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Microscopic imaging technology is an indispensable foundation in the biomedical field, which enables 
powerful capability in bio-investigations. Aiming for more convenience and adaptability, a multifunctional 
microscope with a miniaturized scheme is a new requirement, but remains a challenge. Here, we propose 
an ultracompact microscope based on both spatial and guided-wave illumination that can work in bright-
field, dark-field, and fluorescence imaging modes separately and simultaneously by conveniently switching 
the light source. The proposed guided-wave illumination not only provides a noise-free imaging mode, but 
also further reduces the system size. Moreover, a metalens array is specifically designed by a hexagonal 
arrangement to enable multi-field imaging and enlarge the field of view. The experiment results demonstrate 
that the half-pitch resolution is about 714 nm with an imaging magnification of 3.5×, with a field of view of 
0.543 mm2 and a space-bandwidth product of 4.26 megapixels. As examples, the multimode microscope 
is applied to image different cells and flowing microspheres in microtubules, showing comparable image 
quality with the images taken through the traditional microscope under guided-wave illumination. This 
demonstrates the possibility of the meta-microscope to be combined with microfluidic technology and 
further realize miniaturized microfluidic imaging systems. Our ultracompact multimode microscope has 
shown powerful capabilities for a new scheme of bio-observation and investigations.

Introduction

Versatility and miniaturization of imaging systems are of great 
importance in today's information society [1–7]. Microscopic 
imaging techniques have always been indispensable for scien-
tific research and disease diagnosis in the biomedical field. The 
most commonly utilized imaging techniques are bright-field, 
dark-field, and fluorescence imaging, which are normally based 
on cumbersome optical components [8,9], such as eyepiece, 
objective lens, dichroic mirror, filter, and the sample holder. 
For fluorescence and dark-field microscopy, blocking unwanted 
light to ensure the darkest background is of substantial impor-
tance in imaging performance. In general, different methods 
are applied to remove the stray light for dark-field (oblique 
illumination) and fluorescence (with dichroic mirror and filter) 
microscopy, so that these imaging systems are always separated. 
The emergency of guided-wave illumination [10–15] makes it 
possible to combine 2 imaging techniques together, but the 
systems are still bulky and complicated.

A promising approach to accessing compact microscopes 
is to use metasurface/metalens [16–20], which consists of sub-
wavelength nanostructures with powerful capabilities to modulate 

the amplitude and phase of light. As has been widely witnessed, 
metasurface optics provides an excellent platform to realize 
planar photonic devices with on-demand functionalities [21–
29]. Some innovative metalenses have been demonstrated for 
fluorescence microscopy [30–34], but they have only been used 
as a substitute of a component in sophisticated imaging sys-
tems, and the advantages of an ultrathin and flat architecture 
have not been revealed or taken for use. Recently, highly com-
pact microscopes [35,36] are proposed by directly integrating 
the metasurfaces on the complementary metal-oxide semicon-
ductor (CMOS) image sensor, which significantly downsizes 
the imaging system. However, its imaging mode is fixed in 
bright-field due to the singlet illumination scheme.

In this work, we report a miniaturized multimode micro-
scope for bright-field, dark-field, and fluorescence imaging by 
introducing the guided-wave illuminations. By conveniently 
switching the light source, 3 imaging modes can work together 
or separately within a very compact microscope (several cen-
timeters in size). Notably, the proposed guided-wave illumina-
tion module not only provides a low noise imaging mode, but 
also further reduces the system size that favors the compact 
microscope very much. As a result, a metalens array is designed 
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and fabricated with a magnification of 3.5× in imaging (work-
ing at λ = 470 nm) after being integrated with the CMOS image 
sensor, which corresponds to the emission wavelength of flu-
orescence imaging. The imaging resolution is approximately 
714 nm, ensuring subcellular imaging. The multimode micro-
scope is then applied in various scenarios to validate its imaging 
capabilities in multiple modes, including fluorescent cells and 
microspheres in microtubules.

Materials and Methods

Numerical simulations
Numerical simulations are performed using the finite-difference 
time-domain methods. Rectangular silicon nitride (SiNx) nano-
fins with a fixed height of 1 μm are arranged on a fused-silica 
substrate with a lattice constant of 300 nm. The wavelength is 
470 nm, and the refractive index is n = 2.0. The incident plane 
wave is polarized along x or y axes, and illuminates the nanofins 
from the substrate side. For sweeping the individual nanofins, 
perfectly matched layer conditions in the direction of the light 
propagation and periodic boundary conditions along all the 
in-plane directions were used. The phase shifts (φx and φy) and 
intensity of transmission coefficients (Tx and Ty) are obtained 
by parameter sweeping of the in-plane dimensions (L and W) 
of the nanofins by varying them between 80 and 240 nm at an 
interval of 5 nm (Fig. S1).

Sample fabrication
The SiNx layer was deposited on a 500-μm-thick fused silica 
substrate by plasma-enhanced chemical vapor deposition at 
300 °C to a final thickness of 1 μm. Then, a positive electron beam 
resist (200 nm, PMMA A4) was spin-coated onto the substrate 
and baked at 170 °C for 5 min. Next, a 42-nm-thick layer of 
a water-soluble conductive polymer (AR-PC 5090) was spin-
coated on the resist for the dissipation of electron beam charges. 
The metalens pattern was written on an electron beam resist 
using electron beam lithography (EBL, ELS-F125, Elionix). The 
conductive polymer was then dissolved in water and the resist 
was developed in a resist developer solution. Then, the pattern 
was transferred into a 40-nm-thick chromium layer deposited 
by electron beam evaporation (EBE) using the lift-off technique. 
The pattern chromium served as a hard mask for the dry etching 
of the 1-μm-thick SiNx layer in a mixture of CHF3 and SF6 
plasma (Oxford Instruments, PlasmaPro100 Cobra300). Finally, 
the chromium mask was removed using a solution of ammo-
nium cerium nitrate.

Optical measurement
For focusing characterization, a white-light laser (Fianium 
Super-continuum, 4 W) with a bandpass filter of 470 nm 
(Thorlabs, FB470-10) was used as the light source. Two 
orthogonal circularly polarized filters (thickness = 220 μm) 
were employed to generate the required polarization incidence 
and corresponding analyzer. An objective (numerical aperture 
[NA] = 0.42, 50×) and a CMOS image sensor (imaging source: 
DFK 27AUJ003, pixel size: 1.67 μm × 1.67 μm) are mounted 
on a translation motorized stage and move together along the 
propagation direction to capture light intensity profiles. For 
imaging characterization, a white light-emitting diode (LED) 
(Daheng Optics GCI-060411) with a bandpass filter of 470 nm 
(Thorlabs, FB470-10) and a diffuser film were employed as the 
illumination source. The image module is mounted on an 

assembled translation stage, which can be carefully adjusted 
along the optical direction to tune object distance during imag-
ing (Fig. S2).

Results

Device design and architecture
Figure 1A shows the basic principle of the guided-wave illumi-
nation. The illumination light from the edge light source is cou-
pled into the glass slide via the edge, and then the majority light 
propagates along the slide as a guided mode, which lights up 
the entire slide with evanescent waves bounded on the vicinity 
of the slide surface. When the specimens are placed on the sur-
face, the evanescent wave of guided light will be scattered out 
and be captured by a certain lens, where the imaging is back-
ground illumination light free. As for the fluorescence imaging, 
the traditional scheme is illustrated in Fig. 1B, where the epi- 
fluorescent illumination is necessary with employment of a 
dichroic mirror and filters in the setup. Fortunately, our guided-
wave illumination offers the opportunity to efficiently combine 
fluorescence imaging and dark-field imaging together (see Fig. 
1A). For a compact integration, here we propose double-sided 
guided-wave illuminations as marked by mode II and mode III 
in Fig. 1C (see Fig. S3 for details of the setup and results of 
the guided-wave illumination used in traditional microscope), 
where the LED for mode II is blue (λ = 470 ± 5nm, SMD5730) 
for dark-field imaging and the other is ultraviolet (λ = 365 nm, 
SMD 2835) for fluorescence imaging. The transmitted illumi-
nation (blue LED) is also compatible (marked as mode I) for the 
bright mode in the same compact microscope.

Figure 1D shows the photograph of the device composed of 
an illumination module, a glass slide, and an imaging module, 
where the glass slide not only works as a sample holder for the 
specimens, but also as a plate waveguide to guide the light emit-
ted from the glass edge to illuminate the specimens. The imag-
ing module is another important component of our multimode 
microscope. The inset of Fig. 1D shows that the metalens is 
sandwiched between 2 layers of the circular polarization filter 
(thickness of 220 μm), which can filter out the background light, 
and enable high signal-to-noise ratio (SNR) without emission 
filter for fluorescence imaging. The emission filter is unneces-
sary because of the effectiveness of guided-wave illumination 
and the purpose of system simplification. An additional sub-
strate is used to increase the object distance, thereby building a 
magnification imaging system. Then, an ultracompact imaging 
module is implemented by directly pinning a polarization- 
filtered metalens to the CMOS image sensor (imaging source: 
DMM27UJ003-ML, pixel size: 1.67 μm × 1.67 μm) with the 
help of optically clear adhesive tapes (OCA, thickness: 50 μm, 
Tesa, 69402). Specifically, the imaging module is feasible for all 
modes simultaneously since the operating wavelengths for 
bright-field and dark-field imaging are the same as the fluores-
cence emission wavelength.

Design and optical characterizations of a  
singlet metalens
Figure 2A shows the photograph and scanning electron micro-
scope (SEM) image of the fabricated metalens, which is 
designed using the Pancharatnam-Berry phase [37,38] that can 
work with a polarizer to further improve the contrast of the 
amplification imaging (see Fig. S5 for details of comparison 
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with metalens designed by propagation phase). The phase pro-
file of the metalens based on the generalized laws of refraction 
satisfies [16]

where λ is the working wavelength, s is the object distance, R 
is the position of each nanofin in the radius dimension, and f 
is the focal length. The generalized aplanatic phase profile is 
applied to correct the aberration with respect to the high NA 
metalens [25]. The metalens contains SiNx nanofins arranged 
periodically in a square lattice with a constant p = 300 nm to 
satisfy the Nyquist-Shannon sampling theorem [39]. We choose 
SiNx as the material due to its relatively large refractive index, 
low loss in visible light, and potential compatibility with full 
CMOS-based devices. Each nanofin has equal height (H = 1 μm), 
length (L = 240 nm), and width (W = 100 nm) and acts as a half-
wave plate with a high transmission efficiency. A 400-μm-diameter 
metalens was fabricated using standard electron-beam lithography 
and dry etching in a 1-μm-thick SiNx film deposited on the fused 
silica substrate (see Materials and Methods for details of sample 
fabrication) with focal length and object distance equal to 330 μm 
and 424 μm (NA = 0.52) at 470 nm corresponding to fluores-
cence emission wavelength and blue LED wavelength.

In experiments, we characterize the focusing and imaging 
of the designed polarization-filtered metalens with a homemade 
optical setup (see Materials and Methods for details of the meas-
urement procedure and setup). First, the focusing performance 
is demonstrated as it is illuminated by a white-light laser 
(Fianium Super-continuum, 4W) with a 10-nm bandpass filter 
centered at 470 nm. Figure 2B shows the intensity profiles of 
the focal plane measured in the experiment and simulation, 
with the full width at half maximum (FWHM) equal to 771 nm 
and 719 nm, respectively. The simulation procedure is based 
on the Huygens-Fresnel principle [40] (see Note SI and Fig. S6). 
In order to obtain the intensity profiles of the axial plane (see 
Fig. 2C), optical intensity distribution was captured in several 
planes parallel to the focal plane. The experimentally measured 
focal length agrees well with the design. The modulation trans-
fer functions (MTFs) of the metalens are computed based on 
the point spread functions from the experiment and simulation 
to provide a quantitative assessment of imaging capability. As 
displayed in Fig. 2D, the MTFs of the experiment are consistent 
with those of the simulation, while both are reasonably below 
the diffraction limit because the aplanatic phase design is par-
ticular for the spherical wave while the measurements here are 
referenced with the collimated incidence.

Next, a resolution chart (Edmund, #37-539 High Res 
Microscopy Target) was employed to test the imaging perfor-
mance of the whole imaging module, as illustrated in Fig. 2E. 
Here, the white LED is used as the light source with a bandpass 
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Fig. 1. Device design and architecture. (A) Schematic diagram of guided-wave illumination. The illumination direction is orthogonal to the detection direction. (B) Schematic 
diagram of epi-fluorescent illumination. The illumination direction is parallel to the detection direction. (C) Schematic illustration of the multimode microscope, composed 
of illumination and imaging modules. Mode I: bright-field imaging, mode II: dark-field imaging, and mode III: fluorescence imaging. (D) Photographic image of the multimode 
microscope (main body: 3 × 3.7 × 4.35 cm3, double-sided illumination module: 9.3 × 3.2 × 0.93 cm3, see Fig. S4) and inset for the schematic of the imaging module. The 
metalens is on the lower surface of the below substrate.
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filter centered at 470 nm and a 10-nm FWHM. Figure 2F displays 
the intensity distribution of the yellow vertical line in Fig. 2E, 
corresponding to the resolution of 700 lines per millimeter 
(about 714 nm).

Multimode imaging with a singlet metalens
After a basic characterization, the whole multimode micro-
scope is employed for multimode imaging of diverse speci-
mens. The photographs of the device working in 3 modes are 
shown in Fig. 3A to C, respectively, where it can be clearly 
distinguished that the illuminations come from 3 directions. 
The bright-field mode, which captures the transmitted light, is 
illuminated by the bottom LED light, while the dark-field and 
fluorescence modes are illuminated by the guiding light input 
from the slide edge. The proposed guided-wave illumination 
method effectively prohibits the undesired illumination light 
and ensures the high SNR.

The excitation and emission wavelength of the microscope 
are approximately 365 nm and 470 nm, respectively, where the 
emission wavelength at 470 nm is also the designed working 
wavelength for bright mode and dark mode. Thus, the micro-
scope can work in multi-modes simultaneously. The blue fluo-
rescence microspheres (FMSs, diameter D = 15 μm) were first 
observed as shown in Fig. 3D to F, where all the acquired images 
maintain comparable image quality to those taken by an Olympus 
microscope using the guided-wave illumination method (see Fig. 
S7 for more details of comparison results). Figure 3G to I shows 
the images of Hela cells, whose nucleus is stained with 4′,6- 
diamidino-2-phenylindole (DAPI). It is clear that the bright-field 
and dark-field imaging of Hela cells are relatively weaker than 
FMSs due to their small refractive index difference to the ambient 
solution (see Fig. S8 for more experimental imaging results). For 
unstained clear biological cells, the background noise increases 
as the intensity of the illumination increases in the dark-field 

Fig. 2. Optical characterizations. (A) Top-view photographic image (left) and SEM image (right) of the fabricated metalens. (B) The intensity profiles of the focal plane by 
experiment (left) and simulation (right), respectively. (C) The intensity profiles of the axial plane with a center wavelength of 470 nm. The dashed line corresponds to the focal 
plane. (D) The experimental and simulated MTFs with respect to the diffraction-limited one. (E) The image of a resolution chart taken through the imaging module. (F) The 
intensity distribution of the yellow vertical line in (E), corresponding to the resolution of 700 lines per millimeter (about 714 nm).
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mode, which captures the large-angle stray light. Obviously, the 
SNR of FMSs in the dark-field mode is better than that of Hela 
cells due to their large refractive index difference to the ambient 
solution. FMSs with a smaller size (D = 1 μm) were also observed, 
where a low-SNR fluorescence image and a good dark-field 
image were observed, showing a resolution of approximately 
1.2 μm in the dark-field mode (Fig. S9).

Imaging results of DAPI-stained 4T1 cells with a 
metalens array
Since the field of view (FOV) is very important for an imaging 
system, various methods have been proposed to enlarge FOV 
in metalens imaging systems, such as quadratic phase [27,41–43] 
and metalens arrays [28,35,36]. In order to maximize the imag-
ing FOV in our case, the area of the CMOS target plane of 
the multimode microscope should be fully utilized with more 

metalenses. It is noted that the flexibility of the metalens design 
makes it easy to arrange the metalenses. Here, the metalens 
array is arranged in a hexagonal pattern, as is shown in Fig. 4B, 
where the gray area corresponds to the area of the CMOS target 
plane, the blue-black circles correspond to the metalens array, 
and the red dotted circles correspond to the area (diameter = 
3.75 × diameter of metalens) for each metalens to image with-
out overlapping. Actually, NA for the single metalens is about 
0.52, which introduces aberrations at the edge of the image 
results. Then, we added a suitable mask (a virtual field stop) to 
preserve the good-quality parts of the imaging results (see Figs. 
S10 and S11 for details of mask design and other discussions). 
Figure 4A shows the full CMOS effective FOV imaging results 
of 4T1 cells with 3 modes, where the SNR of dark-field imag-
ing is relatively poor, while the other 2 modes achieve good 
imaging quality. We estimated that the diameter of the mask 
is about 240 μm, then the total FOV and space-bandwidth 

Fig. 3. Multimode imaging with a singlet metalens. Schematic diagrams of (A) mode I: bright-field imaging, (B) mode II: dark-field imaging, and (C) mode III: fluorescence 
imaging. (D to F) Images of the blue FMSs for 3 modes, respectively. (G to I) Images of DAPI-stained Hela cells for 3 modes, respectively.
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Fig. 4. Imaging results of DAPI-stained 4T1 cells. (A) The full-CMOS effective FOV imaging results of 4T1 cells by the multimode microscope. (B) Schematic illustration of the 
hexagonal arrangement of the metalens array: the gray area, dark blue circles, and red dotted circles correspond to the CMOS target plane, each metalens, and each imaging 
area, respectively. (C) The bright-field images of area 1 in (A). (D) The fluorescence images of area 1 in (A). (E) The manually merged image from (C) and (D). (F) The image of 
area 1 in (A) with simultaneous bright-field and fluorescence illumination. (G to J) The corresponding results of area 2 in (A).
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product can be calculated as 0.543 mm2 and 4.26 megapixels, 
respectively, which is better than other related works [2,10,44–48] 
(see Table S1).

Figure 4C and D and Fig. 4G and H show the imaging results 
of area 1 and area 2 in a single mode, respectively. The nuclei 
of 4T1 cells can be accurately located by manually merging 
images from bright-field and fluorescence imaging (see Fig. 4E 
and I). The merging procedure is done with the help of ImageJ, 
by adding the 2 imaging results to the corresponding color 
channel. Notably, in the multimode microscope, 2 imaging 
modes can be performed simultaneously (see Fig. 4F and J), 
which show comparable image quality with the merged images.

Multiple FOV imaging results of flowing FMSs in 
microfluidic channels

Moreover, further experiments were conducted to demonstrate 
the potential applications in microfluidic imaging techniques. 
Figure 5A shows the schematic diagram of the metalens array 
with microfluidic channels, where the microfluidics are com-
posed of several borosilicate capillary micro glass slides (internal 
height: 0.1 mm, internal width: 0.1 mm, wall thickness: 0.09 mm, 
length: 50 mm). As shown in Fig. 5B, the bright-field image of 
the flowing blue FMSs in a single microfluidic channel is taken 
and the image results of more modes are shown in Fig. 5C to E 

Fig. 5. Multiple FOV imaging results of flowing blue FMSs in microfluidic channels. (A) Image of microfluidic channels with the schematic metalens array. (B) Bright-field image 
of flowing blue FMSs in a single microfluidic channel. Zoomed-in images of (C) the bright-field, (D) the dark-field, and (E) the fluorescence one with the same area as the red 
box in (B). Due to the sequential time shooting, the images have a certain lateral offset.
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(see Movie S1 for the flowing FMSs as an example). The image 
results have a certain lateral offset with respect to the time dif-
ference, and for the single-lens imaging system, the flow direc-
tion of the image is opposite to the actual flow direction. Based 
on the above, the multimode microscope has shown its potential 
to be combined with microfluidic technology instead of tradi-
tional bulky imaging systems and to further realize miniaturized 
microfluidic imaging systems.

Discussion

In conclusion, we proposed a miniaturized multimode micro-
scope based on the guided-wave illumination and integrated 
metalens array. Three imaging modes including bright-field, 
dark-field, and fluorescence modes can be implemented in a 
centimeter-scale microscope. The proposed guided-wave illu-
mination further saves the space to meet this compactness, 
which significantly combines the dark-field and fluorescence 
imaging together. The metalens array is specifically designed 
and works in a zoom-in mode with a magnification of 3.5× after 
being integrated with the CMOS image sensor, which is designed 
with respect to the wavelength of 470 nm corresponding to emis-
sion wavelength. The half-pitch resolution is about 714 nm, 
ensuring subcellular imaging resolution. As a result, for example, 
images for different specimens with 3 modes were taken, vali-
dating the imaging capability of this multimode microscope. 
This is the first meta-device implementation of multimode imag-
ing in an ultracompact system, which is expected to enable real-
time visualization of cell culture and to have a great impact in 
the biomedical field in the future.
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