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Abstract: The diffraction limit is a fundamental barrier in optical microscopy, which restricts the
smallest resolvable feature size of a microscopic system. Microsphere-based microscopy has proven
to be a promising tool for challenging the diffraction limit. Nevertheless, the microspheres have a low
imaging contrast in air, which hinders the application of this technique. In this work, we demonstrate
that this challenge can be effectively overcome by using partially Ag-plated microspheres. The
deposited Ag film acts as an aperture stop that blocks a portion of the incident beam, forming a
photonic hook and an oblique near-field illumination. Such a photonic hook significantly enhanced
the imaging contrast of the system, as experimentally verified by imaging the Blu-ray disc surface
and colloidal particle arrays.

Keywords: photonic jet; photonic hook; patchy particle; microspheres; super-resolution imaging

1. Introduction

Optical microscopes (OMs) are one of the most important tools for scientific research.
Due to the Abbe diffraction limit, conventional OMs cannot resolve two objects closer
than 0.5λ/NA, where λ is the incident wavelength and NA is the numerical aperture of
the microscope. Therefore, an OM equipped with a near-unity NA objective and a white
light source (λ ∼ 550–600 nm) has a resolution limit of 300 nm. Within this context, many
different methods have been proposed to overcome this limitation. In 2009, Lee et al.
successfully used nanoscale spherical lenses to resolve features beyond the diffraction
limit [1]. Later, Wang et al. demonstrated the super-resolution imaging of 50 nm features
using dielectric microspheres under white light illumination [2]. Smaller features, i.e.,
15–25 nm nanogaps, can be resolved with microspheres under a confocal microscope [3,4].
Since the resolution of an imaging system is often measured by the point spread function
(PSF) instead of by the resolved feature size, Allen et al. developed a convolution-based
resolution analysis method and derived the best resolution for microsphere nanoscopy is
∼λ/6–λ/7 [4]. Microsphere-assisted imaging has the advantages of simple operation, no
fluorescent labeling, and good compatibility with commercial OMs. To obtain high-quality
images, various parameters affecting the imaging performance of microspheres have
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been studied, such as illumination conditions [5], microsphere diameters [6], immersion
mode [7–9], and immersion materials [10–12].

Currently, most microsphere-assisted imaging methods use high-refractive-index
microspheres in a liquid environment [13–17]. Nevertheless, the imaging performance
of the microspheres can be affected by the shape of air–liquid interfaces as well as the
refractive index distribution of liquid films. Moreover, samples may be contaminated or
even damaged in liquid. Only a small amount of research has been done to improve the
imaging performance of microspheres in air, such as improving illumination conditions [5],
optimizing the diameter and the refractive index of microspheres [18], using plano-convex-
microsphere (PCM) lens design [19,20], and using a microsphere lens group [21].

Patchy particles are anisotropic particles having two or more different physical or
chemical properties on their surfaces. They are considered as promising materials for
biomedical, environmentally friendly, and sustainable applications, such as biosensing,
drug delivery, water decontamination, hydrogen production, etc. [22,23]. Patchy particles
are also a type of optical functional materials. For example, the mirror made of Ag-coated
patchy particles can have optical responses to external electric and magnetic fields, and its
optical reflectivity can be adjusted in real-time by changing the external fields [24]. Here
we present the performance of super-resolution imaging in air using patchy microspheres.
To the best of our knowledge, this is the first study showing that patchy microspheres are
suitable for super-resolution imaging. The patchy particles can generate a curved photonic
jet, i.e., photonic hook, due to their structural asymmetry [25–27], which is shown to be
useful in boosting the imaging contrast and quality in this work. The results will contribute
to the further advancement of the microsphere-based optical nanoscopy/microscopy tech-
niques and facilitate their applications in nanotechnology, life sciences, etc.

2. Materials and Methods

Figure 1a illustrates the schematic drawing of the patchy microsphere fabrication by
glancing angle deposition (GLAD) method [28]. BaTiO3 glass (BTG, 27–35 µm diameter,
n = 1.9, Microspheres-Nanospheres, USA) were self-assembled into monolayers by drop-
casting a small amount of BTG powders on a glass slide followed by using water to compact
them together. The microsphere arrays were then coated with 100 nm thick Ag films by
physical vapor deposition (PVD) (1 Å/s) at a constant angle (α = 60◦). We chose Ag because
it has been used in microsphere-assisted microscopy to modify the optical properties of the
substrate on which the sample is fixed [29] or the sample itself [30], in order to achieve the
desired imaging quality. After deposition, a stream of deionized water was used to transfer
the microspheres from the glass slide to the observation sample. We call the fabricated
patchy BTG microspheres p-BTG particles.

The p-BTG particles were observed with a commercial reflected light microscope (Axio
AX10, Carl Zeiss) for super-resolution imaging (Figure 1b). The microspheres collected near-
field nanoscale information from a Blu-ray disk (BD) surface and generated a magnified real
image above the sample, which was then captured by the objective lens. This is confirmed
by the imaging plane that is above the substrate, in contrast to virtual imaging whose
image plane is down into the substrate. The entire imaging process was performed in
air. A 20 × objective (NA = 0.4, EC EPIPLAN, Carl Zeiss) was used for imaging with the
p-BTG particles. The system was illuminated by a white light source (HAL 100, Carl Zeiss).
All the experimental results were recorded using a high-speed scientific complementary
metal-oxide-semiconductor (CMOS) camera (DFC295, Leica). The Leica Application Suite
X (LAS X) software was used to take optical microscopic images with the camera and to
measure the intensity profiles from the recorded images. The magnification factor (M) was
obtained by dividing the period of the intensity profiles by the period of the BD pattern.
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Figure 1. (a) Fabrication of patchy BTG (p-BTG) particle by glancing angle deposition method;
(b) experimental setup of super-resolution imaging with p-BTG lens; (c) SEM image and (d) OM
image of BD substrate (lines not resolved); (e,f) SEM images of p-BTG particle after Ag deposition;
(g) SEM image of p-BTG particle transferred on BD substrate.

Figure 1c shows the scanning electron microscopic (SEM) image of the top surface
of the BD sample in this study. It has a strip pattern with 300 nm periodicity, including
200 nm track width and 100 nm gap between two adjacent tracks. The pattern of the
BD cannot be resolved by conventional OM method with diffraction-limited resolution
of λ/2NA = 550/0.8 = 687.5 nm (Figure 1d). The p-BTG microspheres after depositing
100 nm Ag by the GLAD method (α = 60◦) are shown in Figure 1e. There are some
elliptical shadows on the left side of the microspheres (white arrow, Figure 1e), because the
microspheres blocked the transportation of Ag vapor from the source to the substrate
during deposition. The corresponding SEM image of the p-BTG particle arrays also
confirms the presence of Ag patches on the microspheres (Figure 1f). Figure 1g shows a
p-BTG on a BD sample, in which both the Ag patch and the strip pattern can be observed.

3. Results and Discussion

In this study, the imaging performance of BTG and p-BTG microlenses in air were
compared with each other. As shown in Figure 2a, the BTG particle in air formed a
magnified, low-contrast, real image of the strip pattern above the BD. The gap between the
two neighboring tracks was 2.5 µm at the clearest image position, corresponding to a M
of ∼8.3×. Here, the super-resolution image formed by the BTG microsphere has a poor
quality, with very low imaging contrast, which is not sufficient for most of the practical
applications. On the contrary, as shown in Figure 2b, the new p-BTG microspheres generate
significantly improved super-resolution images, both in quality and contrast. The imaging
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contrast has been boosted by a factor of ∼6.5, as shown in Figure 2c by retrieved intensity
profiles along the white dash lines in Figure 2a,b. The measured magnification factor for
the p-BTG lens is about 3.9×, which is smaller than that of unpatched particles (M = 8.3×).
This is caused by different focusing characteristics of BTG and p-BTG particles which will
be discussed below.
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Figure 2. (a,b) OM images of the pattern on BD surface observed through (a) pristine BTG and (b)
p-BTG with the 20 × objective; (c) optical intensity profiles across the white dash lines; (d) OM image
of the corresponding p-BTG; (e) SEM image of the 230 nm-diameter SiO2 particle arrays; (f,g) the
SiO2 particle arrays observed through (f) pristine BTG and (g) p-BTG microspheres.

Interestingly, as shown in Figure 2d, we observed two patchy textured patterns in
each p-BTG particle, but only one side of the microspheres was coated with Ag films.
The two paired patterns have a rotation angle of 180◦ between them around the center of
the microsphere. This phenomenon could be attributed to the internal reflection occurring
inside the high-index microspheres, in which case the Ag film prevents part of the incident
light from entering the microsphere and causes a shadow with the same shape on the other
side of the microsphere after multiple internal reflections.

In another imaging test, silica particles with 230 nm mean diameter (Nanorainbow
Biotechnology, Nanjing, China) were self-assembled into arrays (Figure 2e) [31,32] and
observed through BTG and p-BTG particles in air. The silica particle arrays were coated
with 20 nm Ag before observation to enhance their reflectivity. As shown in Figure 2f,g,
the p-BTG particle again demonstrates a better imaging performance over the BTG particle
when imaging a sub-diffraction-limited nanoparticle array.

In our experiments, we found that the p-BTG particles deposited on the sample
surface may have different appearances: bright, dark, or textured, and different imaging
performance, depending on the positions of Ag coatings. As shown in Figure 3a, when
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the Ag film is at the bottom of the microsphere, it is like a concave mirror that reflects the
incident light backward in a convergent way, so that more light can be collected by the
objective, leading to a bright appearance. On the contrary, the p-BTG looks dark when
the Ag film is on top of the microsphere. As shown in Figure 3b, the Ag film acts like a
convex mirror that reflects the incident beam divergently at a large angle, so that most of
the reflected light cannot be captured by the objective. The p-BTG lens shows a textured
appearance and forms a magnified real image when the Ag film is on the side of the
microsphere (Figure 3c), in which case the Ag film acts as an aperture stop, enhancing
the contrast of the image and forming a photonic hook inside the microsphere. However,
in this work the patchy particles have an uncontrolled movement during the water-flow-
assisted transfer process, the position of the Ag coatings is random after the transfer step,
so we took pictures of patchy particles with various appearances, and selected the most
representative ones to be shown in Figure 3, in order to explain the observed optical
phenomenon. Techniques such as probe-based microscale manipulation can be used to
precisely control the positions of the Ag films in the future. In addition, we found that
coating BTG particles with aluminum patches also can improve the microsphere’s imaging
contrast (Supplementary Materials Figure S1).

(c)p-BTG Image plane

(a) (b)

10 µm10 µm

10 µm10 µm

Figure 3. OM images of p-BTG particles when the Ag film is (a) at bottom of the microsphere, (b) on
top of the microsphere, and (c) on the side of the microsphere.

To understand the main focusing properties of the p-BTG microsphere lens, computa-
tional modeling was performed on a workstation (HP Z8, 125 GB random access memory)
using the two-dimensional (2D) finite-difference-time-domain (FDTD) method with Lumer-
ical FDTD Solutions. 2D modeling is a commonly used method to investigate the light field
around dielectric particles [25,27], because 3D sphere modeling is usually not possible due
to the limited computing resource. As shown in Figure 4a,b, cylinders (D = 35 µm, n1 = 1.9)
were created for the FDTD simulation. The background medium was set to air (n2 = 1). The
area with the largest field intensity is considered as the focal point. The distance between
the focal point and the bottom edge of the particle is defined as FP, which is positive when
the focus is outside of the cylinder, and negative otherwise. As shown in Figure 4a, a plane
light (λ = 550 nm) propagating in the Y direction forms a photonic jet inside the cylinder.
Figure 4b is the FDTD simulation result of the intensity field distribution in the vicinity
of a cylinder partially covered with a 100 nm thick Ag film (β = 90◦, θ = 10◦). We can see
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the formation of a “photonic hook”, with the light path off-centered and curved due to the
asymmetry property of the incident beam caused by the Ag coating. In terms of imaging,
the oblique illumination can help the lens to capture higher orders of diffraction from the
sample [33] and enhance the phase contrast [34], which turned out to be very beneficial in
boosting the quality and the contrast in microsphere-based super-resolution imaging. This
enhancement mechanism can play an important role in developing more advanced and
reliable microsphere super-resolution imaging systems.
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Figure 4. (a,b) FDTD-simulated light field of (a) the pristine BTG and (b) the p-BTG; (c) the influence
of the position of Ag films on the focusing of the p-BTG.

From Figure 4b we can also see the angled “photonic hook” beam leads to a larger
object-to-focus distance (O). Since magnification M = I/O, where I is the image plane
position and O is the object plane position, increasing O will lead to decreased M which
can explain why the p-BTG lens produces a smaller magnification factor as in experiments.

To illustrate the position effect of Ag films on BTG particle focusing, we varied the θ
angle in Figure 4b from 0◦ to 80◦, while keeping the opening angle β of the film coating as
90◦. As shown in Figure 4c, the photonic hook phenomenon is maximized at θ = 0, which
gradually decreases as θ increases up to 60◦. After this angle, the focusing does not show
a curved hook focusing effect. Increasing θ from 0◦ to 80◦ makes the focus move toward
the bottom edge of the cylinder. When θ is over 90◦, the incident light is reflected back
by the silver film and cannot reach the shadow side of the microsphere to illuminate the
object (Figure S2). In our experiments, the p-BTG particle with θ between 10◦ and 45◦

degrees is recommended for overall best performance which is a balanced choice between
magnification factor and imaging contrast enhancement.

The focusing of the pristine and patchy particles was also studied with the ray-tracing
method using the same model as for the FDTD simulation. A commercial software (TracePro,
LAMBDA) was used to perform the simulation. As shown in Figure 5, the FP of the p-BTG has
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an approximately constant value of ∼0.95 µm as the rotation angle θ of the Ag film increases
from 0◦ to 80◦. When θ is between 60◦ (Figure 5e) and 80◦ (Figure 5f), the p-BTG cylinders
have a focusing performance similar to that of the pristine BTG (Figure 5a). Compared with
the FDTD simulation, the ray tracing shows a longer focal length and the focus is outside of the
particles. This difference has been discussed in the published literature [1,2], which reported
that when particle size reduces to the super-resolution size window, the particle will have
remarkably short near-field focal length [1], and geometrical ray tracing will become invalid
and fail to predict the imaging properties for those super-resolution spheres, because light
beams propagating through such small spheres could form optical vortices and singularities
inside the sphere [2].

! = 0�

(b)

10 µm

! = 30�

(d)

10 µm 10µm

! = 60�

(e)

10 µm

! = 80�

(f)

10 µm

(c)

10 µm

! = 10�

10 µm

(a)

FP = 0.95
µm

500 nm 500 nm 500 nm

500 nm500 nm500 nm

Figure 5. The focusing of pristine and patchy BTG particles in air simulated with the ray tracing
method: (a) a pristine BTG; (b–f) p-BTG particles with Ag films at a rotation angle of (b) θ = 0◦,
(c) θ = 10◦, (d) θ = 30◦, (e) θ = 60◦, and (f) θ = 80◦. The inset figures show the corresponding
focal points.

In conclusion, BTG microspheres with patchy coating on their surface can provide
a new strategy for improving the quality of super-resolution images obtained with high-
index microspheres in air. Due to the formation of photonic hook illumination condition,
the super-resolution imaging contrast can be improved by a factor of ∼6.5, which signif-
icantly boosts the overall imaging quality. This method enables achieving high-quality
super-resolution imaging without the use of immersion liquid, such as water or oil, opening
a new path to developing more advanced and reliable nano-imaging systems based on
engineered microsphere lenses. The method proposed in this work is in the early stages.
To make a rational design of the decorated microlenses, we still need to understand the
effects of the physical parameters (deposition material, film thickness, surface roughness,
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etc.) and the geometrical parameters (position, shape, area, etc.) of patches on microspheres’
imaging performance. It is also important to develop compatible micromanipulators for
the practical applications of the imaging system.

Supplementary Materials: The following are available at https://www.mdpi.com/article/10.3390/
photonics8110513/s1, Figure S1: Optical microscopic image of a Blu-ray disc observed through an
aluminum-coated BTG microsphere; Figure S2: The FDTD-simulated light field of a patchy cylinder
with an opening angle β of 90◦ and a rotation angle θ of 120◦.
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