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ABSTRACT: Spiral phase contrast imaging and bright-field
imaging are two widely used modes in microscopy, providing
distinct morphological information about objects. However,
conventional microscopes are always unable to operate with
these two modes at the same time and need additional optical
elements to switch between them. Here, we present a microscopy
setup that incorporates a dielectric metasurface capable of
achieving spiral phase contrast imaging and bright-field imaging
synchronously. The metasurface not only can focus the light for
diffraction-limited imaging but also can perform a two-dimensional
spatial differentiation operation by imparting an orbital angular
momentum to the incident light field. This allows two spatially
separated images to be simultaneously obtained, one containing high-frequency edge information and the other showing the entirety
of the object. Combined with the advantages of planar architecture and ultrathin thickness of the metasurface, this approach is
expected to provide support in the fields of microscopy, biomedicine, and materials science.
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B right-field imaging has always been the preferred imaging migrating in complex environments, both amplitude and phase
mode for observing the entire morphology of light- objects are present. To capture real-time overall information in
absorbing objects (i.e., amplitude objects). However, for highly such scenarios, developing a compact microscope with the
transparent objects (i.e, phase objects), such as unstained ability of synchronous spiral phase contrast imaging and bright-
biological samples that typically lack substantial amounts of field imaging in the same field of view is crucial.

natural pigments, bright-field imaging is unable to clearly In recent years, a metasurface, a flat optical element
distinguish their morphological information. Although staining incorporating nanostructures, breaks through the limitations
can be used for high-contrast imaging of transparent biological of conventional optical elements with its advantage of excellent
specimens, it disrupts cell physiology and reduces cell light field control capability, subwavelength pixel resolution,

and ultrathin thickness.'®'” The free control of phase,
amplitude, frequency, and polarization enables simultaneous
superposition of multidimensional information on a single
metasurface.'®72° Based on the metasurface, a number of novel
photonic devices, such as metalens, metaholograms, nano-
structural colors, microspectrometers, and metaprocessors have
been demonstrated.”” ™’ Specially, a photonic spin-multi-
plexing metasurface has been proposed and used for switchable
spiral phase contrast imaging."’ By designing the polarization-
dependent phase profiles and placing the metasurface at the

viability." In this context, various phase contrast techniques,
such as Zernike phase contrast imaging, differential interfer-
ence contrast imaging, and spiral phase contrast imaging, have
been proposed and demonstrated.” ® By extracting the phase
information, they can highlight the edges of objects without
staining and then conduct living observation of transparent
biological specimens.”~” Therefore, the combination of bright-
field imaging and spiral phase contrast imaging in one
microscopy setup would significantly extend the application

scenarios.

Most of the current microscopes rely on a serial of optical
elements, such as a liquid-crystal-based phase plate and spatial Received: January 31, 2023
light modulator, to mechanically switch between different Revised:  March 23, 2023

imaging modes, which offers a multifunctional imaging Published: March 27, 2023

capability at the expense of large volume, limited resolution,
and high cost.”'°™'> PBurthermore, in certain biomedical
imaging applications, such as observing transparent live cells
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Figure 1. (a) Schematic illustration of the imaging principle based on the proposed dielectric metasurface. After the object light field is modulated
by the metasurface, a bright-field image containing the entire information on the object and another spiral phase contrast image with edge
information appear simultaneously at the image plane. (b) Phase design principle and distribution of the metasurface. The target phase is composed
of two parts; one is the superposition of spiral phase, parabolic focusing phase, and deflection phase, and the other is the combination of constant
phase, parabolic focusing phase, and reverse deflection phase. (c) Amplitude and phase distribution of the point spread function of the metasurface

are obtained by numerical calculation.

focal plane of a 4F imaging system, spiral phase contrast and
bright-field imaging mode can be controlled by the incident
circular polarization states. However, this approach still cannot
synchronously realize two imaging modes. In addition, it relies
on a bulky 4F system and the incident light has to be in
circular polarization.

In this work, we propose a compact dielectric metasurface
that can simultaneously generate spiral phase contrast and
bright-field imaging in the same field of view. Taking advantage
of the flexible phase design of the metasurface, the spiral phase,
parabolic phase, and deflection phase are superimposed on the
same metasurface through selecting a series of rotationally
symmetrical nanostructures. As a result, the entire imaging
process can only rely on the single-layer metasurface without
the requirements of a 4F system and incident polarization. We
envision that the proposed compact and multifunctional

metasurface may have great application potentials in the fields
of biomedical imaging and materials science.”"**

A schematic illustration of synchronous spiral phase contrast
imaging and bright-field imaging based on a single metasurface
is shown in Figure la. After coherent light illuminates the
object and is then modulated by the metasurface, two images,
including a spiral phase contrast edge image and a bright-field
entire image, appear at the imaging plane of the metasurface in
the same field of view. The design principle and phase
distribution of the metasurface are depicted in Figure 1b. To
realize spiral phase contrast imaging, a spiral phase ¢ = 8 with
a topological charge of +1 is superimposed with the parabolic
focusing phase ¢p = —kyr*/2f to generate the spiral lens phase,
where 6 and r are the azimuth and radial coordinates of the
metasurface, respectively, k, is the free-space wavenumber, and
f=1145 um is the designed focal length. On the other side, for
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Figure 2. (a) Schematic diagram of the designed dielectric metasurface. Inset: perspective view of the unit cell. D, H, and P represent the diameter,
height, and square lattice constant, respectively. (b) Optical photograph of the fabricated metasurface with a diameter of 1 mm. Scale bar: 200 ym.
(c) Top and oblique views of the SEM images. Scale bars: 1 ym (top) and 500 nm (bottom). (d) Experimentally measured PSF, ., at a wavelength
of 630 nm. Scale bar: 20 um. (e, f) Magnified intensity distributions of the focal spots. Scale bar: 5 ym. (g) Horizontal cross-sectional normalized
intensity curves along the dotted line. The fwhm of the Gaussian is 1.12 ym, and the distance between the two main peaks of the vortex is 1.60 m.

realizing bright-field imaging, a constant phase ¢ is super-
imposed with the parabolic focusing phase ¢} to generate the
focusing lens phase. To spatially separate the spiral phase
contrast and bright-field images, a deflection phase ¢ = kysx/f
is also introduced here, where the separation distance from the
center is s = 80 um. As a result, the final target phase
distribution @p of the metasurface can be obtained by ¢p =
arg{exp[i(ps + @p — @p)] + expli(pc + @p + ¢p)]}-

In an ideal imaging system, the electric field of the coherent
image Uj(x;y;) can be expressed as the convolution of the
electric field of the object U,(x,y,) and the point spread
function (PSF,,) of the system, following

[Ji('xil J’,) = [Jo<xol yo) ® PSFmeta (1)
Here PSF,_,, is obtained by a numerical calculation using the
angular spectrum method (ASM), and its amplitude and phase
distributions are depicted in Figure lc. As expected, the
metasurface with phase distribution of ¢p gives the system a
donut-shaped and Gaussian intensity distribution. For the
donut-shaped PSF, ., in the form of a vortex, the metasurface
imparts an orbital angular momentum (OAM) with
topological charge +1 to the incident light field and introduces
a phase difference of 7 between the positive and negative
spatial frequencies. According to eq 1, when the electric field of
object U, is convolved with donut-shaped PSF_,, destructive
interference occurs in the uniform region and leads to a dark
background. In contrast, arbitrary unevenness including
amplitude gradient and phase gradient in the region of
integration will remove this destructive interference, which
leads to a strong isotropic edge contrast enhancement of the
observed object (see Note 1 in the Supporting Information for
details). On the other side, similar to the conventional lens, the
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Gaussian PSF ., interacts with U, at the object plane will form
a bright-field image.

Figure 2a indicates the schematic diagram of the proposed
dielectric metasurface, which is formed by a series of isotropic
silicon nanopillars with same height of 600 nm but different
diameters. At the designed wavelength of 630 nm, the square
lattice constant P of the nanopillars array is set to 300 nm to
suppress higher order diffraction and satisfy the Nyquist—
Shannon sampling theorem. In order to satisfy the full phase
coverage of 0—27, the nanopillar’s diameter D is chosen as 16
discrete lengths ranging from 90 to 210 nm (see Note 2 in the
Supporting Information for details). The isotropic nanopillars
ensure that the optical field phase modulation is insensitive to
the polarization state. Figure 2b,c shows the optical photo-
graph and scanning electron microscope (SEM) images of the
fabricated metasurface. The sample is fabricated from a 600
nm thick crystalline silicon film epitaxially grown on a
transparent substrate. Through electron beam lithography
(EBL) and inductively coupled plasma-reactive ion etching
(ICP-RIE) technology, a metasurface sample with 1 mm
diameter is obtained. The detailed fabrication process is
described in Note 3 in the Supporting Information.

To evaluate the performance of the fabricated metasurface,
the intensity distribution of the PSF is measured at the
wavelength of 630 nm, as shown in Figure 2d. It can be clearly
seen that a donut-shaped vortex beam is focused on the left
side of the focal plane while a focal point with Gaussian
intensity distribution appears on the right side of the focal
plane. These results agree well with the calculations shown in
Figure lc. The intensity distribution along the x—z plane is
given in Figure S3 in the Supporting Information. The center-
to-center distance between the two focal spots is 160 ym, and
the focal length is 1170 ym. Such a lateral separation distance
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Figure 3. (a) Sketch of the experimental setup for simultaneous spiral phase contrast and bright-field imaging. (b) Optical photograph of the 1951
USATF resolution test chart. (c—f) Synchronously captured spiral phase contrast and bright-field images corresponding to the elements (6-1, 6-6, 7-1
and 7-6) in the dashed boxes in (b), respectively. (g) Horizontal and vertical cross-sectional normalized intensity curves of the spiral phase contrast
image in the (f). (h) Spiral phase contrast and bright-field images of the element 6-4 illuminated with light in orthogonal x and y polarization states.

can well avoid off-axis aberrations in the imaging process and
reduce crosstalk between the two images. Figure 2e,f shows the
magnified images of two focal spots, respectively. The uniform
donut and Gaussian intensity distributions indicate that the
metasurface will simultaneously perform isotropic edge-
enhanced imaging and bright-field imaging as expected. The
horizontal cross-sectional normalized intensity curves obtained
along the dotted line in the figure are shown in Figure 2g. The
full width at half-maximum (fwhm) of the Gaussian PSF is
1.12 pm, and the distance between the two main peaks of the
donut-shaped PSF is 1.60 ym, which agree with the theoretical
values of 1.05 and 1.20 ym, respectively.

The imaging experimental setup of the metasurface for
synchronous spiral phase contrast and bright-field imaging is
sketched in Figure 3a. A supercontinuum laser modulated by
an acousto-optic tunable filter (AOTF) system emits a 630 nm
laser beam and focuses it on the observed object by a
microscope objective with a 4X magnification and numerical
aperture of 0.1. The transmitted light through the object is
then modulated by the metasurface and captured by a charge-
coupled-device (CCD) camera. Through reasonably adjusting
the distance between the object and the image, magnified
phase-contrast and bright-field images can be simultaneously
obtained at the imaging plane. In order to evaluate the imaging
performance of the system, we first use the 1951 United States
Air Force (1951 USAF) resolution test chart as an observed
object for an imaging experiment. Figure 3b is the optical
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photograph of groups 6 and 7 in the resolution test chart.
Figure 3c—f shows the spiral phase contrast and bright-field
images corresponding to the test targets 6-1, 6-6, 7-1, and 7-6
indicated by the white dashed lines in Figure 3b, respectively,
which correspond to resolutions of 15.6, 8.8, 7.8, and 4.4 ym
per line pair. These results imply that the proposed
metasurface imaging system can well resolve the structure
with a line width of 2.2 pm in spiral phase contrast and bright-
field modes. The normalized intensity curves obtained along
the horizontal and vertical dashed lines in the spiral phase
contrast image of Figure 3f are given in Figure 3g. The uniform
edge intensity distribution indicates that the system has a good
isotropic edge enhancement. Figure 3h displays the results of
spiral phase contrast and bright-field imaging (6-4 test target)
for the incident light in x and y polarization states, respectively.
These two sets of images are almost identical, which originates
from the fact that unit cells of the metasurface are nanopillars
with rotational symmetry.

Next, we use one amplitude object and one phase object to
demonstrate the imaging experiment. Figure 4a shows spiral
phase contrast and bright-field images with about 39.5X
magnification of amplitude object “META” obtained simulta-
neously at the image plane of the metasurface with the
illumination of a laser beam at a wavelength of 630 nm. Here,
the microstructure patterns are fabricated by focused ion beam
(FIB) milling on an opaque gold film. Obviously, the spiral
phase contrast window on the left has eliminated the low-
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Figure 4. Synchronously captured spiral phase contrast and bright-
field images in the same field of view. Experimental results obtained at
the image plane for (a) the metallic mask patterned with characters of
“META” and (b) unstained limewood stem cells as objects,
respectively, at a wavelength of 630 nm. Scale bar: 20 ym.

frequency portion of the light field, delineating the edges of the
microstructure patterns. The right bright-field effectively
preserves the information within the cutoff frequency to
show the full view of the patterns. Besides using an amplitude
object, we also use unstained limewood stem cells as the phase
object to verify the dual-mode imaging capability of the
metasurface. As shown in Figure 4b, it is difficult to distinguish
the boundaries between neighboring unstained cells in the
bright-field window, while the outline of the cells is clearly
revealed under the spiral phase contrast window. By collecting
different frequency information on the same specimens in two
windows at the same time, this will significantly improve the
observation and identification of cell morphology. It is worth
noting that there is a bright spot in the center due to the
transmitted light from the weak zeroth-order diffraction.
However, this bright spot is mainly concentrated in the center
of the image plane and has a relatively small effect on the spiral

phase contrast and bright-field images. In principle, to further
reduce this effect, we can design an off-axis aberration-
eliminating metasurface with large deflection angles by
optimizing the phase distribution. This approach can increase
the lateral distance between the two images, which will further
minimize the impact of the bright spot on the images.

In addition to the designed wavelength, the metasurface can
also work for the other visible wavelengths, benefiting from the
similar phase difference tendency and full phase coverage of
the selected nanopillars within the broad band. Figure Sa—c
and Figure Sd—f show the spiral phase contrast and bright-field
images of the amplitude object “META” and the phase object
unstained limewood stem cells illuminated by the super-
continuum laser filtered at the wavelengths of 530, 580, and
680 nm, respectively. Due to the existence of the chromatic
diffraction dispersion, for these three wavelengths, the
corresponding focal lengths of the metasurface shift to 1385,
1281, and 1096 um, respectively (see Note S in the Supporting
Information for details). Moreover, the magnifications of the
images gradually increase with the red shift of the illuminating
wavelength, which are about 32.5X, 36.6X and 43.2X,
respectively. In the visible wavelength range of 150 nm
(from 530 to 680 nm), the spiral phase contrast and bright-
field windows still well exhibit the edge and entire information
on the observed objects. These results indicate that the
metasurface-based imaging system has a broad-band response.

In conclusion, we propose and demonstrate a dielectric
metasurface that synchronously performs edge-enhanced spiral
phase contrast imaging and diffraction-limited bright-field
imaging. The metasurface is formed of silicon nanopillars with

Figure S. Simultaneously captured spiral phase contrast and bright-field images of (a—c) “META” mask and (d—f) unstained limewood stem cells
at the image plane illuminated by a laser beam at wavelengths of 530, 580, and 680 nm, respectively. Scale bar: 20 pm.
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rotational symmetry, which makes the imaging system
insensitive to the incident polarization states. In experiments,
amplitude objects of a patterned metallic mask and phase
object of unstained transparent limewood stem cells are both
used to verify the imaging functionalities of the metasurface
system. Considering the advantages of planar architecture and
ultrathin thickness of the metasurface, this approach is
expected to have good application potentials in the fields of
microscopy, biomedicine, and materials science.
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