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Abstract— Microsphere-assisted imaging is a promising label-
free super-resolution imaging technique. Its performance is sig-
nificantly affected by the photonic nanojet (PNJ) of microspheres.
Recently, a new type of curved PNJ, i.e. the photonic hook (PH),
was discovered, which shows promising potential for various
applications. This Letter presented a contrast-enhanced super-
resolution imaging technique utilizing the PHs generated by
Janus microspheres. We demonstrated that the Janus micro-
spheres can be fabricated using a one-step deposition process,
they exhibit superior imaging performance to pristine micro-
spheres, and their field-of-view and imaging contrast can be
easily adjusted by changing the coating thickness. In addition,
we demonstrated that the imaging contrast of Janus microspheres
can be further enhanced by using polarized illumination.

Index Terms— Super-resolution imaging, microspheres, patchy
microsphere, photonic nanojet, photonic hook.

I. INTRODUCTION

MICROSPHERE-ASSISTED imaging is a label-free
super-resolution microscopic method that helps con-

ventional optical microscopes overcome their resolution limits
and observe smaller details in samples. This technique was
first proposed by Wang et al. [1] and quickly draw widespread
attention due to its unique advantages, such as no need for
fluorescent labeling, functional under white light illumination,
etc. [2]. To further improve the imaging performance of micro-
spherical lenses, various parameters have been optimized,
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including the diameter and material of microspheres [3],
[4], the immersion environment of microspheres [5], [6], [7]
and the illumination condition of imaging systems [8], [9].
Recently, micromachining has emerged as an effective tool to
modify the imaging performance of microspheres. For exam-
ple, in 2022, Wu et al. coated microspheres with dielectric
bilayer thin films to eliminate the Newton’s ring effect and suc-
cessfully improved the imaging quality of microspheres [10].
In 2023, focused ion beam milling was used to fabricate hyper-
hemi-microsphere lenses, and a resolution of ∼50 nm can be
achieved with those reshaped microspheres [11].

Due to the Mie scattering, dielectric microspheres under
illumination generate photonic nanojets (PNJs) at their shadow
side [12]. It has been demonstrated that the imaging per-
formance of microlenses can be significantly influenced by
the effective length, position and full-width-half-maximum
(FWHM) of its PNJ. For example, Yang et al. found that
reducing the FWHM of PNJ can enhance the resolution of
microspheres [13]. The length of the PNJ is also demonstrated
to be influential to the depth of view of the microspheres [4].
In 2018, a new type of PNJ with a curved structure, i.e.
the photonic hook (PH), was reported [14]. The formation
mechanism of PHs can be attributed to the combined effects of
the phase velocity difference and interference of propagating
waves. Both anistropic particles and non-uniform illumimation
are suitable for PH generation. For instance, patchy micro-
spheres with metallic surface coatings can block a portion of
incoming light, resulting in an asymmetric illumination effect.
Their capacity of PH generation has been theoretically and
experimentally demonstrated [15], [16], [17]. One of the most
important applications of PHs is in super-resolution imag-
ing [18], [19]. In 2021, Shang et al. deposited silver films onto
self-assembled hexagonally-closed-packed (hcp) microsphere
arrays, and successfully performed super-resolution imaging
with those patchy microspheres [18]. Nevertheless, due to the
inherent defects arising from the self-assembly process, it is
still challenging to well control the morphology of patchy
microspheres. Janus particles, named after the double-faced
Roman god, are particles with two sides of different physical
or chemical properties. Due to their simple surface morphol-
ogy, Janus particles can be fabricated in a controlled manner
by various methods, making them a promising alternative to
address the aforementioned shortcoming [20].
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Fig. 1. (a) Illustrative drawings of the fabrication and manipulation of Janus
microspheres; (b) Schematic drawing of the microsphere-assisted microscopic
imaging system; (c) Optical picture of a Janus microsphere after Al deposition.

II. RESULTS AND DISCUSSION

A. Materials and Methods

In this study, Janus microspheres were fabricated from
barium titanate glass (BaTiO3, BTG) particles with a refractive
index of ∼1.90, which were supplied by the Microspheres-
Nanospheres (New York, USA) as powders. The mean diame-
ter of the BTG microsphere is ∼30 µm. As shown in Fig. 1 (a),
to fabricate Janus microspheres, we first drop-casted a small
amount of BTG particles onto a glass slide, and then deposited
aluminum films of different thickness (5 - 100 nm) onto the
side of BTG particles through the glancing angle deposition
method [21]. The deposition rate was kept constant at 1 Å/s
during deposition, and a homemade rotation stage was made to
control the deposition angle (θ). After deposition, a transparent
polydimethylsiloxane (PDMS, ∼ 1 mm thick) film was gently
pressed onto the glass slide. Due to the van dear Waals
forces, the Janus microspheres were bonded to the PDMS
film, and detached from the glass slide when the PDMS film
was lifted. Then, we directed the Janus microspheres to the
region of interest by manipulating the PDMS film with a
homemade holder positioned under an objective lens. The
Janus microspheres worked in the contact mode and formed a
real image above the sample surface [22].

As shown in Fig. 1 (b), the super-resolution imaging exper-
iments were performed using a commercial reflection optical
microscope (Axio AX10, Carl Zeiss). White-light illumination
with a peak wavelength of 550 nm was provided by a halogen
lamp (HAL 100, Carl Zeiss). The objective lens used (EC
EPIPLAN, Carl Zeiss) has a magnification factor of 100×

and a numerical aperture (NA) of 0.9. The samples were
observed in air using the bright-field imaging mode. A high-
speed scientific complementary metal oxide semiconductor
(CMOS) camera (DFC295, Leica) was employed to capture
optical images for subsequent analysis.

Figure 1 (c) shows the optical microscopic (OM) picture of
a Janus microsphere after Al deposition. During the deposition

Fig. 2. (a) Scanning electron microscopic (SEM) image of a BD; (b), (c) OM
pictures of the BD observed through (b) a pristine microsphere and (c) a Janus
microsphere; (d) SEM image of a BD with data pits; (e), (f) OM pictures of the
BD with data pits observed through (e) a pristine microsphere and (f) a Janus
microsphere; (g) SEM image of silica particle arrays; (h)-(j) OM pictures of
the particle arrays observed through (h) pristine microspheres and (i), (j) Janus
microspheres.

process, the microsphere serves as a mask, blocking the trans-
portation of aluminum vapors from the source to the substrate.
Consequently, the area in the shadow of the microsphere
remains unmetallized. The elliptical pattern on the substrate,
indicated by a white arrow, represents this unmetallized area.
The inset of Fig. 1 (c) demonstrates how the deposition angle
(θ ) can be determined using the equation θ = arctan(D/L),
where D denotes the diameter of the microsphere, and L
corresponds to the length of the elliptical structure.

B. Comparison Between Pristine and Janus Microsphere

Then, we compared the imaging performance of pristine
and Janus microspherical lenses, blank Blu-ray Discs (BDs)
with grating structures were used as observation samples.
Figure 2 (a) is the scanning electron microscopic (SEM) image
of a blank BD, which shows a stripe pattern with 300 nm
periodicity, including 200 nm track width and 100 nm gap
between adjacent tracks. As shown in Fig. 2 (b), the stripe
patterns imaged by the pristine microspheres have a low con-
trast and can hardly be seen. In contrast, we found that the use
of Janus microspheres can significantly improve the imaging
quality. Figure 2 (c) is the stripe patterns observed through a
Janus microsphere deposited with 40 nm-thick Al films, which
have a sharper appearance and a higher contrast compared to
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Fig. 3. (a)-(f) OM images of Janus microspheres coated with different
thickness of Al films. The film thickness is (a) 0 nm, (b) 20 nm, (c) 30 nm,
(d) 40 nm, (e) 80 nm and (f) 100 nm, respectively; (g) Simulated light field
generated by a pristine microsphere; (h), (i) Simulated light fields generated
by Janus microspheres with (h) 30 nm- and (i) 80 nm-thick Al films (green
lines).

those taken with pristine microspheres. This improvement in
imaging contrast is further supported by the intensity profiles
extracted along the dashed lines in Figs. 2 (b) and (c).

It is reported that microspherical lenses have a poorer imag-
ing performance when observing non-periodic microstruc-
tures [23]. To study the influence of sample periodicity,
we used Janus microspheres to observe a data-encoded BD
substrate. As shown in Fig. 2 (d), there are pit arrays with a
non-periodical arrangement on the surface of the encoded BD,
the smallest pit size is ∼ 150 nm. Figures 2 (e), (f) are the
pit arrays observed through pristine and Janus microspheres,
respectively. The Janus spherical lens once again shows a
better imaging contrast than its pristine counterpart.

Then, we fabricated 150 nm-diameter SiO2 particle arrays
from colloidal suspensions (Bangs Laboratory, USA) by the
gravity-assisted self-assembly method [24]. The particle arrays
were deposited with 10 nm Al film to enhance their optical
reflectance before use. Figure 2 (g) is the SEM image of the
prepared sample, which shows the presence of both highly
ordered hcp structures and disordered structures. We found
that the prepared sample is beyond the resolution of pristine
microspheres [Fig. 2 (h)], while its microstructure can be
clearly distinguished by the Janus microspheres under the
same observation condition [Figs. 2 (i), (j)]. The structural
variations of the sample, i.e. the hcp and disordered arrange-
ment, can be observed with the help of Janus microspheres,
as indicated by the dashed lines representing the arrangement
of silica particles in Figs. 2 (i), (j).

C. Influence of Film Thickness on the Imaging Performance
of Janus Microspheres

The aperture is one of the most important parameters in
optical designs. In this Letter, we showed that by changing

the thickness of Al films, Janus microspheres with different
apertures can be obtained. To demonstrate this, we fabricated
30 µm-diameter Janus microspheres by depositing Al film
of different thickness onto BTG microspheres at a constant
deposition angle of θ ∼ 5◦. Then, the prepared Janus micro-
spheres were positioned on a BD substrate. The Al coating
functions like an aperture stop by reflecting the incident light
backwards and preventing it from entering the microsphere.
As shown in Figs. 3 (a)-(d), increasing the thickness of Al
films from 0 to 40 nm results in an enhancement of imaging
contrast. The imaging contrast begins to deteriorate when
the Al film is increased to 80 nm [Fig. 3 (e)]. The Janus
microspheres completely lose their imaging capability when
the film thickness reaches 100 nm [Fig. 3 (f)]. Furthermore,
we found that the field-of-view (FOV) of the microspherical
lenses also can be effectively adjusted by changing the film
thickness. Janus microspheres with thicker Al films tend to
have a smaller FOV, as shown in Figs. 3 (a)-(f).

We then used the Finite-Difference Time-Domain (FDTD)
method to investigate the light focusing performance of micro-
spherical lenses. As shown in Fig. 3 (g), a pristine microsphere
in air generates a symmetrical light field whose |E |

2 intensity
is mirrored along the propagation direction of incident light.
However, this symmetry is broken in Janus microspheres.
As shown in Fig. 3 (h), the microsphere coated with 30 nm
Al films generates a curved |E |

2 intensity distribution, i.e.
a PH, on its shadow side. The degree of asymmetry becomes
higher when the thickness of Al films increases to 80 µm
[Fig. 3 (i)]. The formed PHs then enhance the imaging contrast
of Janus microspheres by creating an asymmetric illumination
condition on sample surface. Asymmetric illumination or
oblique illumination is a commonly used contrast enhancement
technique in optical microscopy [25]. Under this illumination
condition, the details of the BD sample becomes more visible
as the intensity difference of the light reflected by the track
pitch and the base substrate is increased due to the shadowing
effect caused by the variations in the vertical dimension of
structures.

D. Contrast Enhancement by Polarized Illumination

Polarized light microscopy is a conventional contrast-
enhancing technique for birefringent materials. Nonetheless,
its utilization in microsphere-assisted imaging is still at early
stage. In 2021, Johnson et al. reported the use of polarized PNJ
generated by pristine microspheres for the super-resolution
imaging of collagen architecture [26]. In this study, we show
that using polarized light illumination can effectively generate
polarized PHs and significantly enhance the imaging contrast
of Janus microspheres for birefringent materials. To the best
of our knowledge, this is the first report of super-resolution
imaging based on polarized PHs. As shown in Fig. 4 (a),
we integrated a Janus microsphere into a conventional reflected
light microscope equipped with a polarizer and a analyzer.
BDs were used for observation because they can be considered
as an artificial birefringent material due to their grating struc-
tures [27]. The BTG microsphere has a diameter of 30 µm
and it is coated with 30 nm-thick Al films on its side. The

Authorized licensed use limited to: Northeastern University. Downloaded on February 07,2024 at 08:40:40 UTC from IEEE Xplore.  Restrictions apply. 



356 IEEE PHOTONICS TECHNOLOGY LETTERS, VOL. 36, NO. 5, 1 MARCH 2024

Fig. 4. (a) Schematic drawing of the microsphere-integrated polarized imag-
ing system; (b), (c) OM images of Janus microspheres under (b) non-polarized
and (c) polarized illumination; (d) The simulated electric field generated by
the Janus microsphere; (e) The x-component of the electric field intensity;
(f) Subtraction of the x-component from the total field.

polarizing axis of the illumination was kept perpendicular
to the grating pattern, while the orientation of analyzer was
changed. We found that the best imaging contrast was obtained
when the analyzer was oriented at 90◦ with respect to the
polarizer (Fig. S1), indicating that the state of polarization
was altered by the structures during the reflection process.
Figure 4 (b) is the sample imaged by the Janus microsphere
under non-polarized illumination, while Fig. 4 (c) is the same
region observed under polarized illumination. The axes of the
polarizer and analyzer are shown in the picture. We can easily
notice an improvement in the imaging contrast with a value of
∼2.8 times higher when polarization is applied. The contrast
was obtained by the equation of contrast =

Imax −Imin
Imax +Imin

. Then,
we used the FDTD method to study the PHs formed by
Janus microspheres under polarized illumination. As shown in
Figs. 4 (d)-(f), the simulation was performed with plane waves
polarized along the X-axis and propagating along the Y-axis.
The waves are focused into PHs at the shadow side of the Janus
microspheres. We found that the x-component of the electrical
field intensity (E2

x ) is much stronger than the electrical field
intensity obtained by subtracting the x-component from the
total field (E2 - E2

x ), which indicates that the polarization state
of incident light is not significantly affected when focused into
a PH.

III. CONCLUSION

In conclusion, we have proposed a contrast-enhanced super-
resolution imaging technique utilizing the PHs generated by
Janus microspheres. The Janus microspheres can be easily
fabricated by a one-step deposition method. We have demon-
strated that the Janus microspheres have a better imaging
performance than pristine microspheres. By adjusting the
coating thickness, we can easily design the FOV and imaging
contrast of Janus microspheres. Furthermore, for the first time,
we have shown that using polarized illumination can signif-
icantly enhance the imaging contrast of Janus microspheres
due to the formation of polarized PHs.
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