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ABSTRACT: Optical metasurfaces have been extensively investigated,
demonstrating diverse and multiple functionalities with complete control
over the transmitted and reflected fields. Most optical metasurfaces are,
however, static, with only a few configurations offering (rather limited)
electrical control, thereby jeopardizing their application prospects in
emerging flat optics technologies. Here, we suggest an approach to realize
electrically tunable optical metasurfaces, demonstrating dynamic Fresnel
lens focusing. The active Fresnel lens (AFL) exploits the electro-optic
Pockels effect in a 300 nm thick lithium niobate layer sandwiched
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between a continuous thick and a nanostructured gold film serving as

electrodes. We fabricate and characterize the AFL, focusing 800—900 nm radiation at a distance of 40 um, with the focusing
efficiency of 15%, and demonstrating the modulation depth of 1.5%, with the driving voltage of +10 V within the bandwidth of ~6.4
MHz. We believe that the electro-optic metasurface concept introduced is useful for designing dynamic flat optics components.
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O ver the past decade, optical metasurfaces, representing
nm-thin planar arrays of resonant subwavelength
elements, have been extensively investigated, demonstrating
diverse and multiple functionalities that make use of the
available complete control over the transmitted and reflected
fields.'~* This progress led to the realization of numerous flat
optical components in concert with the current trend of
miniaturization in photonics. Large flexibility in the design of
optical metasurfaces enabled numerous demonstrations of
various functionalities, including beam—steering,s_7 optical
holograms,”™" and planar lenses."'~"* Most of the developed
optical metasurfaces are however static, featuring well-defined
optical responses determined by the configuration of material
and geometrical parameters that are chosen by design and set
in the process of fabrication. Realization of dynamic
metasurfaces faces formidable challenges associated with the
circumstance that metasurfaces are fundamentally very thin,
that is, of subwavelength thickness, thereby severely limiting
the interaction length available. Efficient tunability can be
achieved through material property (phase) transitions or
structural reconfigurations that result in very large refractive
index changes, but these effects are inherently slow.'*™"” The
speed limitations jeopardize the application prospects in
emerging technologies, such as light detection and ranging
(LIDAR) and computational imaging and sensing.'*"”

The electro-optic Pockels effect enables fast electrically
controlled modulation of material properties in several active
media, for example, lithium niobate (LN), electro-optic
polymers, or aluminum nitride.”*">* Especially LN offers an
attractive platform, due to its large electro-optic coeflicients
(r33 = 31.45pm/V), preserved also at elevated temperatures
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due to a very large Curie temperature (~1200°C), superb
chemical and mechanical stability resulting in long-term
reliabilitz, and wide optical transparency range (0.35—
4.5 um).”> The aforementioned limitations in the available
interaction length makes, however, exploiting comparatively
weak electro-optic material effects problematic, resulting in
rather weak tunability and modulation efficiency.”"**

We introduce in this work an approach to realize electrically
tunable optical metasurfaces by utilizing the electro-optic effect
in a thin LN layer sandwiched between a continuous thick
bottom and nanostructured top gold film serving as electrodes.
Our approach is based on electrically tuning the light
reflectivity near a high-fidelity Fabry—Perot resonance. This
concept is implemented in dynamic (electrically controlled)
Fresnel lens focusing. By conducting detailed numerical
simulations and experiments for a 300 nm thick LN layer,
we demonstrate that the active Fresnel lens (AFL) exhibits
tunable focusing and modulation in reflection at near-infrared
wavelengths. The fabricated AFL is found to exhibit focusing
of 800—900 nm radiation at the distance of 40 um with the
focusing efficiency of 15% and modulation depth of 1.5% (for
the driving voltage of +£10V) within the bandwidth of ~6.4
MHz. We believe that the introduced electro-optic metasurface
concept is useful for designing dynamic flat optics components.
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B RESULTS AND DISCUSSION

Figure 1 shows schematics of the proposed structure consisting
of semitransparent gold rings deposited on a continuous )y ~
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Figure 1. Schematics of the designed active Fresnel lens (AFL). (a)
Three dimensional rendering of the zone plate showing focusing of
the incident light under an applied voltage. (b) Cross section sketch
displaying a semitransparent gold ring deposited on a lithium niobate
thin film, adhered to a gold back-reflector by a thin chromium
adhesive layer.

300 nm z-cut LN thin film, adhered to a 300 nm optically thick
gold back-reflector by a 10 nm chromium adhesive layer. The
areas covered by semitransparent gold constitute Fabry—Perot
resonators, whose resonances determine the operation wave-
length of the device. The two-dimensional (2D) Fresnel lenses
allow polarization-independent focusing, due to their radial
symmetry. For simplicity the polarization is set to be along the
x-direction, denoted TM polarization. In the design of a
Fresnel lens, the relation between wavelength, focal length, and
A mAf + imzﬂz, where 4 is
the wavelength of light to be focused, f is the focal length, m is
an integer describing the zones, and r,, is the radius of the m™
zone. The focal length is a key parameter in the design of a
zone plate, and to realize a tight focal spot, a focal length of
40 um is selected in combination with a wavelength range of
800—900 nm and a total of mr, = 19 zones. This results in a

lens dimension is given by r,, =

total zone plate radius of r;g =~ 26 ym, and a minimum zone
width of Arjg =~ 0.75 um.

The concentric gold rings and the gold back-reflector can
serve as integrated metal electrodes for electro-optic tuning of
the Fresnel lens (Figure 1). The concentric rings of the Fresnel
lens are electrically connected by a 2 ym wide wire (Figure 1a).
Applying a voltage across the gold rings and the bottom back-
reflector electrode generates an electric field in the sandwiched
LN thin film, which induces a change of the refractive index
due to the Pockels effect. This shifts the resonance position of
the Fabry—Perot resonators, thus, giving rise to electrical
tunability of the light reflectivity. With the Fabry—Perot optical
mode propagating along the z-direction, the optical electric
field component effectively influencing the Fabry—Perot
resonance is in the x-direction, thus the relevant electro-optic
Pockels coefficient is r,3 = 10.12 pm/V.”® The induced change

. . . . . r 3V .
in refractive index is given by |An| ~ Ené;, where r is the

relevant Pockels coefficient, n is the refractive index, V is the
applied voltage, and d is the distance across which the voltage
is applied.”® To realize an effective AFL, the modulation and
reflective properties of the Fabry—Perot resonators are
investigated to determine the optimal thickness of the top
concentric gold rings, leading to the choice of using a thickness
of t, = 15nm (see Supporting Information, section 1).

An important characteristic of a focusing element is the
focusing efficiency, describing the amount of incident light that
is directed to the designed focal spot. Another equally
important characteristic when discussing active optical
components is the modulation efficiency (calculated as 1 —
(i (ML (D)), where 1I;,(A)l and I, (A)| are the
minimum and maximum achievable intensity at the focal
spot for a given wavelength, respectively27) , namely, the ability
to modulate the device performance by applying an external
voltage. In this work, we optimize the design to achieve the
highest possible modulation efficiency. Given the previously
mentioned design parameters, the only parameter left to
optimize is the design wavelength, which for optimal
modulation is determined by calculating the focusing and
modulation efficiency as a function of design wavelength,
meaning that the zone plate design is adjusted at each iteration
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Figure 2. Calculated performance of the AFL. (a) Calculated focusing efficiency (left axis) as a function of wavelength without an applied
modulation voltage, and variation in focusing efficiency (right axis) when applying a DC modulation voltage of +10 V. (b) Calculated modulation
of the focusing efficiency as a function of wavelength, when applying a DC modulation voltage of +£10V (c) Calculated x-component of the
scattered field above an AFL with a designed focal length of 40 ym at an incident wavelength of 815 nm for a DC modulation voltage of —10V.
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Figure 3. Experimental characterization of the focusing effect of the AFL. (a) Scanning electron microscopy image of the fabricated AFL. (b, c)
Verification of the (b) electrical and (c) spectral tunability of the focal spot intensity as a function of DC modulation voltage for a wavelength of
865 nm and of wavelength for a DC modulation voltage of —10V, respectively. The shaded error region represents the linearly interpolated
standard deviation of the mean deduced from repeated measurements. (d, e) Optical images in planes A and B (Supporting Information, Figure
S4) when the incident light of wavelength 865 nm illuminate (d) flat unstructured gold and (e) the fabricated AFL, respectively.
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Figure 4. Experimental characterization of the modulation performance of the AFL. (a) Intensity in the focal spot, measured with the
photodetector (PD), as a function of time for a wavelength of 865 nm, while the modulation voltage is cycled between —5 and S V, indicated by
gray and white backgrounds, respectively. (b) Measured modulation efficiency of the intensity in the focal spot as a function of wavelength for a
modulation voltage of 10V at a frequency of 3 kHz. The shaded error region represents the linearly interpolated estimated standard deviation of
the mean. (c) Measured modulation efficiency as a function of modulation voltage for a wavelength of 865 nm at a frequency of 3 kHz. Indicated
voltages represent amplitudes of the applied signal. The shaded error region represents the linearly interpolated estimated standard deviation of the
mean. (d) Measured frequency response as a function of applied RF signal frequency, normalized to the lowest applied frequency, at a wavelength
of 865 nm. The dashed line marks —3 dB, and the blue line represents the response of a first order low pass filter with a cutoff frequency of 6.5
MHz, which is calculated as the cutoff of the macroscopic electrodes. Error bars are in the order of data point sizes.
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of the wavelength (Supporting Information, Figure S3).
Simulations show that the focusing efficiency increases
significantly from ~3 to ~20% in the investigated wavelength
range (see Supporting Information, section 2). The design
wavelength is chosen to be at the point of maximum
modulation efficiency, thus, 4y = 815 nm. Similar simulations
are performed for varying incident wavelengths, but with a
constant lens design (Figure 2). The performance is equivalent
in the vicinity of the design wavelength, and the most
significant distinction is for the focusing efficiency at longer
wavelengths, where the performance loss due to mismatch
between the incident and design wavelengths overcomes the
otherwise increasing focusing efficiency. The largest differences
in focusing efficiencies are observed at the part of steepest
slope. The shape of the curve for modulation efficiency
resembles those for difference in focusing efficiencies, only
slightly blue-shifted, because the modulation efficiency is
calculated based on the difference relative to the unmodulated
signal. Note that variations in the refractive index due to the
electro-optic Pockels effect are very small and linear.
Therefore, changes in the focusing efficiency and thus the
modulation efficiency are proportional to the applied voltage
within the considered voltage range and can be deduced from
the results specified at +10 V. Figure 2c shows a scattered field
simulation of the investigated AFL at the design wavelength
illustrating the focusing ability.

After thorough numerical investigations of the AFL
performance, we move on to experimental characterization.
An AFL with the chosen design parameters was fabricated
using the standard technological procedure based on electron-
beam lithography (see Methods). A scanning electron
microscopy image of the AFL is shown in Figure 3a, showing
regular concentric circles without significant fabrication
defects. Due to the expected short focal length of the AFL
and the relatively low focusing efficiency, it proved difficult to
characterize the focusing effect usin§ a conventional imaging
setup with near-parallel illumination, ' because the focal point
will be difficult to distinguish from the interference pattern
between incident and normally reflected light from the sample.
However, it is possible to verify the focusing effect and
determine the focal length by shifting the sample away from
the objective from the plane which resulted in a tight focal spot
under illumination of flat unstructured gold (plane A in
Supporting Information, Figure S4) into the plane where the
reflected light from the AFL is tightly focused (plane B in
Supporting Information, Figure $4).'® It is deducible from
geometrical optics that the distance between these planes is
equivalent to twice the focal length. This approach of
positioning the sample in planes A and B for radiation
incident on flat unstructured gold and the fabricated AFL
produces optical images as shown in Figure 3d,e, respectively,
clearly demonstrating the focusing ability.

Experimental characterization of the Fabry—Perot modu-
lator shows a measured thickness of the LN thin film of 323
nm (see Supporting Information, section 1). This corresponds
to a deviation of ~7.5% of the nominal thickness, which results
in a shift in resonant wavelength of approximately 50 nm. For
this reason we see a new wavelength for highest modulation of
865 nm (Figure 4b), which is used as the central wavelength
for experimental characterization. This is expected to result in a
decrease in performance, as the lens is designed for a
wavelength of 815 nm. The measured focal length is f = (40
+ 2) um. Focusing efficiency is investigated as a function of
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modulation voltage and wavelength (Figure 3b,c). The
measured and calculated values are not directly comparable
as the simulations are for a 2D model. However, the
simulations provide trends in the performance for varying
voltage and wavelength, which are comparable to the
experiments. As is shown by simulations (Figure 2a), applying
a negative (positive) bias results in an increase (decrease) in
focusing efficiency, which is verified by experiments (Figure
3b). Similarly, the evolution of focusing efficiency with
wavelength (Figure 3c) follows that shown by simulations
(Figure 2a).

So far, we have characterized the focusing abilities of the
AFL, and now we move on to characterize the modulation
properties of the intensity in the focal spot (see Methods). The
ability to modulate the focal point intensity is visualized by
applying an electrical square signal alternating between +5V.
Measured response of the AFL at an electrical frequency of 3
kHz shows the dynamic modulation of focusing versus time
and demonstrates as previously stated that a negative bias leads
to an increase in focusing efficiency (Figure 4a). Modulation
efficiency is measured at a driving voltage of +10V for the
wavelength range of 800—910 nm (Figure 4b). The maximum
modulation efficiency of 1.5% is measured at a wavelength of
865nm, and the measured dispersion of the modulation
efficiency is in agreement with the simulated wavelength
dependence (Figure 2b). The modulation efficiency can be
improved by selecting materials with larger electro-optic
coeflicients, such as electro-optic polymers and barium titanate
offering electro-optic Pockels coefficients on the order of r3; >
100 pm/V.Zg’g’O However, both materials suffer from relatively
low thermal stability with structural phase transitions occurring
at temperatures around 100 °C. As previously stated, the
linear electro-optic Pockels effect results in proportionality in
our case when applying reasonable voltages. This proportion-
ality extends to the modulation efficiency, which will increase
proportionally for reasonable increases in the electro-optic
Pockels coefficient. A linear relation is expected between
modulation efficiency and voltage due to the previously stated
formula for induced refractive index change, and the resulting
shift in the wavelength of Fabry—Perot resonance. This
relation is verified by experimental characterization (Figure
4c). The electro-optic frequency response is characterized from
10kHz to 7 MHz (Figure 4d). The device frequency response
exhibits an increase in performance for larger signal frequency
before abruptly dropping, resulting in a —3 dB cutoff frequency
of 6.4 MHz. Frequency response fluctuations might be
attributed to piezoelectric resonances in LN, and the
accompanied variations of the permittivity and the electro-
optic activity in LN when the crystal strain becomes unable to
follow the external electric field (clamped crystal re-
sponse).””*>?" The capacitance of the device is measured to
be 0.49 nF, and assuming a S0 Q resistive load (f = 1/[22RC]),
the calculated —3 dB cutoff frequency is 6.5 MHz, which is
indicated by a first order low pass filter response (blue line of
Figure 4d), intersecting the measured data at the —3 dB line.
Disregarding the macroscopic electrodes and electrical wiring
and using a simple parallel plate capacitor formula, the
capacitance of the device is calculated to be 0.83 pF, resulting
in a cutoff frequency of 3.8 GHz, which is easily supported by
the fast electro-optic Pockels effect. Thus, the electrical
bandwidth can be considerably improved by optimizing the
electrode configuration and limiting the bottom electrode to a
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circular area corresponding to the size of and located just
below the patterned Fresnel lens.

B CONCLUSION

In summary, we have presented and experimentally inves-
tigated an approach to realize a flat electrically tunable Fresnel
lens by utilizing the electro-optic effect in a thin lithium
niobate layer sandwiched between a continuous thick bottom
and nanostructured top gold film serving as electrodes. We
have designed, fabricated and characterized the active Fresnel
lens that exhibits focusing of 800—900 nm radiation at the
distance of 40 ym with the focusing efficiency of 15% and
modulation depth of 1.5% for the driving voltage of 10V
within the bandwidth of 6.4 MHz. It should be noted that the
modulation efficiency can significantly be improved by using a
high-quality top gold film with the optimal thickness of 12 nm
(see Supporting Information, section 1), as the currently used
15 nm thin gold film is likely to be inhomogeneous (island-
like). Furthermore, redesigning the bottom electrode can
considerably improve the electrical bandwidth reaching the
GHz range as discussed above. In comparison with other
electrically tunable thin lenses,'””'” the configuration
presented here is attractive due to its simplicity in design
and fabrication and inherently fast electro-optic response (see
Supporting Information, section 4). Overall, we believe the
introduced electro-optic metasurface concept is useful for
designing dynamic, electrically tunable flat optics components.

B METHODS

Modeling. Simulations are performed in the commercially
available finite element software COMSOL Multiphysics, ver.
5.5. Fabry—Perot modulators and Fresnel lenses are modeled
to determine reflectivity and focusing properties. All
simulations are performed for 2D models due to computa-
tional restraints. In all setups, the incident wave is a plane wave
traveling downward, normal to the sample. Interpolated
experimental values are used for the permittivity of gold,”
LN,** and chromium,** and the medium above the sample is
air. For the simulation of the Fabry—Perot modulators,
periodic boundary conditions are applied on both sides of
the cell, while the top and bottom boundaries are truncated by
ports to minimize reflections. The top port, positioned a
distance of one wavelength from the top electrode, handles
wave excitation and measures a complex reflection coeflicient.
For the simulation of the AFL, periodic boundary conditions
are applied on one side, so it is only necessary to model half
the zone plate. All other boundaries are truncated by scattering
boundary conditions, also to eliminate reflections. Focusing
efficiency is determined by integrating the reflected power over
an area corresponding to twice the beam waist of a Gaussian
beam focused at the focal point and dividing by the incident
optical power.

Fabrication. Fabrication of the AFL is done using a
combination of nanostenciling and electron beam lithography
and lift-off. A substrate with the following custom material
stack is obtained: LN substrate, 3 um of SiO,, 30nm of
chromium, 300 nm of gold, 10 nm of chromium, and a 300 nm
thin film of LN (NANOLN). Initially, macroscopic electrodes
are deposited by thermal evaporation of 3 nm titanium and 50
nm gold through a shadow mask. Subsequently, ~200 nm of
PMMA 950 K A4 is spin-coated, and the Fresnel zones and
modulator squares are exposed at 30kV using electron beam
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lithography. Alignment between the macroscopic electrodes
and optical devices is performed manually. After development,
the devices are formulated by thermal evaporation of 1 nm
titanium and 15 nm gold followed by lift-off in acetone. The
fabricated modulator squares are 100 ym X 100 ym, and the
AFL has a radius of 26.1 yum and consists of 19 zones, with
even zones formed by gold deposition.

Electro-Optical Characterization. During fabrication, the
concentric rings are interfaced to macroscopic electrodes. For
electro-optical characterization, the sample is mounted on a
homemade sample holder, that connects to the macroscopic
top electrode, and electrical connection to the bottom
electrode is obtained by applying a conductive paste on the
edge of the sample. The incident light is a low power,
continuous-wave laser beam from a tunable laser, which is
focused by a 50X objective to form a tightly focused spot in
plane A (Supporting Information, Figure S4) on flat
unstructured gold. The reflected light is collected by the
same objective, separated from the incident light by a beam
splitter and viewed on a camera. Focusing efficiency is
determined as the ratio of focused light from the device
viewed in plane B to the amount of reflected light on flat
unstructured gold viewed in plane A. For characterization of
the modulation properties, the focal spot is manually isolated
with an iris and the camera is replaced with a photodetector
connected to an oscilloscope. RF modulation signals are
supplied by a function generator, and modulation of the focal
spot intensity is observed on the oscilloscope.
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1 Investigation of the Fabry-Perot modulator

The design of the proposed active Fresnel lens (AFL) requires an in-depth understanding of the Fabry-
Perot resonators constituting the active part of our device (Figure Sla). We wish to operate the
resonator around resonance to be able to tune the reflective properties. The resonance is achieved by
obtaining destructive interference between the light reflected from the bottom and top gold electrode
layers. Thus, it is necessary to match the reflected power from each layer and assure they are out of
phase. The phase change is primarily acquired through the difference in optical path length between the
two reflection channels, and it is therefore controlled by the thickness of the lithium niobate (LN) layer
and the wavelength of the incident light. The reflected power is matched by appropriately selecting
the thickness of the top gold layer. As mentioned in the main text, the thickness of the LN layer is
trny ~ 300 nm, and hence the important design parameters of the resonator are the thickness of the top
gold layer and the wavelength. An amplitude map is composed by varying the top electrode thickness
and incident wavelength (Figure S1b). A resonance is clearly visible at a wavelength of ~ 840 nm
and a thickness of ~10nm. Our work is aimed at achieving maximum modulation efficiency, which
is calculated for a DC modulation voltage of £10V, and shows a sharp maximum at a thickness of
ty = 12nm (Figure Slc). The maximum is relatively sharp due to the rather small shift of the resonance
under the applied modulation voltage. Optimizing for highest modulation efficiency, we should use a
top electrode thickness of ¢, = 12nm (Figure S1d), however this poses some problems in fabrication.
Experience shows that the minimum realizable film thickness, in order to achieve a homogeneous thin
film, is 15nm with the equipment at hand. This results in a less pronounced resonance, and thus a
reduction in achievable modulation efficiency by a factor of five (Figure Sld,e), yet reliability of the
homogeneity of the gold film is paramount for the experimental realization leading to the choice of
using a top electrode thickness of 15 nm.

After numerical investigations, we move on to experimental characterization. Using standard
electron-beam lithography and lift-off, the Fabry-Perot modulator is realized by fabricating a square
with dimensions 100 pm x 100 pm, which is connected to a macroscopic electrode by a 2 um wide stripe,
in order to establish electrical connection. A scanning electron microscopy image of the square is shown
in Figure S2a. Quantification of the modulator performance is carried out by comparison of the modu-
lation efficiency determined through both simulation and experimental characterization (Figure S2b).
An incident beam is limited to the square by an iris, and the modulation properties are measured
when applying a modulation voltage of £10V (see Methods section of the main text). The measured
data show a shifted resonance compared to the previously calculated data (Figure Sle and S2b), which
is primarily due to variation in the thickness of the LN thin film. Based on the measured data, an
adjusted thickness of 323 nm is determined by matching the spectral position of the resonance. The

obtained results show good correspondence between the shapes of the curves, although the measured
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Figure S1: Calculated performance of a Fabry-Perot modulator. (a) Cross section sketch displaying the semi-transparent
gold layer deposited on a lithium niobate thin film, adhered to a gold back-reflector by a thin chromium adhesive layer. (b)
Calculated reflection coefficient amplitude as a function of thickness of the top gold layer and wavelength of the normally
incident light. (c) Calculated modulation efficiency as a function of thickness of the top gold layer and wavelength for DC
modulation voltages of +£10V. (d,e) Plots of reflection coefficient amplitude (left axis) and modulation efficiency (right
axis) versus wavelength for a thickness of the top gold layer of (d) t; = 12nm and (e) t; = 15nm at DC modulation
voltages of £10 V.
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Figure S2: Experimental characterization of a Fabry-Perot modulator. (a) Scanning electron microscopy image of a
gold square of 100 pm x 100 pm used for characterization of the modulator. (b) Calculated and measured modulation
efficiency of the modulator as a function of wavelength for a modulation voltage of +£10V. Error bars are in the order of
data point sizes. The thickness of the lithium niobate thin film for calculation of the modulation efficiency is adjusted

to match the resonance of the measured data. This results in an adjusted thickness of 323 nm.

modulation efficiency is a factor of two lower than the calculated one. We believe these additional
losses are due to various factors, including absorption in the titanium adhesion layer or inhomogeneity

in the semitransparent gold thin film, yet we achieve significantly higher modulation efficiencies than
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those obtained with a similar structure using electro-optic polymers [1].

2 Determination of design wavelength

After having determined the optimal thickness of the top gold electrode, we wish to determine the
design wavelength leading to maximum modulation of the intensity in the focal spot. To do so,
wavelength dependence of the focusing efficiency is simulated for DC modulation voltages of 0 and
+10V for a lens design that is updated for each iteration of the wavelength (Figure S3a). A significant
increase in focusing efficiency from ~3 to ~20% is present in the investigated wavelength range, and
the largest difference in focusing efficiency, due to the applied modulation voltage, occurs at the part
of steepest slope. Comparing to Figure Sle, the maximum focusing efficiency is achieved far from the
Fabry-Perot resonance of the resonator. The reason for this is found in the phase response (Figure S3c).
Focusing from a Fresnel lens in reflection can be achieved in two ways: By eliminating reflected light
from each alternating zone, or by assuring the reflected light from alternating zones is out of phase.
We design the AFL using the first approach, thus alternating reflective and absorbing zones, because
this allows for modulation of the focal spot intensity by tuning the reflectivity of the absorbing zones.
However, this approach limits the maximum achievable focusing efficiency, as much of the incident
light is absorbed. The phase response of the Fabry-Perot resonator shows that at the wavelength of
950 nm, corresponding to maximum focusing efficiency, the incident light experiences a phase shift of
~ 180° from the resonator compared to areas without top gold electrodes, thus causing the AFL to

focus using the second approach leading to increased focusing efficiency. Investigation of the graphs
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Figure S3: Determining the optimal Fresnel lens design wavelength. (a,b) The investigated lens dimensions are updated
for each iteration of the incident wavelength. (a) Calculated focusing efficiency (left axis) as a function of wavelength for
no modulation voltage, and variation in focusing efficiency (right axis) when applying DC modulation voltages of £10V.
(b) Calculated modulation of the focusing efficiency as a function of wavelength, when applying DC modulation voltages
of £10V. (c) Investigation of the evolution of reflection coefficient amplitude and reflected phase with wavelength for

the Fabry-Perot resonator.
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(Figure S3a,b), show, however, that the maximum in focusing efficiency comes with a minimum in
modulation efficiency, thus resulting in the choice of a design wavelength of 815 nm, which points to

the largest modulation efficiency at the cost of lower focusing efficiency.

3 Electro-optical characterization of the AFL

The fabricated AFL is characterized using a setup similar to those previously used for characterizing
focusing metasurfaces (Figure S4) [2, 3]. An incident low-power continuous wave laser beam is focused
to a spot on flat unstructured gold (plane A in Figure S4) by a long working distance 50X objective.
The focusing effect of the AFL is visualized by shifting the sample a distance of 2f to the plane
where the reflected light is tightly focused (plane B in Figure S4). Reflected light is separated from
the incident light by a beam splitter and viewed on a camera or photodetector depending on which
characteristic is under investigation (see Methods section of the main text).

2f
B——A Obj (50X) BS LP Filter HWP

FC

3D stage
L >

IrS  —————

comes [

< V> Laser
-~

Osc

Figure S4: Schematic of the optical setup used for characterization of the AFL. The optical path is indicated by red
while the electrical wiring is indicated by black dashed lines. A and B represent two planes, separated by a distance of
twice the focal length, where the incident light and reflected light from the AFL produce a focused spot, respectively.
FC: Fiber-coupling, HWP: Half-wave plate, LP: Linear polarizer, L: Lens, BS: Beam splitter, Obj: Objective, PD:

Photodetector, Osc: Oscilloscope, Vim: Modulation voltage source.
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4

Comparison of electrically tunable thin lenses
Ref. [4] Ref. [5] Ref. [6] Our work
Focusing efficiency 65 % 2% (BSt) 0.06 % 15 %
Modulation efficiency - - 33% 1.5 %
Wavelength range (nm) 445 — 630 1500 — 1530 550 — 650 800 — 900
Modulation voltage (V) +50 +6 +3 +10
Electrical bandwidth - - < 25 Hz* 6.4 MHz
Possibility for Dynamic control Dynamic beam
reconfiguration of focal length  steering or focusing ) B
o Multi-step Multi-step One-step
Ease of fabrication FIB lithography lithography lithography
Multilayer WS/
Material platform ITO LN
graphene graphene

*Estimation from rise/fall times

Table S1: Comparison of recently published works on electrically tunable thin lenses with our work, comparing several

key characteristics. Abbreviations are: BSt: Beam steering, FIB: Focused ion beam milling, ITO: Indium tin oxide,

WS,: Tungsten disulfide, LN: Lithium niobate
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