed-linked. We can control the thickness
of the SU-8 layer by using a different type of SU-8 resist and
different spin speed. Then, the high refractive index BTG mi-
crosphere lenses were spread on the top of the SU-8 coated
disk. In order to obtain a high-resolution image, a drop of etha-
nol was placed on the microsphere and the microsphere fully
immersed in ethanol. Finally, the magnified virtual image
underneath the surface of the microsphere was captured
through the microscope. We chose the microsphere with a
diameter of 24 μm to image the BD sample using the 50×
(NA � 0.75) microscope objective. The thickness of the SU-
8 layer was measured by a step profiler (AMBios
Technology, XP-1). The distance d between the object and
the microsphere is 0, 0.6, 1.4, 2.2, 3.5, and 5.4 μm for our sam-
ples, respectively.

3. RESULTS AND DISCUSSION
Figure 2 shows the observed optical images of the BD through
the microscope assisted by the microscale lenses. When the
microsphere lenses were fully immersed in the ethanol, the
stripe patterns of the disk would appear inside the micro-
sphere. The microscale lens produced an enlarged image of
the object, which can be observed by a conventional optical
microscopy. For all the samples, the optical images are under-

neath the surface plane of the microsphere, thus indicating
that all the images are virtual images. We investigate the lat-
eral magnification and FOV properties of the high index mi-
crosphere lens as a function of d. As Fig. 3(a) shows, the
magnification depends on the thickness of the SU-8 layer; it
increases as the distance d increases. In our studied range,
the magnification changes from 3.5× to 5.5× when d increases
from 0 to 5.4 μm, while the FOV decreases from 5.1 to 3.0 μm
as the distance increases from 0 to 5.4 μm, as shown in
Fig. 3(b). Here, the FOV is defined as the diameter of the disk
area that can be observed by the microsphere lens. Similar
imaging properties are also observed for the BTGmicrosphere
lens with a diameter of 18 μm.

According to conventional geometrical optics, when the
lens is connected to the object, the calculated lateral magni-
fication is about n0∕�2 − n0�, which is about 2.3×. Here, n0 is the
refractive index contrast of the BTG microsphere and ethanol
(n ∼ 1.36), which is about 1.4. While the experimental magni-
fication is ∼3.5×. The image magnification can be expressed
as M � f ∕�f � l�; here, l is the distance between the object
and the center of the microsphere lens (object distance).
For the BTG microsphere lens used in the experiments, the
calculated focal length of the microsphere lenses with diam-
eter 24 μm using conventional geometric optics is 21 μm. The
lateral magnification calculated from standard geometrical
optics increases as the distance d. For the distance d of 2.2
and 3.5 μm, the calculated dates are 3.1× and 3.8×, respec-
tively. While the experimental magnifications are 3.9× and
5×, which are larger than the calculated dates based on geo-
metric optics. Studies have shown that the input beam at the
microsphere surface will be affected by diffraction [21,22].
Therefore, the imaging properties of the microscale lens can-
not be fully described by standard geometrical optics.

Our experimental results also indicated that the position of
the image and the magnification depend on the distance, and
the fine structures of the BD samples can be observed by the
high index microsphere even when the distance is longer than
the penetration length of the evanescent field, which is about
one wavelength. In order to understand the far-field imaging
mechanism of the microsphere lens, finite-difference time-
domain simulations are carried out using a CST program
to calculate the exact electromagnetic field distribution.
According to the simulated results, as shown in Fig. 4, a highly
confined electromagnetic field forms at the shadow side of the
microsphere lens termed “photonic nanojet.” The “photonic
nanojet” can induce strong background scattering, which in-
dicates an optical image can be formed [1,3]. Moreover, as the

Fig. 1. (a) Schematic of the experimental setup. (b) SEM image of a
blank BD studied in this paper.

Fig. 2. Images of the disk through the high index microsphere with a diameter of 24 μm fully immersed in liquid at different distance between the
object and the microsphere: (a) 0, (b) 2.2, (c) 3.5, and (d) 5.4 μm.
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length of the “photonic nanojet” can be preserved over several
optical wavelengths, the distance d does not have to be
smaller than the penetration length of the evanescent field.
It should be noted that other aspects also should be taken into
consideration. First, if the strip pattern (300 nm) of the BD is
larger than the resolution limit, the corresponding wavelength
components of the strip patterns are propagating waves.
Second, studies have shown that a dielectric film can enhance
evanescent waves by coupling to the waveguide modes
[23,24], and the SU-8 layer in our samples works as such a
waveguide. Finally, when the optical beam is projected to
the connected surface between the SU-8 layer and the Blu-
ray disk from different orientations, a new evanescent wave
would be produced by total reflection mode. Therefore, an op-
tical image can be obtained even when the objects are sepa-
rated from the microsphere in a relative large distance.

When the microsphere is spatially separated by the SU-8
layer, we have studied the electromagnetic field intensity pro-
file and the FWHM of the nanojet at different positions under
the microsphere. When the object is contacted, the micro-
sphere without SU-8 layer (d � 0), the electromagnetic field
intensity profile is shown in Fig. 5(a), the center peak is ac-
companied by several high sidelobes. The energy of the opti-
cal field disperses, and the intensity of the sidelobes is even
higher than that of the center peak. The significant sidelobes
can lead to large distortion and poor contrast in wide-field im-
aging [25]. We propose that this induces a slightly dark area in
the center of the image, which can be seen in our experiment,
as shown in Fig. 5(a) and other experiments [7]. Therefore, the

quality of this optical image, which is affected by the side-
lobes, is not the best one. When the distance between the ob-
ject and microsphere is 2.2 μm, separated by the SU8 layer, a
clearer main peak with a maximum ∼34 can be obtained, as
shown in Fig. 5(b), the sidelobes decrease to a low value ∼6
simultaneously, and the FWHM of the main peak is 320 nm. A
narrower main peak indicates that an optical image with high
image contrast can be obtained, and the slightly dark area in
the center of the optical image disappears, as shown in
Fig. 2(b). As the magnification only increases slightly at this
distance, the optical image can be further optimized by im-
proving the magnification. As Fig. 5(c) shows, when the object
is separated by a thicker layer of SU-8 (d ∼ 3.5 μm), the main
peak of the electromagnetic field intensity is still high with a
maximum value of about 18, and the FWHM of the main peak
can still maintain a subwavelength scale (560 nm), the optical
image with a high image contrast also can be observed.
Because the sidelobes nearly disappear and the magnification
is greatly increased to ∼5×, the optical image is optimized, as
shown in Fig. 2(c). When the SU-8 layer is too thick (∼5.4 μm),
the object is far away from the bottom plane of the micro-
sphere lens, the electromagnetic field intensity becomes low,
as shown in Fig. 5(d). Its value is less than 7, and the FWHM of
the main peak is about 1340 nm, which indicates that the back-
ground scattering is weak and the image contrast ratio is low.
Therefore, the image is fuzzy, although the magnification is up
to 5.5×, as shown in Fig. 2(d). Based on our experimental re-
sults, we find that the optical image can be optimized by hav-
ing the microsphere lens away from the object sample at a
suitable position. For the high-index microsphere lens with
a diameter of 24 μm, the optimal distance is about 3.5 μm.
Recent studies have shown that the surface waves play a sig-
nificant role in focusing and imaging with the microsphere
[26]. Therefore, it should be emphasized that, besides the
super-strength focus effects discussed in this paper, other
mechanisms must be contributing to the microsphere imaging.

4. CONCLUSION
In conclusion, we have observed the far-field properties of the
high index microsphere lens as a function of the distance

Fig. 3. (a) Magnification and (b) FOV of the lens versus the distance
between the object and the microsphere lens.

Fig. 4. Electromagnetic field intensity distribution forms “photonic
nanojet” at the bottom of the microsphere lens with a diameter of
24 μm.

Fig. 5. Electromagnetic field intensity profile at different positions
of (a) 0, (b) 2.2, (c) 3.5, and (d) 5.4 μm under the microsphere,
respectively.
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between the objective and the lens. Our studies show that,
when the microsphere is separated by an SU-8 layer, the mag-
nification of the optical image increases as a function of the
distance. It is useful for the microsphere lens to improve the
magnification in the image by spacing the microsphere lens
and the object and capturing the subdiffraction limited details
of the object. The far-field imaging properties are dependent
upon the electromagnetic field intensity profile at different po-
sitions under the bottom of the microsphere.
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