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In the recent years, metasurfaces, being flat and lightweight, have been designed to
replace bulky optical components with various functions. We demonstrate a monolithic
Micro-Electro-Mechanical System (MEMS) integrated with a metasurface-based flat
lens that focuses light in the mid-infrared spectrum. A two-dimensional scanning
MEMS platform controls the angle of the lens along two orthogonal axes by +9°,
thus enabling dynamic beam steering. The device could be used to compensate for
off-axis incident light and thus correct for aberrations such as coma. We show that
for low angular displacements, the integrated lens-on-MEMS system does not affect
the mechanical performance of the MEMS actuators and preserves the focused beam
profile as well as the measured full width at half maximum. We envision a new class
of flat optical devices with active control provided by the combination of metasur-
faces and MEMS for a wide range of applications, such as miniaturized MEMS-based
microscope systems, LIDAR scanners, and projection systems. © 2018 Author(s).
All article content, except where otherwise noted, is licensed under a Creative
Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
https://doi.org/10.1063/1.5018865

I. INTRODUCTION

Recently, metasurface-based flat optical devices capable of shaping the wavefront of light have
come to the forefront of ongoing scientific research.'~> Planar counterparts of conventional bulky
optical devices like lenses,*© beam deflectors,”® holograms,” polarimeters,'” and so on have been
experimentally demonstrated. These devices use sub-wavelength dimension metallic and/or dielec-
tric phase shifting optical elements arranged on a two-dimensional plane, “metasurface,” mimicking
the phase profile of the conventional bulk optical device. Such metasurface-based flat devices rep-
resent a new class of optical components that are compact and lightweight. However, most of these
nanostructured devices are static, which limits the functions that can be achieved.

In this paper, we introduce the concept of dynamically controlling these metasurfaces by inte-
grating them onto Micro-Electro-Mechanical Systems (MEMS). These MEMS have the unique
advantages of high-speed movement, excellent optical quality, wavelength and polarization inde-
pendence, and low optical loss.!! We present a prototype consisting of a MEMS-controlled reflective
metasurface lens that focuses in the mid-infrared spectrum. The preferred MEMS device is an electro-
statically controlled 2D scanner micro-mirror because it is a key element used in many applications
such as LIDAR laser scanners,'? optical communications,'®!* and bio-imaging.'>~!® Technologies
like these will greatly benefit from a dynamically controlled metasurface-based lens because it will
facilitate the removal of bulky optical components in the system while allowing unique functions such
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as the predetermined shaping of light beams. When electrostatically actuated, the MEMS platform
controls the angle of the lens along two orthogonal axes allowing scanning of the flat lens focal spot
by about +9° in each direction.

Il. SAMPLE DESIGN AND FABRICATION

We design a plasmonic lens producing a line focus, like a cylindrical lens, when illuminated with
monochromatic mid-infrared light of wavelength A = 4.6 um. As the design unit cells, we choose
polarization independent, sub-wavelength-sized, 50 nm-thick gold resonators in the shape of a disc
[Fig. 1(a)]. The resonators sit on a 400 nm-thick silicon dioxide layer deposited on a 200 nm-thick
continuous gold film. This structure has been used to improve the focusing efficiency in reflection. %>
By changing the radius of the disc, the phase of the reflected light changes [Fig. 1(b)]. To construct a
planar lens, we spatially distribute the discs with varying radii to realize the hyperbolic phase profile.
Figure 1(c) shows a schematic of the reflective metasurface lens when a collimated Gaussian beam
is incident at an angle 0 on the lens and is focused at a distance f along the normal axis to the lens
surface. This configuration proves the flexibility of our design technique: by using the metasurface
itself to spatially separate the incident and reflected beams, we avoid the need for a beam splitter,
resulting already in a reduction in the number of bulk optical components that are conventionally
used in optical systems.

The equation of the phase profile used to design the metasurface lens is

¢(x)=27ﬂ (f—\/xz +f2—x-sin0),

where A is the wavelength, f is the focal length, and x is the position of the phase shifting elements in
the lens. The lens functions as a cylindrical lens, i.e., one-dimensional focusing, so the phase profile
is only a function of x.'° One improvement from the previous literature®! is that the overall packing
density of the subwavelength resonators is increased by arranging them with constant edge-edge
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Gaussian beam

Reflectance

FIG. 1. Design and fabrication of the metasurface lens: (a) A unit cell consisting of a 50 nm-thick gold disc on 400 nm-thick
silicon dioxide substrate with a 200 nm-thick gold backplane. (b) Simulated values of reflectance and phase for varying sizes
of gold discs. (c) Schematic representation of focusing characteristics of the reflective metasurface lens for tilted illumination.
[(d) and (e)] Scanning electron microscope images of the fabricated lens. (f) Schematic cross section of the different constituting
layers of the membrane-supported flat lens.
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distance. An increase in the packing density means that the sampling rate of the phase profile of the
metasurface lens is increased leading to smaller phase errors introduced by digitizing the phase profile
and, hence, an improvement in the metasurface performance. The metasurface lens demonstrated here
is designed on a square layout with each side measuring W = 0.8 mm to focus light incident at an
angle of 8 = 45° to the lens surface at a distance f = 5 mm away.

The metasurface lens is fabricated using standard photolithography techniques on a silicon-
on-insulator (SOI) wafer with a 2 um-thick top device layer, a 200 nm buried-oxide layer, and a
600 pum-thick handle layer. SEM images of the reflective lens are shown in Figs. 1(d) and 1(e).
The detailed process flow for fabricating the lens is described in S1 of the supplementary material.
Following the lens fabrication, the handle layer is removed using a dry-etch process based on xenon-
difluoride, resulting in a reflective flat lens standing on top of a 2.8 um-thick membrane [Fig. 1(f)].
For the next stage of fabrication, we use a focused ion beam (FIB) tool integrated with an Omniprobe
micromanipulator needle to integrate the flat lens onto a 2D MEMS scanner. Figure 2(a) depicts
the steps of the process. We trace the focused ions around the periphery of the lens to cut out
most of the structure, except a small portion. Here we weld the needle-tip of the micromanipulator by
depositing platinum. The remaining structure is subsequently released; the membrane is free from the
surrounding solid substrate and is held only by the micromanipulator needle. We move the membrane
out of the substrate and on to the MEMS platform by controlling the micromanipulator arm. After the
lens is placed and aligned with the central platform of the MEMS, it is glued by depositing platinum
in small patches. Finally the needle is cut away by milling with focused ion beam.?> This practical
technique allows for fusion welding of the flat lens to the MEMS device without the need for extra
materials. Moreover, it enables the integration of hybrid structures fabricated with processes having
different critical dimensions and structural materials (see S2 of the supplementary material).

An optical image of the 2D MEMS scanner with the integrated flat lens is shown in Fig. 2(b).
The scanner is gimbaled for achieving biaxial degrees-of-freedom and is actuated by electrostatic
vertical comb drives.!! Vertical comb-drives consist of stationary plates interspersed with the rotating
ones. When a potential difference is applied between these plates, the moving elements are pulled
downward causing a rotation around a particular axis. Simple single-layer straight beams are used
for torsional flexures on both inner and outer axes to give a 2-D rotational degree-of-freedom. The
micromirror is electrostatically rotated about the inner axis using the vertical comb drives mounted
on the gimbal frame.'> The gimbal frame rotates about the outer axis using the vertical comb drives
mounted on its frame and substrate. For the devices reported here, the typical maximum angular
displacement is close to +9° and the resonance frequency is of the order of 1 kHz about each
torsional axis. The mirror dimensions are 1 mm X 1 mm with a thickness of 10 um. Although
thicker device layers are desired for better flatness of mirrors and frame under dynamic deformation,
they are also more difficult to fabricate due to the required high aspect-ratio fabrication process
and alignment issues. Simulations showed that 10 um-thick layers provide sufficiently large stable
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FIG. 2. Integration of the flat lens onto MEMS: (a) Stages of integration of the metasurface-based flat lens with an external
2D MEMS platform. (b) Optical microscope image of a MEMS scanner with a flat lens on top. The two rotational axes of
the scanner are indicated. The inset shows the device mounted on a dual in-line package ready for electrostatic actuation.
(c) Angular displacement of the MEMS scanner with and without the metasurface-based lens. The orange circles represent
the angular displacement when the inner axis is actuated, while the blue circles show the response when the outer axis is
activated.
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deflection range with minimal adverse effect on the performance of the device caused by the dynamic
deformations of the rotating MEMS platform.!! To characterize the mechanical response of the
flat lens-on-MEMS assembly, the device is mounted on a dual in-line package and electrostatically
actuated to independently control either the inner or the outer axes, as shown in Fig. 2(b). Details of
the MEMS platform working principle and voltage connections are given in S3 of the supplementary
material. Figure 2(c) summarizes the mechanical response of the MEMS scanner when a voltage
is applied across each rotational axis. As the applied voltage is increased, the MEMS mirror starts
rotating until a saturating region is reached, beyond which the comb drives cannot be moved further.
We perform this experiment under an optical profilometer, capturing an image of the MEMS surface
for each applied voltage. The rotation angle of the MEMS mirror is calculated with respect to a
rigid peripheral structure. The measurements are taken for bare MEMS, i.e., before the metasurface
lens has been integrated, and for the same device after it has been loaded with the metasurface lens.
As shown in Fig. 2(c), even after the addition of the metasurface lens on top of the MEMS, the
functional dependence of the MEMS mirror remains the same. The increased angular dependence
of the loaded MEMS is a consequence of using vertical comb drives for torsional actuation of the
device. The incorporation of the flat lens onto the micro-mirror reduces the static gap between vertical
combs resulting in a much efficient actuation and, thus, a larger angular deflection.

lll. OPTICAL CHARACTERIZATION

The focusing characteristic of the flat lens is simulated by using the Finite Difference Time
Domain (FDTD) method (Lumerical, Inc.). Only one row of nano-disc antennas along the x-direction
where the phase profile of the cylindrical lens has been imposed is simulated, while Bloch boundary
conditions are applied along the y-directions. Figure 3(a) is the calculated distribution of the electric
field intensity (IEI*) near the focal region in the x-z plane. The focal length is determined by the z
value of the highest intensity point, which is indicated by the white dashed line at z = f = 5 mm.
The focusing efficiency is estimated to be 83%, which is calculated from the beam intensity at the
focal region normalized to the source power. Figure 3(b) shows the beam profile at the focal region
across the dashed line in Fig. 3(a). The simulated discrete data points (blue circles) are fitted with a
Gaussian curve (red line) to determine the full width at half maximum (FWHM) of the focal beam,
which is 22.8 um. This is only slightly bigger than the diffraction-limited value (21.6 ym), possibly
due to the discrete phase approximation of the ideal 0—2s variation.

For the experimental characterization, we use a continuous-wave Fabry-Pérot quantum cascade
laser (QCL) (AdTech Optics) emitting at A = 4.6 um. The laser is mounted so that its output beam
is s-polarized (electric field of the light is first sent through a pinhole before reaching the detector).
Because of the small focused beam size, another dual-lens system is placed before the detector to
expand the focused beam by a factor of 2.5 (see S4 of the supplementary material). The signal-to-noise
ratio is increased by modulating the intensity of the QCL with a small sinusoidal current superimposed
on the direct current (Wavelength Electronics QCL1500) and demodulating the detected signal with
a lock-in amplifier (AMETEK Advanced Measurement Technology).

The focus is characterized experimentally by translational scans. The data are taken at the center
of the focal line, i.e., y = 0. The average standard deviation of repeated measurements is 0.2%.
The detector is scanned across the focus in 2 um steps, which is smaller than the pinhole diameter
(10 pm). So, the raw data are de-convoluted to retrieve the original beam profiles. Figure 3(c) shows
the measurement results of the metasurface lens on a solid substrate. The FWHM is 26.2 um, which is
close to the simulated value. The difference is possibly due to fabrication errors and the M? factor of
the QCL not being 1 (M? = 1.2). The side lobes in Fig. 3(b) are not observed because of the increased
FWHM in Fig. 3(c).

The optical focusing performance of the metasurface lens integrated with the MEMS is exper-
imentally characterized using the same setup as described above. The angle of the incident light
is at 45° to the unactuated MEMS scanner. The profile of the reflected focal line is measured for
three positions of the MEMS platform: actuating voltages of 0 V (unactuated), 40 V, and 60 V are
applied across the outer axis such that the lens tilts by 0°, 1°, and 2.5°, respectively [Figs. 3(d)-3(f)].
The measured FWHM of the focal lines for the three tilted positions of the lens are shown in


ftp://ftp.aip.org/epaps/apl_photonics/E-APPHD2-3-006802
ftp://ftp.aip.org/epaps/apl_photonics/E-APPHD2-3-006802
ftp://ftp.aip.org/epaps/apl_photonics/E-APPHD2-3-006802

021302-5 Roy et al. APL Photonics 3, 021302 (2018)

© Simulated data Measu,ed
-~ b |—Gaussian fit P C - -Deconvolu(ed
{ 3 3 1 .
08 s 08 a 08 Gaussian fit
2 2
= £
0.6 |
5 06 § 06 * t
£ 22.8 um £ - *&262 pm
° ° 4
04 o4 o4 [
T s 1l
E E [
02 502 502t !
z z ! i
0 0 0 _—_A.J_A.g
-400 -200 0 200 400 -200 -100 0 100 200 -200 -100 0 100 200
X Position (um) X Position (um) XPosition (um)

d W=0U e :‘;7 f w=7.37

/ /

$=0 $=1 $=25
0=45 8=45 8=45

° Measured h q ° Measured | ° Measured
3 g - - Deconvoluted = A - - Deconvoluted 3 - Deconvoluted
i 08 —Gaussian fit || i 0.8 ¢« | |—Gaussian fit < 0.8} .i —Gaussian fit
z z z
7] 7] ‘@
c
5 0.6 K5 ko)
£ £ £
=3 ° °
g o4 g g
© © ©
E E £
502 S S
=z z z

AR X R AT . (N 0 .
-200 -100 0 100 200 -200 -100 0 100 200 -200 -100 0 100 200
X Position (zm) X Position (um) X Position (zm)

FIG. 3. (a) Simulation: distribution of the intensity (normalized [EI?) of the reflected beam in the x-z plane at y = 0. The lens
is centered at x = 0 and the size of the lens is from —0.4 mm to 0.4 mm consisting of 374 antennas. The white dashed line
indicates the focal length. (b) Simulation: line scan of the focused beam profile at y = 0 and z = f = 5 mm along the white
dashed line. (c) Experiment: translational scan of the reflected beam intensity (normalized [EI*) measured at the center of the
focal line. [(d)—(f)] Schematic of the three experimental configurations: the MEMS scanner is actuated to move the lens by
0°, 1°, and 2.5°, respectively, while the angle of the incident illumination remains unchanged. To align with the peak of the
reflected signal, the position of the detector needs to be at 0°, 2.7°, and 7.3° respectively. [(g)—(i)] Optical profile at the focal
line of the reflected beam when the actuated lens-on-MEMS device is rotated by 0°, 1°, and 2.5°, respectively. Experimentally
measured translation scan for each of the three configurations. The FWHM:s calculated from the Gaussian fits are comparable
though the asymmetry of the central peak changes with the tilting of the platform.

Figs. 3(g)-3(i), respectively. For each position of the lens, the detector is rotated to align with the
peak intensity of the reflected light. To measure the beam profile, a translational scan is performed
across the rotated focal line position with a 30 um pinhole in 5 um steps. For the designed 0° position
of the MEMS platform, when compared to the lens on the solid substrate [Fig. 3(c)], we observe an
increase in FWHM. This is attributed to the non-flatness of the lens when released from the solid
substrate. Another factor is that when the device plane is rotated, the incident angle is no longer the
same as the designed angle (45°), and hence it introduces phase errors affecting the focusing perfor-
mance. However, tilting the MEMS integrated lens up to 2.5° preserves the focused beam profile in
general as well as the measured FWHM. The simulation results and analysis are further summarized
in Fig. S5 of the supplementary material. For dynamic coma correction, one would rotate the device
plane according to the change of incident angle so as to keep the incident angle constant.

In order to quantify the effect of the surface curvature on the otherwise designed flat lens per-
formance, we measure the curvature of the lens-on-MEMS assembly using an optical profilometer
and simulate the performance of a cylindrical lens on top of a substrate having the same curvature
(see S6 of the supplementary material for details). The results are shown in Fig. 4. When sup-
ported by the curved substrate, the focal length of the lens increases to 8.9 mm compared to the
designed value of 5 mm, and the reflected beam path is at 0.5° compared to the designed value of 0°.
The FWHM becomes wider, 41.7 ym compared to 22.8 um as on a solid substrate, which is in
reasonable agreement with the results reported in Figs. 3(g)-3(1).
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FIG. 4. (a) Distribution of the intensity (normalized [EI?) of the reflected beam in the x-z plane at y = 0 with a curved substrate.
The white dashed line is perpendicular to the reflected beam path. (b) Simulated line scan of the focused beam profile along
the white dashed line.

IV. CONCLUSION

In summary, we have presented a MEMS-integrated metasurface lens. The device can be electri-
cally controlled to vary the 2D angular rotation of a flat lens and hence the position of the focal spot by
several degrees. This proof-of-concept integration of metasurface-based flat lenses with 2D MEMS
scanners can be extended to the visible and other parts of the electromagnetic spectrum implying the
potential for application across wider fields, such as MEMS-based microscope systems, holographic
and projection imaging, LIDAR scanners, laser printing, and so on. Dense integration of thousands of
individually controlled lens-on-MEMS devices onto a single silicon chip would lead to the creation
of a new type of reconfigurable fast digital Spatial Light Modulator>® that would allow an unprece-
dented degree of control and manipulation of the optical field. Moreover, each metasurface element
could be made reconfigurable by integrating with more complicated MEMS designs, such as recent
demonstrations involving MEMS cantilevers as unit cells.>*2°

SUPPLEMENTARY MATERIAL

See supplementary material for more details on the fabrication and characterization of the MEMS
devices and metasurfaces described in this work.
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