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Tunable focusing is a desired property in a wide range of
optical imaging and sensing technologies but has tended
to require bulky components that cannot be integrated on-
chip and have slow actuation speeds. Recently, integration
of metasurfaces into electrostatic micro-electromechanical
system (MEMS) architectures has shown potential to over-
come these challenges but has offered limited out-of-plane
displacement range while requiring large voltages. We
demonstrate for the first time, to the best of our knowledge,
a movable metasurface lens actuated by integrated thin-film
PZT MEMS, which has the advantage of offering large dis-
placements at low voltages. An out-of-plane displacement
of a metasurface in the range of 7.2 pm is demonstrated
under a voltage application of 23 V. This is roughly twice the
displacement at a quarter of the voltage of state of the art
electrostatic out-of-plane actuation of metasurfaces. Using
this tunability, we demonstrate a varifocal lens doublet with
afocal shift of the order of 250 m at the wavelength 1.55 yum.
The thin-film PZT MEMS-metasurface is a promising plat-
form for miniaturized varifocal components.
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The ability to vary the focal length of a lens allows for optical
probing or imaging at different spatial depths. Such varifocal
lenses are therefore important components in a wide variety
of optical sensor and imaging technologies. Varifocal lenses
have however tended to be bulky, slow, and power intensive
owing to the use of bulky refractive (curved) lenses and step-
per motors for their realization. For an increasing number of
applications, however, the need for dramatically miniaturized
optical components is paramount: e.g., in vivo medical diagnos-
tics for personalized medicine, drone-based sensing and imaging
(e.g., for environmental monitoring), and wearable devices
(e.g., augmented reality (AR) glasses, smart watches, cellular
phones).

Planar lens technologies, such as diffractive optical elements
(DOEs) and recently metasurfaces, offer a route towards minia-
turizing lenses. The added light control in the latter platform
enables further miniaturization by including multiple optical
functions in a single metasurface [1]. Miniaturization on the
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system level can be achieved by making the optical functions
of the metasurfaces actively tunable, towards which a lot of
research is currently directed.

Tunability of the metasurface structure has, for instance, been
demonstrated through the use of liquid crystals, phase-change
materials, and two-dimensional materials [2]. Another route has
been to use mechanical actuation such as stretching elastomeric
substrates [3], and also the use of electrostatic MEMS actuation
[4-7]. The latter has the advantage of fast actuation with the pos-
sibility of monolithic integration into standard silicon MEMS
process lines.

Electrostatic MEMS has recently been used to demonstrate
metasurface varifocal components relying on the relative dis-
placement of lenses along the optical axis in [4] and orthogonal
to the optical axis in the realization of an Alvarez lens in [5].
For the former, large focal length tunability requires large out-of-
plane displacement: using electrostatic actuation, a displacement
of the order of 3 um is achieved by the application of approxi-
mately 80 V [4]. We have recently demonstrated an alternative
to electrostatic actuation on metasurfaces: the use of thin-film
piezoelectric PZT MEMS actuation for the displacement of a
metasurface in which small movements are used to modulate
gap surface plasmon resonances [8]. In this Letter, we demon-
strate that thin-film PZT MEMS can also be used for large
range displacement of metasurfaces, relevant for varifocal lens
applications at low voltage. Roughly twice the out-of-plane dis-
placement of a dielectric metasurface (of the order of 7.2 um)
is achieved compared with that previously reported in [4] at a
quarter of the voltage. We use this capability to demonstrate a
focal shift of 250 um in a proof-of-concept demo.

Achieving effective long range displacement is important for
a wide range of micro-optical applications. Non-resonant elec-
trostatic MEMS achieves a limited displacement range despite
requiring large voltages. Piezoelectric thin films, however, have
the advantage of high displacement range at low voltages [9].
Stroke lengths of several tens of micrometers have been demon-
strated for piezoelectric cantilevers at voltages below 20 V [10].
A drawback of piezo-electric actuation, however, is the presence
of hysteresis. Hysteresis can be handled by implementing feed-
back mechanisms for fine control of the displacement, and the
effect of hysteresis can be reduced by poling [11].

Figure 1 displays a thin-film PZT MEMS device with a sus-
pended metasurface on a square silicon chip at its center. The
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Fig. 1. (a) Metasurface on square silicon chip suspended in a
thin-film PZT MEMS-actuated ring. (b) SEM image of part of the
metasurface structure located at the center of the suspended silicon
chip. The scale bar represents 1 pwm.

visible gold ring is a stack consisting of electrodes placed on top
of a PZT membrane and a bottom electrode. Voltage applica-
tion over the PZT membrane causes it to mechanically deform,
moving the center silicon chip. The ring is segmented into two
concentric groups of electrodes (three in each ring, six in total).
If either all inner or all outer electrodes are actuated, the center
chip moves in or out like a piston. The principle of operation is
described in greater detail in [11], where a similar device is used
to make a micromirror that can be operated in tip-tilt as well as
in piston mode. The MEMS is designed to have a switching
speed of approximately 4 kHz when actuating a 3-mm disc of
400-um silicon thickness. Thin-film piezoelectric MEMS has
been shown to survive more than 10" cycles at full 20 V of AC
cycles for standard operating conditions (23°C, 35% relative
humidity), drifting by 10% during its lifetime [12].

To measure the displacement range of the thin-film PZT
MEMS metasurface lens (or metalens), a height map was taken
for different actuation positions by use of white-light interferom-
etry. Figure 2(a) presents cross-sectional height profiles taken
along the line shown in Fig. 2(b). The central horizontal lines
represent the square silicon chip on which the metasurface is
placed. Surrounding this planar region is some topography cor-
responding to the PZT membranes covered by electrodes. The
mechanical shifting of these upon applying voltages is observed.
Outside the membranes is the silicon chip to which the mem-
branes are anchored. By alternating the application of 23 V to
the outer and inner electrodes, the central chip is displaced by
7.2 pm vertically, while retaining a high degree of planarity
throughout the movement. The uncertainty of the measurement
is less than 1%.

The metalenses consist of silicon rectangular pillars, as shown
in Fig. 1(b). The structures have lateral dimensions of 240 nm
% 330 nm, height 1050 nm, and periodicity of 835 nm. The lens
dimensions are 300 pm X 300 um and are placed on a silicon
substrate of thickness 500 pm.

The geometrical phase principle is used for pointwise imple-
mentation of a lens phase function, working on circular polar-
ization states of light [13,14]. The operation T of the metalens
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Fig. 2. (a) Cross-sectional height profile of MEMS metalens
along the line shown in the inset (b) measured by white-light inter-
ferometry. The height of the suspended chip with metasurface is
changed between three actuation states. It is at its lowest position
when 23 V is applied to the set of innermost electrodes due to the
PZT membrane pulling the ring downwards. The highest position
is achieved when 23 V is applied to the outermost electrodes due to
the PZT membrane drawing the ring upwards. When no voltage is
applied, an intermediate position is attained. A displacement range
of 7.2 um is observed, and a high degree of planarity is throughout
the movement.

on right (|R)) and left (|L)) circular polarized light, places the
transmitted light in a superposition of circular polarization states
according to

TIR) = Bexp(i2a)|L) + A|R), (1)
TIL) = A|L) + Bexp(~i2a)|R). (2)

For a suitable design of the metastructure, one can achieve full
cross-polarization (JA]* — Oand |B|*> — 1). The resulting cross-
polarized field has attained a phase 2a, where @ can be shown
to equal the rotation angle of the rectangular pillars [such rota-
tions can be seen in Fig. 1(b)]. The rotation a(r) is therefore
varied pointwise over the radius r of the metalens to impose the
desired phase. The dimensions of the metasurface structure have
been chosen to realize efficient cross-polarization for the target
wavelength of 4 = 1.55 pum.

Figure 3(c) displays a simple thin-lens model for two lenses
with identical individual focal lengths f,, separated by an
interlens separation of L =L;+ 6, where § represents the
displacement modulation which can be achieved by MEMS
actuation and L, is separation when no actuation is applied.
Incoming collimated light through the first lens is focused at the
focal point f,,, i.e., a distance L — f,, away from the second lens.
Using the thin-lens equation (paraxial assumption), one finds
that after passing the second lens, the light is then focused to an
effective focal point a distance

m(L _ﬁn)

=" 3)

away from the second lens. Figure 3(a) plots the effective focal
length (EFL) f, against interlens separation L assuming that
the focal distances of the metalenses are f,, = 215 um. Choosing
a nominal distance L, close to the asymptote L = 2f,, ensures a
large change in EFL [A in Fig. 3(c)] upon MEMS displacement .
To realize this lens doublet, two identical metasurfaces are
placed facing each other with their silicon substrates directed
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Effective focal length of varifocal lens (f1 =215pum, f, =215pm).
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Fig. 3. (a) Effective focal length (EFL) versus the interlens sepa-
ration of two thin lenses with identical focal lengths under thin-lens
paraxial assumptions. The EFL is defined as the optical path from
the second lens to the focus point, as illustrated in panel (c). Dashed
lines represent the asymptotes of the curve, which are related to
the focal lengths of the individual lenses f,,. The horizontal yellow
band represents the measured shift in EFL from the experimen-
tal demonstration. The vertical blue band represents the measured
displacement range 7.2 pum arbitrarily placed to intersect with the
yellow band and f,,;, since we have not measured the interlens sep-
aration independently. (b) Magnified plot: it is observed that the
MEMS displacement is slightly larger than that anticipated from
the simple model. (c) Sketch of the varifocal setup: modulating the
interlens spacing by ¢ leads to a shift of the EFL by A.
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Fig. 4. Tuning the effective focal length of the metasurface lens
doublet by MEMS actuation. (a) Imaging focal point when the
MEMS metasurface lens is displaced to its highest position by
applying 23 V to the outer electrode of the MEMS chip. (b) Defo-
cusing occurs upon displacing the metasurface lens to its lowest
position by applying 23 V to the inner electrodes. (c) Focus is
regained by moving the objective lens 250 pm away from lens dou-
blet. This indicates that the focal point shifts by the same amount
upon MEMS actuation. (d) Schematic of the optical setup.

away from each other, as shown in Fig. 4(d). The metasurface
to the left is MEMS displaced, whereas the other is stati-
cally held in place at a nominal distance L, from the first.
The incident light on the first metasurface is right circularly
polarized |R). According to Eq. (1), by transmission through
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the first metalens, the pointwise phase 2a,(r) is applied to the
cross-polarized light yielding: exp(i2a,(r))|L) (assuming the
metasurfaces are efficient, i.e., [B]> — 1). Consecutive transmis-
sion through the second lens then according to Eq. (2) similarly
leads to phase application to the cross-polarized counterpart
yielding exp(i2[a,(r) — a,(7))|R). Since the second metalens is
identical but flipped relative to the first, the phase functions are
equal apart from a sign change @,(r) = —a,(r). Upon transmis-
sion through both metalenses, the twice cross-polarized light has
therefore experienced the same phase application a,(r) twice.
The lens doublet described above and in Fig. 3 is therefore imple-
mented when a,(r) is chosen to represent the phase function of
a positive lens of focal length f,, = 215um.

To measure the focal tuning of the metalens doublet, a setup
as that sketched in Fig. 4(d) is used. A 1.55-um fiber-laser is col-
limated and then reflected twice on tiltable mirrors with a left
circular polarizing filter (CPL) in between them. This places
the light in a right circular polarization state before passing
through the metasurface doublet (the second mirror mirrors the
left circular polarization state transmitted from the CPL). The
first metalens (MEMS-MS) is MEMS actuated. The resulting
focal point after the second metasurface (MS) is imaged using a
%20 infinity corrected objective, a tube lens, and an IR-camera.
Between the objective and the tube lens is placed a right circular
polarizing filter (CPR). The objective is attached to a transla-
tion stage which is moved by a micro-screw, allowing for fine
movements.

Figures 4(a) and 4(b) show the respective focusing and defo-
cusing caused by displacing the first metalens by PZT MEMS
actuation. At focus/defocus, 23 V are applied to the outer/inner
electrodes of the PZT membrane. The focal shift of approxi-
mately 250 pm + 30 pm is measured by defocusing the lens
and then measuring the distance the objective must be moved
to regain focus (using the micro-screw on the translation stage).
This is almost 35 times the MEMS displacement of 7.2 pm
measured in Fig. 2 (although this was measured on a separate
MEMS-chip of the same design).

The EFL is found by first imaging the focal point, and then
measuring the distance the objective must be moved to image the
second metasurface. This gives the focal lengths f,,r = 1.95 mm
and fi,er = 1.70 mm, corresponding to the EFLs when the outer
and inner electrodes of the MEMS are actuated, respectively.
Note that these values correspond to the optical path length,
in which refraction through the silicon substrate is taken into
account. This is the relevant quantity for comparing with the
thin-lens model by Eq. (3). The physical path length from the
second metasurface to the focus points can be found by adding
a (paraxial) correction factor of #(1 — 1/ng;) ~ 0.36 mm to f,y.r
and fi,.r, Where t = 500 um is the silicon substrate thickness and
ng; ~ 3.5 is the refractive index. The change in optical power,
calculated from fyye; and fiper, is 75 m™".

In Figs. 3(a) and 3(b), the measured focal shift is represented
by the yellow horizontal band in the plot, and the measured PZT
MEMS displacement range is represented by the blue vertical
band. The latter is arbitrarily placed to intersect with the yellow
band and the solid curve (the exact interspacing between the
metalenses has not been measured directly). Given the simplicity
of the thin-lens model, acceptable qualitative correspondence is
observed.

The moveable MEMS component is fabricated by micro-
structuring of a silicon on insulator (SOI) wafer with thin-film
PZT in similar steps to those described in [11] for the fabrication
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of a MEMS micro-mirror using the same architecture. For the
MEMS component in this work, however, the central part (the
mirror element) has been removed while leaving a thin ledge
around the opening. This makes it possible to mount a metalens
on a silicon ledge inside the moveable part, while at the same
time achieving good alignment and planarity.

The metasurface is fabricated using UV-nanoimprint lithogra-
phy (NIL) to first pattern a resist mask (Microresist mr-NIL210-
200 nm) consisting of rectangular bricks on a silicon wafer.
Subsequent dry etching was performed in a Rapier Si DRIE
process module by SPTS, Newport, UK. The residual layer of
the imprinted resist was first removed by ion bombardment in
a continuous, directional etch with a pure Ar plasma. Finally, a
Bosch deep reactive ion etching (DRIE) step was used to etch
the silicon rectangular pillars down to a depth of approximately
1 wm. For more information on UV-NIL and Bosch DRIE, con-
sider [15,16]. To insert a metasurface lens into the ring of the
MEMS actuator, the metasurfaces were diced into chips of 2.3
mm X 2.3 mm and carefully glued into place on the ledge.
This manual and tedious process of fastening the metasurface
to the MEMS actuator can be avoided by subsequent develop-
ment for integrating the NIL patterning process into the MEMS
fabrication process.

The MEMS chip with a suspended metasurface chip was then
glued to a print circuit board (PCB) card and wirebonded. A con-
troller card was then used to assign voltages to the six electrodes
through the PCB.

While the current MEMS chip offers large displacement
relative to the current state of the art [4], designs that offer sig-
nificantly higher displacement are also possible. However, there
is a tradeoff between long displacement range and high switch-
ing speed. Diffraction limited focusing was not attained due to
the phase functions being Zemax optimized for a different lens
doublet configuration. Optimized phase-functions should give
diffraction limited focusing [15,16].

The measured change in optical power in our setup is lower
than that reported in the MEMS metasurface varifocal doublet
demonstrations in [4]: while we have measured 75 m™', an opti-
cal power change of more than 180 m™' has been reported in [4].
According to the simple model in Eq. (3) shown in Fig. 3(a), a
larger change in optical focusing power than measured may be
expected in our setup for an interlens spacing close to the vertical
asymptote: of the order of 151 m™" may be achieved when the
interlens spacing is modulated within L € [430,437.2]. This is
however still less than previously reported. An important reason
for the lower optical power change in our measurement is the
design choice of the focal length of the metasurfaces used here.
In [4], the individual metalenses have focal lengths 120 pm and
—130 um, while our metalenses have focal lengths of approx-
imately 215 um. Equation (3) predicts that if we had adopted
Jw =120 pm in our setup, we could expect a change in optical
power of the order of 472 m™! for interlens modulation between

Letter

L € [240 um, 247.2 um]. The main reason that this predicted
value is larger than that reported in [4] is due to the fact that
our MEMS component achieves roughly twice the out-of-plane
displacement.

We have demonstrated for the first time use of integrated thin-
film piezoelectric PZT for displacement of a dielectric metalens.
Using PZT actuation allows for out-of-plane displacements of
7.2 um with a voltage application of 23 V. This is roughly twice
the displacement at a quarter of the voltage application used in
the state of the art electrostatic MEMS varifocal metalens. Our
MEMS-metasurface component has been used to demonstrate
a proof-of-concept varifocal setup with effective focal length
tunability of approximately 250 pum.
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