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Abstract: A label-free microscopy technology, dark-field microscopy, is widely used for providing
high-contrast imaging for weakly scattering materials and unstained samples. However, traditional
dark-field microscopes often require additional components and larger condensers as the numerical
aperture increases. A solution to this is the use of a meta-surface slide. This slide utilizes a multilayer
meta-surface and quantum dots to convert incident white light into a red glow cone emitted at a
larger angle. This enables the slide to be used directly with conventional biological microscopy to
achieve dark-field imaging. This paper focuses on the design and preparation of the meta-surface and
demonstrates that using the meta-surface in a standard transmission optical microscope results in a
dark-field image with higher contrast than a bright-field image, especially when observing samples
with micron-sized structures.
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1. Introduction

Micro-imaging technology is a valuable asset for biological and medical research. It en-
ables the efficient tracking of individual particles within cells and allows for non-invasive
observation of micro-cellular structures. Recently, various label-free super-resolution
microscopy techniques have emerged, super-resolution approaches 1–6 can achieve res-
olution in cells in the range of 15 to 20 nm [1–5], including near-field scanning optical
microscopy (NSOM) [6–9], photoactivated localization microscopy (PALM) [10,11], struc-
tured illumination microscopy (SIM) [12,13], stimulated emission depletion microscopy
(STED) [14,15], and stochastic optical reconstruction microscopy (STORM) [16]. Dark-field
microscopy, a conventional label-free technique, is known for its high visibility and signal-
to-noise ratio [17]. This method employs scattered light to produce images, utilizing the
high-frequency component of the scattered light [18,19]. During the imaging process, the
illumination light is blocked by a shading ring, and only scattered light is captured by the
objective lens [20–22]. However, traditional dark-field microscopes can be complex [23,24].
To simplify the equipment and improve image resolution, using optical meta-surfaces to
create dark-field imaging may be a feasible solution [25,26]. An optical meta-surface is
an artificial two-dimensional material made up of sub-wavelength structures designed
to manipulate light in specific ways [27–29]. It has the ability to manipulate the phase
and amplitude of light waves passing through it, enabling control over the wavefront,
polarization, and direction of light. Meta-surfaces have applications in areas such as optics,
photonics, and imaging and have the potential to greatly improve existing technologies
such as lenses and optical filters [30–32].

For example, Balaur developed a pattern phase microscope with a silver coating as
the imaging substrate, and the photon meta-surface was applied to the phase microscopy
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technology [33]. The signal contrast was enhanced by the nonlinear optical response of
the amplitude and phase of the transmitted light on the coating surface [34], and the
phase contrast of the ultra-thin sample (<100 nm thick) and the unlabeled sample 4µm
thick breast tissue was greatly increased [35]. Photonic meta-surface can also be used in
dark-field microscopy, using simple and compact instrument configurations to achieve
dark-field imaging [36–39]. For instance, Cécile A. C. Chazot et al. proposed a photonic
substrate [40] with a controllable angular emission angle based on a Bragg reflector [41,42],
gold nanoparticles, and quantum dots. Under the excitation light source of 405 nm, high-
contrast dark-field images of microbial samples were obtained. Yan Kuai et al. proposed a
multilayer dielectric film combined with TiO2 nanoparticles to achieve dark-field and total
internal reflection imaging at 640 nm and 750 nm excitation wavelengths [43], respectively.

A new dark-field imaging meta-surface has been proposed for use in optical micro-
scopes. This design, made from a combination of a multilayer dielectric film, quantum
dots (QDs), and filter, is compact in size and can replace the traditional dark-field con-
denser lens (Figure 1). Using an objective lens (40x.NA0.65), the meta-surface was able to
achieve high-contrast dark-field imaging. In testing, the meta-surface achieved contrasts of
0.786 ± 0.003 when observing silicon carbide (SiC) nanowires under light emitting diode
(LED). The contrast is 0.827 ± 0.003 by using 1-µm monodisperse polystyrene microspheres
in dark-field imaging compared to 0.149 ± 0.004 in bright-field imaging. This design
is easily replaceable and usable in various simple bright-field microscopes, making it a
promising solution for portable dark-field microscopy.
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Figure 1. The CdSe/ZnS QDs + PMMA mixture was spin-coated onto the filter surface to form an
optical frequency conversion layer capable of absorbing blue light in the 380–600 nm range and
converting it to 620 nm red light. The optical meta-surface with a custom transmission angle spectrum
was created from a multilayer dielectric film structure alternating high and low refractive index
materials. As a result, the meta-surface reflects 620 nm light at small angles while letting it pass
through at larger angles. The optical frequency conversion layer was combined with the optical
meta-surface to produce a controlled-angle light cone. The slide is used for transparent bright-field
microscopy, serving as a substitute for the bulky dark-field mirror and achieving high-contrast dark-
field imaging even for 1-µm monodisperse polystyrene microspheres under LED illumination. Scale
bars, 5 µm.
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2. Preparation and Testing Methods
2.1. Fabrication of the Meta-Surface

The proposed meta-surface in this paper was made from alternating layers of two
materials with differing refractive indices, Nb2O5 (with a refractive index of 2.2) and SiO2
(with a refractive index of 1.49), on a substrate of fused silica glass. The layers were
produced using a physical vapor deposition method called double ion beam sputtering
(Figure 2), which involved the use of two ion sources and a quartz crystal controller for
film thickness monitoring. The main source was used to generate a high-energy ion beam
(Argon ion) to sputter and bombard the Nb and SiO2 targets. The final product had
56 layers, with a total thickness of 4615.78 nm and ranging in thickness from 30.27 nm to
283.69 nm.
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Figure 2. Fabrication of the meta-surface using dual ion-beam sputtering meta-surface is produced
by dual-ion-beam sputtering (SPECTOR, Veeco) with two ion sources (16 cm main source and 12 cm
assistant source).

2.2. Preparation of Optical Frequency Conversion Layer

In this study, the optical frequency conversion layer was equipped with the QDs
luminescent layer, which was made from oil-soluble CdSe/ZnS core-shell QDs (1 mg/mL),
500# amount of poly methyl methacrylate (PMMA) powder, and 99.5% acetone solution.
As an example, 0.4 mL of the QDs luminescent solution was created by mixing 3 g of
acetone solution and 1 g of PMMA powder in a glass bottle. The bottle was sealed and left
in a normal temperature environment for 12–14 h to ensure full dissolution of the PMMA
powder. This resulted in a colloidal solution. In total, 0.2 mL of the colloidal solution and
0.2 mL of the QDs solution were then combined to create the final 0.4 mL QDs luminescent
solution. Then QDs luminescent solution was spin-coated on the filter. Initially, the 25 mm
diameter filter was cleaned with a mixture of 99.5% ethanol and deionized water using
ultrasonic cleaning. Afterward, the filter was placed on the homogenizer and coated with a
mixture of QDs and PMMA through spin coating. This process was repeated three times,
each with a spin coating volume of 0.2 mL. For the first spin coating, the rotation speed
was set at 7000 r/s for 30 s; for the second spin coating, the rotation speed was 5000 r/s for
30 s; for the third spin coating, the rotation speed was 3000 r/s for 20 s. After each spin
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coating, the filter was placed in a drying oven at a temperature between 40 and 50 ◦C for
3 min to dry.

2.3. Characterization and Spectral Testing

The ultraviolet, visible, and near-infrared (0.19–1.1µm) spectral reflectance and trans-
mittance of the meta-surface film were measured using a BeiFen Rayleigh UV-1601 spec-
trophotometer with a plane grating dispersion element. The transmittance at different
angles of the meta-surface films is tested, with only the transmittance in the visible range
being recorded. The microstructure of the optical frequency conversion layer is analyzed
using a 3D scanning confocal microscope (OLYMPUS OLS4100-SAF), and the changes in
the surface of the filter after each coating can be recorded. The size distribution of the layer
can be determined through statistical analysis using the Nano Measurer.

3. Structure and Design Principle of the Slide
3.1. Simulation of the Mate-Surface Slide

Light stop for dark-field microscope and dark-field condensers are often used to
modulate the illumination angle to achieve the desired numerical aperture [23]. This
can become complex as the numerical aperture increases. However, using metamaterials
simplifies this process. One-dimensional photonic crystals, made up of high and low
refractive index materials in a periodic arrangement, are a common form of metamaterials.
This arrangement creates specific transmission and forbidden bands for electromagnetic
waves, allowing for the creation of a transmission cone with a tailored angular spectrum.
This technology has been utilized in various applications, such as bandpass filters [44],
highly reflective mirrors [45,46], and dispersive mirrors [47]. In this study, we designed a
multi-layer dielectric film with a customized angular spectrum that was coated on quartz
glass (Figure 3a). Schematic of the multilayer structure and the layer-thickness profile
are shown in Figure 3b. Dielectric films are built on the basis of multi-beam interference,
with each layer having a thickness of several hundred nanometers. Through specific
combinations, they can achieve enhanced transmission or reflection in specific wavelength
ranges, exhibiting properties of metamaterials. The transmissivity characteristic of the
meta-surface is shown in Figure 3c. It was designed to have a transmission band for
large-angle light and a forbidden band for small-angle light, resulting in a large-angle
light cone transmission similar to that of a dark-field condenser. The films were designed
with Numerical Apertures (NA) of 0.65 for the peak wavelength of 620 nm. To make the
dark-field imaging film widely compatible with various types of transmission microscopes,
we proposed a composite structure that combines an optical frequency conversion structure
with the film. The composite structure also includes a filter and QDs to convert the incident
white light from a LED into outgoing light of 620 nm wavelength. In summary, when
the LED light is incident vertically and passes through the composite slide, it first goes
through the frequency conversion structure, then the multi-layer dielectric film, and finally
is emitted at a controllable large angle. The design of the slide is split into two components
that serve the purpose of optical frequency conversion and angle-selective transmission.
(1) The optical frequency conversion layer consists of a filter and QDs material. The filter’s
transmission band is for light in the wavelength range of 380–600 nm, and light in this band
excites the QDs emitting layer. The QDs luminescent layer is mixed with a specific PMMA
solution, spin-coated on the filter, and can convert light in the 380–600 nm wavelength
range into 620 nm red light, which serves as the scattered light source for the sample.
(2) The meta-surface of the multilayer dielectric film is made of high and low refractive
index materials and has specific band gaps and transmission bands. The 620 nm red light
emitted by the optical frequency conversion layer is directed toward the meta-surface at
various angles. Light from small angles is hardly transmitted and reflected back to the
optical frequency conversion layer, while light from the lower 600 nm band excites the
QDs again, increasing the intensity of the light emitted from the QDs. A small portion of
the remaining light passes through the optical frequency conversion layer, and the light
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from the QDs is adjusted to emit at a large angle, forming the illumination cone needed for
dark-field imaging on the surface of the meta-surface slide.
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Figure 3. (a) The incident light is filtered to allow only light below 600 nm to pass. This filtered light
excites CdSe/ZnS QDs and converts it into 620 nm red light emitted in all directions. The optical
meta-surface has a specific transmission angle spectrum for 620 nm light, with high transmission
for large angles and reflection for small angles. The angle is changed by multiple reflections and
scatterings between the filter and meta-surface, resulting in the required illumination light cone for
dark-field imaging. (b) Schematic of the multilayer structure and the layer-thickness profile. (c) the
transmission angle spectrum and band for a numerical aperture of 0.65 meta-surface, with light after
700 nm not transmitted at 0◦ and the transmission bandwidth also moving towards the short wave
with increasing angle. Light emitted at a small angle (<θc) will be reflected and scattered several
times between the filter and meta-surface until it is greater than the transmission angle θc, allowing
light greater than θc to be transmitted.

To validate the feasibility of our design, we carried out a series of experiments consist-
ing of three steps. Firstly, we utilized TF-Calc software to optimize the design of the optical
meta-surface system and ensure that its transmission angular spectrum matches the peak
emission of the QDs. Secondly, we fabricated the integrated slide through experimental
preparation. Finally, we used the slide for microscopic imaging of micron-sized samples,
captured images for processing and analysis, and compared the results between bright-
field and dark-field imaging. The transmittance of a multilayer dielectric meta-surface was
simulated using TF-Calc, a thin film design software. To achieve the desired transmitted
light cone angle, a meta-surface with a numerical aperture of 0.65 was designed, and
its theoretical transmittance distribution at various incident angles in the visible range
of 380–780 nm can be seen in Figure 3b. The mate surface was coated on a fused silica
substrate through physical vapor deposition. The resulting transmittance was measured
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using a spectrophotometer (Figure 4). When the 620 nm light from the optical frequency
conversion strikes the surfaces, on the 0.65 meta-surface, transmittance remains low for
angles 0–40◦ and increases to over 60% when the angle exceeds 60◦. The resulting light
cone had a large angle of emission due to the custom transmission angle spectrum of the
meta-surface. The 0.65 meta-surface had a low transmittance up to 40◦, making it ideal for
use with the NA0.65 objective.
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Figure 4. Measure transmittance of the 0.65 meta-surface at 0◦, 40◦ and 60◦ (black solid line).
Measured transmittance of the filter (black dashed line). QDs have a strong absorption spectrum at
380–600 nm with an emission peak of 620 ± 10 nm. Emission angle spectrum of the meta-surface at
650 nm incident light (top right), shows that the aperture angle of the 0.65 meta-surface is greater
than 40◦, the graph next to it is modeled in 3Dmax from the test data. Emission angle spectrum of
the meta-surface at 650 nm incident light (bottom right), shows that the aperture angle of the 0.65
meta-surface is greater than 60◦, the graph next to it is modeled in 3Dmax from the test data.

3.2. Testing of the Meta-Surface Slide

The QDs and PMMA were spin-coated to form the optical frequency conversion layer
on a filter from PHTODE. The filter has a transmission band that cuts off at 600 nm and
transmits light from 380 nm to 600 nm, matching the strong absorption spectrum of the QDs.
The angle-dependent transmittance of the filter was measured using a spectrophotometer
and is shown in Figure 4. The QDs emitted light larger than the critical angle θc can
pass through the upper meta-surface film of the multilayer dielectric structure, but light
smaller than θc will be reflected and bounce multiple times between the filter and the
meta-surface. The rough structure of the optical frequency conversion layer, obtained by
spin coating, can change the angle of reflection. Eventually, the light emerges from the
meta-surface at an angle greater than θc, resulting in a hollow light cone with a critical angle
θc determined by the transmission angle spectrum of the multilayer dielectric meta-surface
and the emission wavelength of the QDs. The dark field imaging slide was subjected
to LED lighting to evaluate the impact of its components on light transmission and to
demonstrate its performance (as seen in Figure 5a–f). The optical frequency conversion
layer was initially assembled with glass, and it was observed that under the illumination
of vertically incident LED light, red light, and a minimal amount of background light
from the QDs were emitted at a large angle, while blue light was the dominant light at
small angles, indicating the excellent filtering ability of the filter and the luminescence
effect of the QDs. When the optical frequency conversion layer (without the QDs) was
assembled with the meta-surface, it was found that there was no light transmission at all
angles under the vertical illumination of LED light (Figure 5c,d). Finally, the complete
optical frequency conversion layer was assembled with the meta-surface. Under LED light
illumination, red light (620 nm) was emitted at a large angle on the meta-surface, creating
the cone of light needed for dark field imaging (Figure 5e). When small-angle light is
used, the slide surface has no light transmission (Figure 5f) due to the filter removing the



Photonics 2023, 10, 775 7 of 11

low-frequency component of the LED light and the high-frequency component entering
the optical frequency conversion layer to excite QDs. The low-frequency component is
converted into light with a wavelength of around 620 nm at various angles, while the
remaining low-frequency component is reflected back to the optical frequency conversion
layer for secondary excitation. Only frequencies that meet the angle condition will be
emitted, while the rest will be reflected, scattered between the meta-surface and filter, and
finally emitted from the meta-surface or escape from the edge after changing angle (the
N.A of the meta-surface in Figure 4 is 0.65).
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4. Experiments

In the experiments, an XSP-30 series biological microscope was used. The imag-
ing experiment was with a 0.65 meta-surface slide, using polymer SiC nanowires, 3-µm
polystyrene microspheres, and 1-µm polystyrene microspheres as samples. The SiC
nanowires had a diameter of 100–600 nm. To prepare the samples, they were diluted
in a 1:1 mixture of ethanol and deionized water. Following the dilution, a small quantity of
the solution was applied to both the slide and the meta-surface substrate. After allowing
the solution to evaporate, standard bright-field and dark-field imaging were conducted
using a conventional air objective (×40, NA 0.65) with normal illumination provided by the
microscope’s LED light source. The LED was the illumination source, and a conventional
air objective (NA 0.65, ×40) was used for bright-field and dark-field imaging, as shown
in Figure 6a–f. (white background for bright-field in Figure 6a,c,e and black background
for dark-field in Figure 6b,d,f). The LED lamp had a wavelength of 380–640 nm. After
passing through the meta-surface slide, the illumination light forms a single wavelength
large angle light cone. When the light from the surface of the slide exceeds the NA of the
objective lens, the objective lens captures the scattered light from the sample, resulting in
dark-field imaging. The results show that the contrast of dark-field images (Figure 6b,d,f)
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is significantly improved compared to that of the bright-field images (Figure 6a,c,e). The
comparison of the light intensity between bright-field and dark-field images (Figure 6a–f)
showed that the slides provide high-contrast dark-field images for samples with weak
absorption and low refractive index. MATLAB was used to extract the contrast data. To
facilitate analysis, a high-magnification electronic eyepiece was employed, connected to a
workstation monitor. The captured bright-field and dark-field images from the electronic
eyepiece were then converted into a format compatible with MATLAB. Subsequently, code
designed for statistical analysis was utilized to extract the values from the images. The
image contrast, calculated as the difference between the maximum and minimum image
intensity values divided by their sum, was significantly improved when the nanowire and
polystyrene nanosphere were imaged with a meta-surface slide (Figure 6b,d,f). Adding the
meta-surface slide to the nanowire sample (Figure 6a,b) resulted in an image contrast of
0.786, compared to a contrast of only 0.261 ± 0.004 in the bright field. The contrast of the
bright-field image of the 3-µm polystyrene nanosphere sample was 0.149 ± 0.004 without
the slide (Figure 6c) but improved to 0.812 ± 0.003 with the addition of the meta-surface
(Figure 6d). Dark-field imaging of 1-µm polystyrene microspheres showed a high contrast
of 0.827 ± 0.003. The previous literature has proposed similar structures. For instance,
Chatzot et al. developed a luminescent photonic substrate that incorporated a Bragg mirror,
a light-emitting layer, and a micropatterned concave reflector substrate [40]. They demon-
strated its capability to generate a dark-field imaging contrast three times greater than that
of bright-field imaging. Additionally, in Yan Kuai’s research [43], their proposed planar
photonic chip yielded a dark-field image contrast that was eight times higher than the con-
trast of bright-field images. Comparatively, our design achieves a dark-field image contrast
four to five times greater than the contrast of bright-field images. It should be noted that
the observed contrast is also influenced by the sample being examined and the objective
used. The experiments demonstrate the effectiveness of using the meta-surface slide in
a simple transmission bright-field microscope to resolve samples with weak absorption
or low refractive index, which are challenging to image due to their small difference in
refractive index with the surrounding medium. The slide can also be paired with different
NA objective lenses to obtain high-contrast dark-field imaging with varying magnifications.
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5. Conclusions

In conclusion, our experiments have demonstrated the effectiveness of the 25 mm
diameter and 2.2 mm thick meta-surface slide. This slide can convert small-angle white
light into a larger incident red light cone and replace the traditional dark-field focusing
lens in a simple transmission biological microscope, resulting in high-contrast dark-field
imaging. The slide’s structure includes a custom transmission angle spectrum multilayer
dielectric film meta-surface and an optical frequency conversion layer based on filters and
QDs. The designed slide boasts a custom NA and has been proven to enhance resolution in
experiments. It is economical to produce, easy to handle and store, and has the potential
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for widespread use in various bright-field microscopes after improvement, making it a
commercially valuable product. In this study, we created meta-surface slides with NA 0.65.
If a different NA or one greater than 0.65 is needed, the band gap range of the meta-surface
film and the choice of QDs can be adjusted to attain the desired product. This study
provides a new approach for future dark-field microscopy technology research, and future
optimization can further improve dark-field microscopy capabilities.
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