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Dielectric Polarization-Filtering Metasurface Doublet for
Trifunctional Control of Full-Space Visible Light

Song Gao, Changyi Zhou, Wenwei Liu, Wenjing Yue,* Shuqi Chen, Sang-Shin Lee,
Duk-Yong Choi,* and Yang Li*

Multilayered plasmonic metasurfaces have been previously shown to enable
multifunctional control of full-space electromagnetic waves, which are of great
importance to the development of compact optical systems. While this
structural configuration is practical for acquiring metasurfaces working in
microwave frequency, it will inevitably become lossy and highly challenging to
fabricate when entering the visible band. Here, an efficient yet facile approach
to address this issue by resorting to a dielectric metasurface doublet (DMD)
based on two vertically integrated polarization-filtering meta-atoms (PFMs) is
presented. The PFMs exhibit polarization-dependent high transmission and
reflection, as well as independent and full 2𝝅 phase control characteristics,
empowering the DMD to realize three distinct incidence-direction and
polarization-triggered wavefront-shaping functionalities, including anomalous
beam deflection, light focusing, vortex beam generation, and holographic
image projection as it is investigated either numerically or experimentally. The
presented DMD undoubtedly holds several salient features compared with
the multilayered metallic metasurfaces in aspects of design complexity,
efficiency, and fabrication. Furthermore, as dielectric meta-atoms with distinct
polarization responses can be deployed to construct the DMD, it is
anticipated that diverse full-space metasurfaces equipped with versatile
functionalities can be demonstrated in the future, which will greatly advance
the development of multifunctional meta-optics.

1. Introduction

As an important research branch in nanophotonics, optical
metasurfaces have attracted tremendous attention over the past
decade. By elaborately designing the meta-atoms constituting
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a metasurface, local light properties
can be arbitrarily manipulated at the
subwavelength scale, making possible
the planarization of conventional optical
components like lens, prism, waveplate,
polarizer, and beam splitter, among
others.[1–10] Additionally, the flexible
design strategies further enable metasur-
face to realize multidimensional manip-
ulation of optical waves on a monolayer
platform.[11–13] For instance, by resorting
to light polarization, wavelength, and
angle of incidence, as well as distinct
spatial multiplexing schemes, abundant
versatile multifunctional metasurfaces
realizing distinct functionalities have
been reported.[14–21] Despite the great
success that has been achieved so far, it is
worth mentioning that a majority of the
reported multifunctional metasurfaces
are only valid in one operation space —
either transmission or reflection space.
An optical device that can indepen-

dently control light in both transmis-
sion and reflection spaces is of great
importance for the construction of ultra-
compact optical systems. This has been
lately realized based on multilayered

metasurfaces.[22–29] It was reported that four layers of metallic
patches can cooperate to enable polarization-related trans-
mission/reflection control, making possible the independent
light wavefront control in full spaces through meticulous
design.[22] Based on a similar principle, five-layered plasmonic
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metasurfaces were demonstrated to yield three wavefront ma-
nipulations through simultaneous selection of the incidence
direction and light polarization.[23,25,27] It is noted that the re-
ported metasurfaces realizing multifunctional full-space light
control were mostly demonstrated in the microwave band and
were prepared using the printed circuit board technology. How-
ever, it is apparent that directly transferring the abovementioned
structural configuration to the visible band will be inevitably
inefficient considering the intrinsic absorption loss of metals.
Moreover, the practical implementations of the meta-atoms
with considerably small dimensions and different geometries in
multiple layers would indubitably make the nanofabrication too
onerous and costly, which should be seriously considered when
it comes to practical applications. Therefore, a novel and facile
metasurface architecture that allows multifunctional control of
full-space visible light with high efficiency and relaxed design
complexity is urgently needed. Monolayer dielectric metasur-
faces have been proved to be capable of realizing high-efficiency
manipulation of visible light.[30,31] It can be expected that the
degree of freedom in light control can be further extended by
exploiting multilayered dielectric metasurfaces,[32] among which
bilayer metasurfaces or metasurface doublet have received
a burgeoning amount of interest lately. To date, most of the
reported bilayer dielectric metasurfaces were demonstrated for
operation in the near-infrared region andmuch of the effort were
mainly devoted to monochromatic aberration correction,[33–35]

multiwavelength control,[36–38] and light path or polarization
control,[39–42] among others.[43–45] However, their potential in
full-space light control remains unexplored.
Here, we demonstrate that highly-efficient and multifunc-

tional control of full-space visible light can be readily achieved
through a dielectric metasurface doublet (DMD). The DMD is an
assembly of two vertically stacked rectangular lattice unit cells,
each consisting of a polarization-filteringmeta-atom (PFM)made
of hydrogenated amorphous silicon (a-Si:H). Systematic numer-
ical simulations are carried out to investigate the properties of
the PFM in terms of its polarization-dependent transmission and
reflection responses, and the relevant results indicate that high
transmission and reflection, along with the full 2𝜋-phase con-
trol could be independently attained from a monolayer PFM. On
this basis, unlike previous four- and five-layered metallic meta-
surfaces, three distinct light manipulation functionalities can be
easily realized by the DMD via controlling the light incidence
and polarization. As the proof of concept, two DMDs enabling
anomalous beam deflections and holographic image projections
are numerically examined and a multifunctional DMD realiz-
ing light focusing and vortex beam generations in transmission
and reflection spaces are successfully designed, fabricated, and
characterized to validate our claim. We anticipate the proposed
approach can enrich the development of multifunctional meta-
optics and also open a new avenue to miniaturizing optical sys-
tems.

2. Results and Discussion

The concept of realizing trifunctional light control in both trans-
mission and reflection spaces is depicted in Figure 1a. For a loss-
less optical device, incident light is either transmitted or reflected,
leaving two spaces for potential multiplexing of distinct function-

alities. Moreover, the light incidence from backward and forward
direction can also be adopted to add more functionalities. Note
that without breaking the symmetry along the propagation direc-
tion, the device will exhibit strong reciprocal transmission behav-
iors for backward and forward incidences.[46] Therefore, through
meticulous design, three different functionalities or information
can be possibly encoded in a single device. Toward this end, an
elemental PFM, which is a type of meta-atom for realizing si-
multaneous polarization filtering and entire 2𝜋 phase control, is
first proposed. Previous studies have shown that the metasurface
constituents, which are nanoposts made of silicon, can be con-
sidered as waveguides truncated on both sides and operate as
low-quality-factor Fabry–Pérot resonators.[47] As such structure
allows the excitation of multiple modes propagating along the
longitudinal direction and bouncing back at the output facet, both
high transmission and reflection could bemade possible through
constructive and destructive interferences between these modes
by finely tuning its thickness, despite the fact that most current
researches focus on its operation in transmission mode. Further-
more, it is well known the output light phase can be tailored by
adjusting the nanopost size, lattice pitches, or the gap distance
between adjacent nanoposts.
Given the abovementioned analysis, the PFM is designed

as shown in Figure 1b. The PFM is designed to operate at
a wavelength 𝜆 = 690 nm. It is made of a-Si:H with thick-
ness of H = 320 nm and is arranged in a rectangular lattice
unit cell with asymmetric pitches of Px = 300 nm, and Py =
360 nm. The a-Si:H meta-atom (n ≈ 4.077 + 0.005i) is placed
on a glass substrate and encapsulated by SU-8 with a refractive
index of 1.56. The responses for meta-atoms with various lat-
eral dimensions are numerically investigated for incident light
with polarization along x- (Ex) and y-axes (Ey). Considering the
available structure size that can be fabricated with high preci-
sion, the minimum size of the meta-atom is determined to be
70 nm. Here, the transmission and reflection responses are re-
spectively allocated to Ex and Ey polarizations, which is different
from previous bifunctional polarization-controlled metasurfaces
that merely concentrate the responses in one space. The sim-
ulated transmission (TEx) and reflection efficiencies (REy) with
respect to different meta-atom width (W) and length (L) are
shown in Figure 1c, while the corresponding phase responses
(𝜑Ex and 𝜑Ey) are depicted in Figure 1d. The results show that
high transmission and reflection along with full 2𝜋 phase con-
trol can be accomplished using the PFM. Furthermore, in or-
der to arbitrarily shape the wavefront of transmitted and re-
flected light, one needs to search for appropriate meta-atoms
which can independently impart phase delay covering full 2𝜋
range for both Ex and Ey polarizations. To simultaneously at-
tain the desired phases and high transmission/reflection, the to-
tal complex amplitude error, defined as 𝜖 = |ei𝜑T − TExe

i𝜑Ex |2 +|ei𝜑R − REye
i𝜑Ey |2, is used to determine which meta-atom meets

the requirement. Here, 𝜑T and 𝜑R represent the desired phases
for transmitted Ex polarization and reflected Ey polarization, re-
spectively. For a pair of desired 𝜑T and 𝜑R, the optimal candi-
date is selected when the complex amplitude error reaches the
minimum. The corresponding width and length of the selected
meta-atoms that can independently impart phase control from
−𝜋 to 𝜋 for Ex and Ey polarizations are depicted in Figure 1e. The
corresponding transmission/reflection efficiencies and phases of
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Figure 1. a) Concept of trifunctional light control in both transmission and reflection spaces upon backward and forward incidences. Three functions
(denoted as F1, F2, and F3) can be achieved. b) Schematic of the PFM unit cell. c) Simulated transmission and reflection c) efficiencies (TEx, REy) and d)
phases (𝜑Ex, 𝜑Ey) for x- and y-polarizations, respectively, as a function of the meta-atom lateral dimensions (W, L) at designed wavelength of 690 nm. e)
Selected values of W (top) and L (bottom) as functions of phases for x- (𝜑Ex) and y-polarization (𝜑Ey).

these meta-atoms are available in Figure S1 in the Supporting
Information.
Unlike previously reported metasurfaces where control of the

full-space light polarization and phase are separately realized by
different layers, the proposed PFM can fulfill simultaneous ma-
nipulations of polarization and phase in a single layer. There-
fore, by vertically integrating two such PFMs, three wavefront
shaping functionalities can be possibly attained by changing the
polarization state in two incidence directions. Subsequently, a
DMD containing two PFM layers ( MS1 and MS2) is constructed
as schematically shown in Figure 2a. Anomalous beam deflec-
tions are first applied to check the feasibility of the DMD in
enabling highly-efficient wavefront shaping of full-space visible

light. The MS1 contains eight distinct PFMs which form a su-
percell (Figure 2a) and are periodically arranged along the x- and
y-directions. The same strategy is also applied to the construc-
tion of MS2 that is located beneath the MS1. To illustrate that
the meta-atom in MS2 will not deteriorate the transmission re-
sponse of the meta-atom in MS1, the transmission responses
of the combined meta-atoms incorporating two layers of meta-
atoms are further inspected. As shown in Figure S2 in the Sup-
porting Information, by placing a selected PFM in the bottom
layer while scanning the lateral dimension of the meta-atom in
the top layer, the combined meta-atoms present nearly identical
transmission responses to that in Figure 1c,d. According to the
generalized Snell’s law, the deflection angle of either transmitted
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Figure 2. a) Schematic of the proposed metasurface doublet based on two layers of PFMs enabling anomalous transmission and reflection. b) Effect of
the gap on the polarization-dependent total transmission and reflection efficiencies. Simulated phase wavefronts and far-field distributions of transmitted
and reflected light upon c) backward, and d) forward incidence of Ex- and Ey-polarized light. e) Simulated polarization-dependent transmission and
reflection efficiencies at various diffraction orders in backward and forward incidence cases. Numbers in the inset represent the anomalous beam
deflection efficiencies at designed diffraction orders.

or reflected light can be predicted by taking account of the angle
of incidence, refractive index of surroundingmaterials, andmost
importantly the local phase delay imparted by all meta-atoms in
the metasurface. Here, the supercell of MS1 is designed to pro-
vide a linearly increasing phase delay from 0 to 1.75𝜋 along the
x-axis for both Ex and Ey polarizations, whereas for the supercell
of MS2, it imparts identical phase distribution for Ex polarization
and a linearly decreasing phase delay from 1.75𝜋 to 0 for Ey polar-
ization. Thus, for the Ex-polarized incident light, only MS1 pro-
vides a constant phase gradient which can lead to an anomalous
beam transmission phenomenon. Additionally, the gap distance
between the two layers should be examined to get an optimized
structure configurationwhich can provide high transmission and
reflection efficiencies. For the built DMD with various gap dis-
tances from100 to 1000 nm, the simulated total transmission and
reflection for polarization component identical to that of the inci-
dence are plotted in Figure 2b. It can be seen that the Ex polariza-

tion component ismainly transmitted, while the Ey component is
mainly reflected. We consider the gap distance of 800 nm as the
optimal case since both transmission and reflection efficiencies
can be higher than 80%, which is quite attractive for practical us-
age in visible band. Numerical simulations are further carried out
to check the anomalous beamdeflection phenomena.Upon back-
ward normal incidence toward the −z direction, the phase wave-
fronts and far-field intensity profiles for transmitted and reflected
light corresponding to the Ex and Ey incidence polarization com-
ponents, respectively, are simulated as depicted in Figure 2c. It
is found that the transmitted (reflected) light is redirected to an
oblique angle of 11.21° (10.71°) through the anomalous deflec-
tion effect, which is quite close to the theoretical value of 11.39°

(10.62°) corresponding to the+1st diffraction order. These perfor-
mances for the forward incidence case (toward +z direction) are
also presented in Figure 2d, where incident light is transmitted
and reflectedmainly toward 10.71° and−11.44°, respectively. The
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unequal beam deflection angles for both transmitted and re-
flected light upon backward and forward incidences can be at-
tributed to the slight refractive index differences between glass
and SU-8. The transmission and reflection efficiencies upon
backward and forward incidences at various diffraction orders are
summarized in Figure 2e. Specifically, for backward incidence,
efficiencies of transmitted Ex and reflected Ey polarizations at de-
sired +1st diffraction order are estimated to be 70% and 62%,
respectively. For forward incidence case, the transmitted Ex and
reflected Ey polarization efficiencies at desired +1st and −1st
diffraction orders are 71% and 80%, respectively. The average
anomalous beam deflection efficiency of the abovementioned
four cases is in the vicinity of 70%, denoting an excellent ability
of the proposed DMD for full-space visible light manipulation.
Although there are some fluctuations in the anomalous beam

deflection efficiencies, it can be inferred from Figure 2b that high
anomalous beam deflection performances can be overall well-
maintained at various gap distances. One should also be con-
cerned about the misalignment effect when it comes to a design
with multilayered configuration. For the proposed DMD, it can
be understood that the function of reflected light is solely deter-
mined by one metasurface layer, thus only transmitted light can
be possibly affected by the misalignment. Additional numerical
simulations are performed to investigate the anomalous beam
deflection performances under various misalignment situations
for both Ex- and Ey-polarized incidences from backward and for-
ward directions (Figure S3 in the Supporting Information). Here,
the relative misalignment between the supercell MS1 and super-
cell MS2 is more specifically defined as the central position of
each meta-atom in the top and corresponding bottom metasur-
face layers, and the misalignments along x- and y-axes are de-
noted as Δx and Δy, respectively. It can be found that all anoma-
lous beam deflection performances can be well-preserved for Δx
ranging from −150 to 150 nm and Δy from −180 to 180 nm
(half of the lattice periods). These results guarantee that the pro-
posed DMD has a nearly alignment-independent performance.
In addition to the DMD enabling anomalous beam deflections,
a multifunctional DMD, which can be seen as the integration of
one transmissive focused vortex beam generator and two distinct
off-axis parabolic mirrors, is also proposed and experimentally
implemented. Based on the above analysis, we suggest to fabri-
cate themultifunctional DMD via standard nanofabrication tech-
niques including two-step lift-off processes, along with highly ac-
curate overlay alignment in the electron beam lithography (EBL)
process as schematically illustrated in Figure 3a.[48]
The proposed multifunctional DMD is designed to support

three wavefront shaping functionalities. Upon backward inci-
dence, the Ey-polarized plane wave will be reflected and focused
to the SU-8 side (F1), while the incident Ex polarization will be
transmitted and transformed into a focused vortex beam (F2). For
the forward incidence case, the Ey polarization will be reflected
and focused in the substrate side (F3). The transmission be-
haviors of a traditional metasurface incorporating the proposed
DMD are generally symmetric and thus the corresponding wave-
front shaping functionalities hold the same for both backward
and forward incident Ex polarizations. However, noting that there
should be a slight difference (for instance, the focal position of
the vortex beam) between the two cases since the refractive in-
dices of glass and SU-8 are slightly different. The phase profiles
for realizing the abovementioned three functionalities can be

described as

𝜑Fm
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where (xFm, yFm) and fm (m = 1, 2, 3) represent the focal po-
sition and focal length of the function Fm, respectively, while l
stands for the topological charge of the vortex beam. Besides,
n1 and n3 stand for the refractive index of SU-8 and glass, re-
spectively. The multifunctional DMD is designed to have a cir-
cular shape with 240 × 200 unit cells along x- and y-directions,
respectively, corresponding to a diameter of 72 μm. The focal
lengths f1, f2, f3 are set to be 60, 80, and 156 μm, respectively,
and the topological charge of the vortex beam is l = 3. The fo-
cal positions (xF1, yF1), (xF2, yF2), and (xF3, yF3) are chosen to be
(−20, 0) μm, (0, 0) μm, (10, 0) μm, respectively. The calculated
phase profiles and the geometries of corresponding top MS1 and
bottom MS2 are shown in Figure 3b. We have also conducted
numerical simulations to check the three functionalities, where
only the central row is considered due to the limited computa-
tional resources. As shown in Figure S4 in the Supporting In-
formation, all expected wavefront shaping functionalities have
been confirmed. The optical and scanning electron microscope
(SEM) images of the fabricated DMD including the bottom MS2
(taken before fabrication of MS1) and top MS1 are provided in
Figure 3c.
The performances of the fabricated multifunctional DMD are

subsequently characterized. The measured transmission and re-
flection field intensity profiles (xz-plane), representing the light
beam trajectory, upon backward and forward incidences with Ex-
and Ey-polarizations, are presented in Figure 4. For the backward
incidence, the evolution of the intensity distributions reveals that
incident Ey polarization gets reflected and focused at z ≈ −40 μm
plane, and the focal point is located at the position (xF1, yF1) =
(−19.7, 0) μm with a diameter of ≈2.6 μm. The incident plane
wave of Ex polarization is transmitted and clearly transformed
into a focused vortex beam featuring doughnut-shaped intensity
distribution with a ring-diameter of ≈2.2 μm at z ≈ 60 μm plane.
For the forward incidence case, a focused vortex beam can be
clearly witnessed in the transmission space at z ≈ 65 μm for
incidence Ex polarization, whereas the incident plane wave of
Ey polarization is gradually focused at the position (xF3, yF3) =
(9.73, 0) μm in the reflection space and nearly 120 μm away from
the sample surface. The mismatches between the simulated
and measured focal planes are likely caused by the imperfection
in measurement and the fabricated sample, for instance, the
refractive index difference between SU-8 and the cover-slip.
The quality of the focused vortex beam is found better in the
backward incidence case than that of the forward incidence case,
which might be caused by the impurity substances induced in
the cover-slip and the misalignment between two layers. Never-
theless, as the designed three wavefront-shaping functionalities
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Figure 3. a) Flow chart illustrating the fabrication procedure of the proposed DMD. b) Calculated phase profiles for obtaining off-axis light focusing
functionalities (F1 and F3) and vortex beam generation (F2), and the geometries of the designed top MS1 and bottom MS2 constituting the proposed
multifunctional DMD. c) Microscopy and SEM images of the MS1 and MS2 that are taken during fabrication of the DMD.

have been witnessed in expected transmission and reflection
spaces, the effectiveness of our proposed approach can be
ensured.
Based on the proposed approach, we also carry out numeri-

cal simulations to further demonstrate a DMDwhich can project
three distinct holographic images in full spaces. Figure 5 shows
the target images (star, heart, triangle), their corresponding phase
distributions derived from the Gerchberg–Saxton algorithm,[49]

and the geometries of the top and bottom metasurface lay-
ers constituting the DMD, as well as the simulated far-field
intensity profiles. Due to the limited computation resources,
only 40 × 40 unit cells are incorporated into each metasur-
face layer, leading to the degraded image quality. Nevertheless,
the results successfully indicate the presented method can find

promising applications inmultidimensional information display
and encryption.

3. Conclusion

In summary, a facile yet efficient DMD platform has been pro-
posed and demonstrated to realize trifunctional manipulation
of full-space visible light. It is shown that the polarization-
dependent high transmission/reflection and independent full 2𝜋
phase control ability of the PFM constituting the DMDmake pos-
sible the integration of three distinct functionalities on a single
device through controlling the incidence direction and polariza-
tion. This claim has been numerically verified by a DMD en-
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Figure 4. Measured field intensity profiles (xz-plane) for backward and forward incident light with Ex- and Ey-polarizations. Field intensity profiles (xy-
plane) at the focal plane are also included.

Figure 5. A DMD designed for projecting three distinct holographic images in full spaces.

abling full-space anomalous beam deflections with an average
anomalous beam deflection efficiency of ≈70% at an operation
wavelength of 690 nm, and experimentally validated through a
DMD sample which realized light focusing and focused vortex
beam generations. As such, we believe the proposed DMD out-
performs previous multilayered metallic metasurfaces in terms
of design complexity, efficiency, and fabrication and may find
prominent applications in multidimensional full-space optical
information processing. Additionally, we anticipate the presented
method can give new inspirations to the design of multilayered
dielectric metasurfaces since meta-atoms with different polariza-

tion responses can be utilized in the design, which we believe will
greatly advance the development of multifunctional meta-optics
in the future.

4. Experimental Section
Nanofabrication: The multifunctional DMD was prepared via stan-

dard nanofabrication techniques including double electron beam lithog-
raphy (EBL) and Al etch mask liftoff, followed by silicon plasma etching;
in addition, SU-8 interlayer was placed to separated two metasurfaces as
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represented in Figure 3a. Hydrogenated amorphous silicon (a-Si:H) was
deposited using plasma-enhanced chemical vapor deposition (Plasmalab
100 from Oxford) on SiO2 substrate. Next, a positive electron beam resist
(ZEP520A from Zeon Chemicals) of 300 nm was spin-coated on the film.
Considering the performance of theDMD is nearly independent of themis-
alignment, MS2 and two alignment marks surrounding MS2 were written
on the resist using EBL (Raith150) accompanied by a development in ZED-
N50. The relative positions of MS2 with respect to the alignment marks
can be known. Then, an aluminum film of 50 nm thickness was deposited
via electron-beam evaporation (Temescal BJD-2000) on the substrate, and
it was patterned by lifting off the resist using a solvent (ZDMAC from
Zeon Co.). The patterned aluminum was utilized as a hard mask during
dry etching, thereby transferring the designed pattern to the underlying a-
Si:H layer through fluorine-based inductively-coupled-plasma reactive ion
etching (Oxford Plasmalab System 100). The residual aluminum from the
patterned nanopillars was etched in phosphoric/nitric/acetic acids mixed
solution. Subsequently, a layer of SU-8 polymer with a proper thickness
was spin-coated onto the sample and UV-cured. Note that both the thick-
ness of the a-Si:H layer and the designed interlayer gap distance should
be considered to determine the final thickness of SU-8 for spin coating
(≈1100 nm). As SU-8 is liquid, it can easily fill the gap between the struc-
tures during spin coating. The SU-8 polymer shows high transparency so
that the two alignment marks can be clearly seen under the electron beam
microscope. Subsequently,MS1was constructed by carrying out a series of
the same processes, including resist spin coating, EBL, aluminum deposi-
tion, lift-off, plasma etching, and aluminum removal. As a final step,≈2 μm
thick SU-8 was spin-coated; then, 200 μm thick cover-slip (with refractive
index similar to SU-8) put in contact with it, and the polymer UV-cured.
The alignment precision of the developed DMD is at a few micrometer-
scale. In other cases when the misalignment severely affects the device’s
performance, one could consider using four alignment marks surround-
ing the metasurface to improve the alignment precision up to several tens
nanometer. It is believed that the SU-8 layer encapsulating the MS2 would
have a low surface roughness since the SU-8 liquid with much larger thick-
ness than a-Si:H can fulfill the gap between nanostructures.[50,51]

Optical Characterization: For the characterization of the multifunc-
tional DMD, a supercontinuum laser (“SuperK Compact,” NKT Photon-
ics) is used to emit an unpolarized broadband light, which then passes
through a filter (“FB690-10”, Thorlabs) and a linear polarizer (“LPNIR050-
MP2,” Thorlabs), and is then slightly focused onto the sample via a lens
(“AC254,” Thorlabs). The transmitted light intensity distribution in xy-
plane is then imaged by a customized imaging system including an objec-
tive lens (“50×/0.4,” Mitutoyo), a tube lens and a camera (“BU302MCF,”
Toshiba). The microscope imaging system is first adjusted to let the ob-
jective focus coincides with the DMD surface (defined as z = 0 μm). The
imaging system is then moved along the positive z-axis in steps of 5 μm to
record the intensity images at various distances away from the sample. The
plotted xz-plane in Figure 4 of the main text are realized by extracting the
intensity along the transverse line connecting the centers of all recorded
intensity patterns (xy-plane). For characterizing the multifunctional DMD
performances in reflection spaces, a cube beam splitter (“32 600,” Ed-
mund Optics) is placed between the lens and the sample. Meanwhile, the
imaging system is rotated by 90° so as to record the reflected light inten-
sity distribution (xy-plane). The trajectory of reflected beam in xz-plane as
illustrated Figure 4 of the main text are also realized based on the same
method as abovementioned. Schematics for the measurement setup and
sample flipping can be found in Figure S5 in the Supporting Information.

Numerical Simulation: A finite-difference time-domain (FDTD)
method-based tool named FDTD Solutions was used to simulate the
optical performances of the PFM unit cell and various DMD designs.
i) The transmission/reflection efficiencies and corresponding phase
responses depicted in Figure 1c–e were calculated by scanning the lateral
dimensions of the meta-atom (a-Si:H nanopost). The width and length
were swept from 70 to 260 nm and from 70 to 320 nm, respectively, with
identical scanning steps of 2 nm. Periodic boundary conditions were
applied to the x- and y-boundaries, while perfectly matched layer (PML)
boundary conditions were applied to the z-axis. A plane wave source with
an operating wavelength of 𝜆 = 690 nm was embedded in the substrate

side and positioned 1 μm below the meta-atom. A “2D Z-normal” power
monitor and a point monitor are positioned 1 μm above (below) the
meta-atom (light source) to record the transmission (reflection) efficien-
cies and phase responses, respectively. ii) For the simulation of the DMD
enabling anomalous beam deflections shown in Figure 2c,d, two layered
supercells containing 16 meta-atoms with designed lateral dimensions
were constructed through a script. Boundary conditions for this case
are identical to that of the simulation for the unit cell. A “2D Z-normal”
power monitor and a “2D Y-normal” field profile monitor were used
to record the far-field intensity distributions and the phase wavefronts
(xz-plane), respectively. iii) For the simulation of the multifunctional
DMD empowering light focusing and vortex beam generation shown
in Figure S4 (Supporting Information), only the central row along the
x-axis was considered. Each layer of the DMD consists of 240 meta-atoms
with designed width and length, which was constructed through a script.
The boundary conditions for this case along the y- and x-axes were set
to be periodic and PML respectively. The computation region along the
x-axis was 1 μm larger than the DMD. A total-field scattered field (TFSF)
source was utilized to feed the DMD from the substrate (SU-8) side
for the forward (backward) incidence case. iv) For the simulation of the
DMD for projecting hologram images, PML boundary conditions were
set along the x-, y-, and z-axes. Each layer of the DMD comprises 40 ×
40 = 1600 meta-atoms corresponding to a lateral area of 12 × 14.4 μm2.
The computation region was set to be 14.5 and 17 μm along the x- and
y-axes, respectively, and 2.6 μm along the z-axis. Again, the TFSF source
was used to feed the DMD. The simulated light intensities as illustrated
in Figure 5 were calculated by the “farfield3d” command using a script.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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