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All-solid-state spatial light modulator with
independent phase and amplitude control for
three-dimensional LiDAR applications
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Spatial light modulators are essential optical elements in applications that require the ability to regulate the amplitude, phase
and polarization of light, such as digital holography, optical communications and biomedical imaging. With the push towards
miniaturization of optical components, static metasurfaces are used as competent alternatives. These evolved to active meta-
surfaces in which light-wavefront manipulation can be done in a time-dependent fashion. The active metasurfaces reported so
far, however, still show incomplete phase modulation (below 360°). Here we present an all-solid-state, electrically tunable and
reflective metasurface array that can generate a specific phase or a continuous sweep between 0 and 360° at an estimated rate
of 5.4 MHz while independently adjusting the amplitude. The metasurface features 550 individually addressable nanoresona-
tors in a 250 x 250 pm? area with no micromechanical elements or liquid crystals. A key feature of our design is the presence of
two independent control parameters (top and bottom gate voltages) in each nanoresonator, which are used to adjust the real
and imaginary parts of the reflection coefficient independently. To demonstrate this array's use in light detection and ranging,
we performed a three-dimensional depth scan of an emulated street scene that consisted of a model car and a human figure up

to adistance of 4.7m.

and polarization of light and serve as the core components

of many optical applications, such as digital holographic sys-
tems, optical communication modules and biomedical imaging
systems'~. The recent emergence of new applications, such as wear-
able displays for augmented reality or light detection and ranging
(LiDAR) sensors for autonomous vehicles, demands the develop-
ment of new SLMs with an improved field of view, speed and reli-
ability compared with those of the conventional devices that rely on
liquid crystals™® and microelectromechanical systems”*.

To meet this demand, the use of active metasurfaces has been
explored’. Metasurfaces were first investigated as assemblies of pas-
sive, static nanoscale optical elements that provided control over
the amplitude, phase and polarization of transmitted or reflected
light'*"*, and then evolved into active metasurfaces that could
enable ultrafast wavefront manipulation and a wide field of view in
a compact form factor'”. Pioneering studies exploited various tun-
able materials and designs, which included transparent conduct-
ing oxides'®"’, phase-change materials”~*, semiconductors™?*,
two-dimensional (2D) materials®~%, micromechanical actuators®,
frequency-gradient sources™ and liquid crystals®.

The active metasurfaces reported to date, however, show incom-
plete phase modulation below 360° and undesired cross-modulation
of the amplitude and phase. This limitation mainly arises from the
use of a single control parameter to modulate 2D phenomena, such

S patial light modulators (SLMs) regulate the amplitude, phase

as transmission or reflection described by complex coefficients
that consist of real (r,,) and imaginary (r,,,,) parts’". Complex
modulation is a 2D phenomenon, and its control requires the use
of two control parameters. This intuitive principle can be verified
for most of the passive metasurfaces that successfully demonstrate
static wavefront manipulation because these metasurfaces exploit
at least two in-plane geometric parameters, such as the width and
length or the orientation angle and diameter''~'**"*>, To extend the
phase modulation range, a recent study reported the use of dual
gates in which two identical or opposite voltages were applied; by
this approach, a modulation of 300° was reported"’ (Supplementary
Section 1 and Supplementary Fig. 1).

Here we present an all-solid-state SLM composed of an electri-
cally tunable metasurface array (Fig. 1a) designed to demonstrate
the two-control-parameter approach in the near infrared (NIR)
regime. The array consists of plasmonic nanoresonators whose
reflection coefficient can be tuned by applying separate electrical
biases V; and V; to the top and bottom electrodes of the nanoresona-
tors (Fig. 1b). Detailed numerical and experimental investigations
revealed that a careful selection of the operating ranges for V; and
V, allowed us to assign one of the two voltages to adjust the real part
of the reflection coefficient (r), whereas the other voltage was used
to control the imaginary part. Utilizing V, and V; as two separate
control knobs, we achieved a completely independent control of
the amplitude and phase over 360° and demonstrated an increased
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Fig. 1| All-solid-state active metasurface based on the two-control-parameter approach. a, Illustration of the active metasurface array composed of
electrically tunable channels, with each channel composed of 11 individually addressable plasmonic nanoresonators. The incident beam on the top right

is reflected from the metasurface array, and the direction of the steered beam is controlled by adjusting the top and bottom gates, V, and V,, respectively.
The channel period is denoted by Ac. b, Cross-sectional view of a single plasmonic nanoresonator showing the top Au nanoantenna, the active ITO layer in
the middle and the bottom Al mirror. The upper and lower insulators electrically isolate the three structures from one another, which keeps the ITO layer
grounded and allows the top Au nanoantenna and the bottom Al mirror to serve as the top (V,) and bottom (V,) electrodes, respectively.

degree of freedom in the modulation of the reflection coefficient.
In addition to performing phase-only modulation, versatile beam
splitting and steering, we demonstrate the use of the active meta-
surface as a solid-state scanner in a LIDAR system to generate a 3D
range map.

Two-control parameter for independent phase-amplitude
control
To demonstrate the two-control-parameter approach, we fabricated
an array of tunable plasmonic nanoresonators (Fig. 1a), with each
consisting of a Au nanoantenna on top, an indium tin oxide (ITO)
layer in the middle and an Al mirror on the bottom (Fig. 1b). These
three structures were electrically isolated from one another by two
oxide layers on the top and bottom of the ITO layer (Fig. 1b). The
Au nanoantenna and the Al mirror served as separate top and bot-
tom electrodes.

We modelled the nanoresonator with an Al mirror on the bot-
tom (Fig. 1) as a one-port resonator and obtained its reflection coef-
ficient r by using the temporal coupled mode theory*:

, Yrad — Yabs) — i(@s — @
M1 Mol ¥ Hrimag = E}’ a: + }’aZS; + zng - CUr; M

where , is the resonance angular frequency (=2mcy/4,), ¢, is the
speed of light, 4, is the resonance wavelength and w; is the angu-
lar frequency of the light source (=2mncy/A,). 7,4 and y,, are the
decay rates due to the external radiation and internal optical loss,
respectively.

While the value y,,, is essentially fixed, the other two variables
o, and y,,, can be adjusted electrically. By judiciously selecting and
independently applying the appropriate V; and V, we could form
charge-accumulation or -depletion layers at the upper and lower
interfaces between the ITO layer and the insulating oxide layers
(Fig. 1b). This influences @, and y,,, and changes r,,,, and r,, to
produce the desired reflection coefficient.

To elucidate how the applied biases can adjust the accumulation
and depletion layers and influence r, we chose the values for y,,4, Va0
, and w, in equation (1) such that the plasmonic nanoresonator
had the resonance at 1.3 pm (0, =, =27n¢,/(1.3 pm)) and was in the

critically coupled regime (y,,4=7.,,) with no applied bias (Methods).
We plot the reflectivity |r|> and phase in Fig. 2a,b, respectively, in
which no-bias cases are presented with green curves. The reflection
dip occurs at the wavelength of 1.3 pm (Fig. 2a) and the phase plot
shows an abrupt change due to the singularity (Fig. 2b). Figure 2¢
shows the resulting reflection coefficients in the complex r plane,
where the circles depict the spectral evolution of the reflection coef-
ficients and the green diamond corresponds to the reflection coef-
ficient at the wavelength of 1.3 pm.

If the applied V, and V, are positive with respect to the grounded
ITO, accumulation layers form at the interfaces between the ITO and
the oxide layers, and the plasma frequency increases (Supplementary
Section 2 and Supplementary Fig. 2). The increase in the plasma fre-
quency decreases the real part of the dielectric constant inside the
ITO layer (e1,) (Supplementary Section 3) and reduces the effec-
tive mode index of the gap plasmon, which causes a blueshift of the
resonance (blue curve in Fig. 2a), that is 4, <A, (w,>®,). In addi-
tion, the internal optical loss y,,, also increases because the mag-
nitude of the imaginary part of &, increases. Consequently, the
coupling dynamics for the plasmonic nanoresonator shifts towards
the undercoupled regime denoted by the dark grey circle (Fig. 2¢c),
that s, y,,q <Y (ref. *), and this typically has a stronger effect on 7,
than on 7,,,. (Supplementary Section 4, Supplementary Figs. 3-5
and Supplementary Movie 1). The vector sum of the changes in 7,
and r,,,,, results in an anticlockwise vector movement denoted by
the blue arrow in Fig. 2c.

Similarly, if V; and V, are negative with respect to the grounded
ITO, depletion layers are formed at the interfaces, which gener-
ates a redshift (red curve in Fig. 2a), that is, 1,> 4, (w,<w®,), and
decreases the internal loss. In this case, the nanoresonator is in
the overcoupled regime denoted by the light grey circle (y,,q> 7.s)
(Fig. 2c) and this mostly influences 7,,,, (Supplementary Section 4,
Supplementary Figs. 3-5 and Supplementary Movie 2). The changes
in r,,, and r,, lead to the downward-pointing, clockwise vector
movement denoted by the red arrow in Fig. 2c.

We conducted full-field simulations to explain the tuning range
of r more quantitatively by varying V, from —4 to 4V and V, from
—6.4 to 6.4V (Fig. 2d and Methods). The resulting r values are
shown in Fig. 2e. The design of the nanoresonators and the ranges of
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Fig. 2 | Two-control-parameter approach for full wavefront modulation: simulations of the relationship between (V,, V,) and r. a, Reflection spectra
showing resonance shifts caused by positive (accumulation, undercoupled) and negative (depletion, overcoupled) biases. b, Reflection-phase spectra
showing the transition of the coupling dynamics caused by positive and negative biases. ¢, Complex reflection coefficients r for the range of the
wavelengths from 0.7 to 1.9 um represented by green, blue and red symbols under zero (near-critically coupled), positive and negative biases, respectively.
Green diamond (no bias), blue circle (positive) and red square (negative) represent the coefficients for the wavelength of 1.3 um. Dark and light grey
circles denote the range of complex coefficients in the under- and overcoupled regimes, respectively. d, Voltage combinations (V,, V) marked by grey and
coloured symbols. e, The reflection coefficients, which result from applying the voltage combinations shown in d, were obtained by carrying out full-field
simulations (Supplementary Movie 3) and are denoted by the corresponding grey and coloured symbols. The voltage combinations can generate any
coefficients on and around the origin, which implies an independent modulation of the amplitude and phase over 360°.

V. and V, were selected such that the resulting set of r values centred
around the origin and it covered all four quadrants of the complex r
plane so as to provide a continuous 0-360° phase change. This set of
r values provided a relatively low reflectivity for staying close to the
origin. However, the benefit of having the complete phase-shifting
range and the independent, fine amplitude modulation outweighed
the decrease in reflectivity and substantially improved the over-
all wavefront-modulation quality with a high side mode suppres-
sion ratio (SMSR) (Supplementary Section 5 and Supplementary
Figs. 6 and 7).

Three similar trajectories roughly define the outer boundaries
of the tunable range in Fig. 2e. Each position is mainly determined
by the different value of V;, which were set to —6.4 (red dots), 3.2
(green dots) or 6.4V (blue dots). In all three cases, as V, increased
from —4 'V, the trajectory initially moved upward; the device was
dominated by depletion in the overcoupled regime and changes
occurred mostly in r,,,,.. When V| increased beyond 3V, the upward
motion sharply changed to a lateral motion; the device was domi-
nated by accumulation in the undercoupled regime and changes
were greater for r,,, which resulted in a hook-shaped trajectory in
the phasor diagram (Fig. 2e). A careful selection of the operating
ranges for V, and V; allowed one of the voltages to adjust r,., and the
other to modify r;,,,,. Owing to the structural symmetry, the roles of
V, and V, were completely interchangeable (Supplementary Section
6 and Supplementary Fig. 8).

Varying V; only and fixing V, at —6.4, 3.2 or 6.4V, we obtained
the single-control-parameter case with only a single hook-shaped
trajectory of the reflection coefficients. As we activated the other

degree of freedom, that is, independently varied V} within the given
range, we observed a translation (offset) of the hook without a sub-
stantial shape alteration, which provided the 2D areal coverage of
the achievable reflection coefficients (Fig. 2e and Supplementary
Movie 3). Owing to the two degrees of freedom in control, the vec-
tor changes in reflection phasors caused by the two applied biases
could be independently superposed to achieve an excellent wave-
front control (Extended Data Figs. 1 and 2).

To demonstrate the generation of on-demand reflection coef-
ficients, we targeted 13 different reflection coefficients (Fig. 3).
Figure 3a—c elucidates the electric field distribution for three differ-
ent voltage combinations to yield points I, IT and III in Fig. 3d. First,
to generate r,,,,,, = 0.08i at I, we started from the reflection coefficient
(the second darkest green dot) in Fig. 2e that corresponds to (V,,
V,)=(3.00V, 3.20 V). We slightly increased V, to 3.25V to enhance
the accumulation and bring the coefficient closer to the imaginary
axis. We observed a strong intensity enhancement |E,|>+ |E_|* (left
inset of Fig. 3a), whereas a strong charge accumulation and vanish-
ing Re(e;10) at both the upper and lower interfaces are shown in the
right insets. This produced an r of 0.0034 +0.0815i.

To generate 7,,,,=0 at I, we decreased r,,, by lowering V| to
0.50V and removing the enhancement and the accumulation layer
at the upper interface (Fig. 3b insets). This caused an increase of
Re(erro) at the upper interface, a redshift of the resonance and thus
a decrease in 1,,,, To compensate for the decreased internal opti-
cal loss, we increased V; from 3.20 to 4.65V to yield a coefficient of
0.0003+0.0026i. The field distribution (Fig. 3b) shows an almost
identical phase to that of Fig. 3a as the amplitude becomes almost zero.
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Fig. 3 | Targeting specific reflection coefficients distributed on the constellation diagram by using the proposed two-control-parameter approach.

a-c, Simulated electric field (Re(E,)) distributions of the reflected light for (V,, V,) for three different voltage combinations. b, Zero amplitude but similar
phase as in a. ¢, The same amplitude as in a but opposite phase. Insets: magnified views of the electric field intensity (|E,|?+ |E,|?) inside the plasmonic
nanoresonator, the carrier concentration and the resulting Re(e o) inside the 5-nm-thick ITO layer for three different applied biases. d, Constellation
diagram showing evenly distributed 13 target reflection phasors (marked by x) and the numerically calculated phasors (indicated by red circles) obtained
from applying V, and V,. The reflection coefficients at |, Il and Il were produced by using the voltage combinations in a-c. The remaining four and six
phasors along the inner and outer circles, respectively, were also generated by using the voltage-reflection mapping relationship (Methods).

e, Constellation diagram showing 13 target phasors (marked by x) and the experimentally obtained phasors (indicated by red circles) generated by
applying V; and V,. The difference in the amplitudes between d and e may originate from limitations in the characterization set-up (Methods).

f, Experimental demonstration of the phase-only modulation showing the continuous phase change from O to 360° while maintaining constant reflectivity.
Slight variations in the reflectivity result from the effects of using a coarse voltage step of 0.5V (Methods).

For r,,,=—0.08i at III, we further decreased r;,,, by setting
V,=-3.00V. Although the intensity distribution may appear to be
similar to that in the inset of Fig. 3b, the upper interface entered deep
depletion, which substantially increased Re(e,o) at the upper inter-
face (Fig. 3¢ insets). The resulting coefficient was 0.0004 - 0.0750i.
The reflected field exhibits a similar amplitude to that in Fig. 3a, but
~180° out of phase (Fig. 3c). Using this approach, we obtained the
appropriate voltage combinations that produced the ten remaining
reflection coefficients (Fig. 3d and Methods).

We also experimentally generated the 13 target coefficients
(Fig. 3e and Methods). Most coefficients closely matched their target
values, with three phasors (at 0° and 270° along the inner circle and
at 135° along the outer circle) that exhibited noticeable discrepan-

cies from their ideal targets possibly due to the large driving-voltage
step size (0.5V) (Methods). Using the coefficients from the outer
circle of Fig. 3¢, we also experimentally demonstrated a continu-
ous phase sweep from 0 to 360° as we maintained a constant reflec-
tivity (or amplitude), which demonstrated phase-only modulation
(Fig. 3f). Such a result could not be achieved in previous studies that
employed one-control-parameter approaches'’"? (Supplementary
Section 1 and Supplementary Fig. 1).

As it is resonance-based, the range of the wavelengths over which
the nanoresonator array can provide over an 300° phase change
is restricted to near-resonance wavelengths. The bandwidth
was measured to be ~20nm (Supplementary Section 7 and
Supplementary Figs. 9-11).
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Fig. 4 | Active metasurface array with the driving electronics (metaphotonic SLM). a, Active metasurface array mounted on an electronics board capable
of independently driving 100 channels for 50 V, and 50 V, terminals. b, Optical microscopy image of the active array at the centre of the fan-outs designed
to provide individual connections for 50 V, and 50 V, terminals. Scale bar, Tmm. ¢, Magnified view of the optical image of the active array located in the
middle of the fan-outs with a size of 250 x 250 pm?. For the dynamic wavefront manipulation, we defined a fundamental operating block called the channel
with the period A¢ of 5pum. Scale bar, 100 pm. d, Scanning electron microscopy image showing one full and two partial channels. Each channel consists of

a group of 11 nanoresonators. Scale bar, Tum. e, Transmission electron microscopy image showing the cross-sectional view of the region marked by the
white box in d. The lateral gap between the two Al mirrors electrically isolates the two neighbouring channels. Scale bar, 200 nm. f, High-angle annular
dark-field transmission electron microscopy image confirming the excellent step coverage on the appropriately sloped sidewall of an Al mirror that allows
the thin ITO layer to be continuous (and grounded) throughout the entire array. This is crucial for the proper operation of the active array because charge

modulations occur inside the ITO layer.

SLM for beam splitting and steering

To show the versatile ability for wavefront shaping, we fabricated the
metaphotonic SLM with individually addressable channels. The driv-
ing electronics (Fig. 4a) provide 100 voltage-output terminals and
independently control 50 top and 50 bottom gates of the metapho-
tonic SLM (Fig. 4b). The active array in the middle of the fan-outs
(Fig. 4c) has 50 channels, each of which consists of a group of 11
nanoresonators (Fig. 4d). The cross-sectional view (Fig. 4e) clearly
shows the gap that electrically isolates the two adjacent channels. The
sidewalls of the Al mirrors were appropriately sloped (Fig. 4f), so that
the thin 5nm ITO layer remains continuous throughout the device
(Supplementary Section 8 and Supplementary Figs. 12 and 13).

We first demonstrated beam splitting using the sinusoidal ampli-
tude grating. Figure 5a shows the phase and reflectivity across each
channel. The number of the channels per super cell or its period
(Agc) determines the splitting angle 6 given by sin™'(4,/Ayc), where 4,
is the free-space wavelength’. The beam image and intensity profiles
are presented in Fig. 5b,c, respectively. Owing to the limited diffrac-
tion efficiency inherent to amplitude modulation, the zero-order
beam has a higher intensity than the split beams highlighted in grey
in the middle and bottom panels of Fig. 5¢c (Methods)*.

We further improved the intensity of the intended first-order
beam using a binary phase grating (Fig. 5d). The diffraction efficien-
cies of the zero- and first-order beams are given by n,=|(r, +1,)/2|?
and n,=|(r, - r,)/n|*, respectively, where r, and r, correspond to the
two alternating complex reflection coefficients and #; denotes the
diffraction efficiency of the jth-order beam”. In Fig. 5e,f, the ratio
n,/n, gradually increases with increasing Ag and reaches its maxi-
mum value of 4.7dB at Agp=174°. Previous work on active meta-
surfaces could not achieve 1, > 7, in the NIR due to insufficient Ag
and/or non-uniform amplitudes®'”*.

We also demonstrated dynamic beam steering with a saw-tooth
phase grating® (Fig. 5g). We show the far-field patterns of five
selected steering angles in Fig. 5h and other cases in Supplementary
Section 9 and Supplementary Figs. 14-16. The SMSR, defined as the
intensity ratio between the main lobe and the highest side lobe”,
is a critical performance metric for applications, such as LiDAR,
that must accurately distinguish objects from the background. We
measured a high SMSR value of 4+-2.7 dB (Fig. 5i and Supplementary
Fig. 17). The SMSR can be further improved by minimizing
the fabrication imperfection and the variation in amplitudes
(Supplementary Section 10 and Supplementary Fig. 18).

To obtain the modulation speed of our device, we fabricated
an identically structured test array with an active area sufficiently
large (200200 pm?) for the probing beam through an objective
lens to illuminate only the active area (Methods and Supplementary
Fig. 19). The 3dB cutoff frequency was 170kHz. As the area of an
individual channel was 1/32 of the area of the entire array, the chan-
nel’s switching speed was estimated at 5.4 MHz (Supplementary
Section 11 and Supplementary Fig. 20). The switching energy
was 283fJpm= (Methods and Supplementary Table 1). The field
of view of our device was +7.7° (=sin![4,/(2A.)]) (ref. *), and it
could reach up to +90° if we reduced the channel period down to
400 nm utilizing the same fabrication technologies as used to build
our devices (Supplementary Section 12 and Supplementary Figs. 21
and 22).

The deflection efficiency 7 is defined as the intensity of the
main lobe normalized with respect to the sum of the background
intensities (1,/ (an for all j)) (refs. »'). Our active array exhibited
g values between 34 and 48% (Fig. 5i). The diffraction efficiency,
defined as the intensity of the main lobe divided by the total input
intensity, was approximately 1% because we chose to operate our
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determined by A are £1.92° (middle plot) and +£3.84° (bottom plot). d, Generation of the binary phase grating with the phase-only modulation for beam
splitting. The phase gap is denoted by Ag. e, Intensity profiles showing that as the phase gap Ag approaches 180°, the intensity of the zero-order beam
(no) vanishes due to destructive interference, and that of the first-order beam (#,) is maximized. Scale bar, 0.03k,. f, Intensity distribution showing the
gradual increase of ,,/1, to reach the maximum value at Ap = 180°. g, Generation of the saw-tooth phase grating for beam steering. h, Intensity profiles
for five steering angles of —3.84°, —1.92°, 0°, +1.92° and +3.84° showing linear movements of the focus beam. Scale bar, 0.03k,. i, Beam steering with an
SMSR of +2.7 dB. All of the results shown in a-i were produced using the same device.

device at this efficiency to accomplish an independent modulation
of the amplitude and phase over a 0-360° range with a high SMSR.
The diffraction efficiency could be further improved by using insu-
lating layers with a higher dielectric strength and constant” by
employing transparent conducting oxides with a high mobility”’
and by reducing the channel period to remove higher order beams
(Supplementary Section 13 and Supplementary Fig. 23).

Demonstrated use for LiDAR

Using the metaphotonic SLM, we demonstrated a proof-of-concept
3D LiDAR scan (Fig. 6a). The transmitter includes a 1,560 nm
pulsed laser and our metaphotonic SLM redesigned and fabri-
cated for operation at 1,560 nm (Methods). The receiver comprised
a collector lens and an array of avalanche photodiodes (APDs).
The object distance d was obtained by measuring the time delay =
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Fig. 6 | 3D LiDAR of an emulated street scene using the metaphotonic SLM at 1.56 pm. a, Schematic diagram of the 3D LiDAR experimental set-up.
Pulses from the laser are incident on and reflected from the metaphotonic SLM. The steered pulses illuminate the objects, and an array of APDs captures
the returning laser pulses and converts them into electrical signals to calculate the delays and the corresponding distances to the objects. Our active array
scans horizontally, and hence we added a tilting stage for vertical scanning. b, Detector output as a function of flight time for the distances of 4, 6, 8 and
10 m. ¢, Time-of-flight measurements for distances up to 10 m: the measured time-of-flight was converted into the corresponding distance using equation
(2). The accuracy, defined as the absolute difference between the actual and measured distances, was 4 cm for single-point measurements. d, Bird's eye
view of the objects under scan: the scanned region is indicated by the dashed rectangular box. e, Magnified view of the scan region. f, 3D depth image
produced using the metaphotonic SLM, which demonstrates the feasibility of the use of the metaphotonic SLM as the core scanning component in a
LiDAR system. The scan angle range, angle step size and resolution are 6° (H) x 4° (V), 0.2° (H) x 0.2° (V) and 31x 21 = 651, respectively, where H and V

denotes the horizontal and vertical axes, respectively.

between the emission of the laser and its return to the APD array
(Fig. 6b,c) (Methods):

TCo
=" @)

After a series of single-point measurements, we set the minimum
acceptable signal-to-noise ratio at 10 dB and found 10 m as the max-
imum range (Fig. 6b and Methods).

For 3D range mapping, we emulated a street scene and scanned
a human figure, a model car, and a screen placed in the order of
increasing distance from the metaphotonic SLM (Fig. 6d and
Methods). The distances to the human figure, the model car and
the screen were 2.4, 3.4 and 4.7m, respectively. Figure 6e,f shows
the scanned region (Supplementary Movie 4) and the resulting
depth map, respectively. We observed a good agreement between
the measurements and the actual distances for all the targets except
for an about 0.3 m distance error in the human figure. The distance
to the screen defined the detection range of 4.7m. The detection
range and the accuracy could be further enhanced by improving the
device efficiency and the SMSR and by optimizing transmitter and
receiver optical configurations (Supplementary Section 14).

Conclusions

We have shown an ultrafast electrically tunable metaphotonic
SLM and demonstrated full wavefront manipulation in the NIR
regime. With an additional degree of freedom and the vectorial
nature that allows the independent superposition of two input volt-
ages, we accomplished independent modulation of the amplitude

and phase over 360° (ref. *). The individually controllable meta-
surface array achieved a scan angle of 8°, SMSR of +2.7 dB, deflec-
tion efficiency over 34%, channel switching speed of 5.4 MHz and
energy consumption of 283 fJ pm=. With the diffraction efficiency
of 1% chosen for full wavefront modulation, we experimentally
demonstrated a proof-of-concept LiDAR with a detection range up
to 4.7m.

An adaptation of well-established integrated-circuit tech-
nologies, such as an active matrix, can enable the realization of a
large-scale 2D active metasurface array. We also expect that the
proposed two-control-parameter approach can be realized in the
visible range with the use of index-changing materials suitable for
the visible part of the electromagnetic spectrum®”* (Supplementary
Section 7 and Supplementary Figs. 10 and 11). Being all solid
state, our device allows high-speed operation, robustness against
mechanical impact or vibration, scalability and narrow beam diver-
gence. With excellent semiconductor-process compatibility, our
two-control-parameter approach and its hardware implementa-
tion could facilitate the development of practical and commercially
viable SLMs.
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Methods

Modelling and simulation. In Fig. 2a—c, the values for the parameters in equation
(1) were chosen to help illustrate the cause-and-effect relationship of the spectral
shifts and the transitions of the coupling dynamics. We set the parameters ,,4, 7.
and 4, to 1.7x 10" rads™, 1.4X 10" rads™" and 1.3 pm, respectively, for no-bias, to
1.7x10"rads™, 2.0x 10" rad s and 1.2 pm, respectively, for accumulation and to
1.7x10"rads™, 1.2x 10" rads™ and 1.4 pm), respectively, for depletion.

We chose the gate dielectric material that can maximize the charge-carrier
concentration under the application of an external electrical bias. The HfO, layer
was found to be more advantageous due to its large d.c. permittivity (18) and high
dielectric strength (~3.5MV cm™). The AL O, layer was used to promote adhesion.
The thickness of the ITO film should be kept as thin as possible to minimize the
quasi-neutral region between the two modulated regions (accumulation and/
or depletion layers) at the interfaces and, simultaneously, the consistency and
uniformity of the ITO film must be preserved. The smallest thickness for which the
consistent and uniform ITO film can be deposited using the currently available d.c.
sputtering technique was approximately 5nm.

The geometry of the nanoresonators was defined by their length and the spacing
or the edge-to-edge distance between two neighbouring nanoantennas. The length
determines the resonance wavelength and the spacing governs the coupling dynamics.
For the full-field simulation, the antenna length and the spacing were chosen as 175
and 195nm (the period of 370nm), respectively, to have a resonance wavelength of
1.30 pm and operate in the near-critical-coupling regime (Supplementary Section 5
and Supplementary Figs. 6 and 7). The two-control-parameter approach can easily be
adapted for use in other spectral ranges, different gate dielectric materials of different
thicknesses and/or nanoantennas of different shapes or forms, such as the fishbone or
rectangular shapes.

The carrier density profile in the ITO film was calculated using the
commercially available Synopsys Technology Computer-Aided Design software.
The nanoresonator was modelled as a stacked structure that consisted of an
Al mirror-Al,0,/HfO, (gate dielectric)-ITO (active layer)-Al,O,/HfO, (gate
dielectric)-Au antenna. The ITO film was grounded and various voltage
combinations were applied to the nanoantennas and mirrors. The background
carrier density n,,, was experimentally measured as 4.0 X 10* cm™ and was used in
the Synopsys Technology Computer-Aided Design simulation. For simplicity, we
assumed that we could ignore the variations of the carrier profile » as a function
of the position at the vicinity of the antenna edges. Only two 1D carrier profiles
were extracted along the lines below and outside the Au antenna. To describe the
varying carrier profile in finite-difference time-domain simulations, we modelled
the 5-nm-thick ITO layer as a vertical stack of 0.025-nm-thick multilayers
based on the Drude model, in which each layer had a slightly different carrier
concentration from the layers above and/or below, and the plasma frequency of
each layer was estimated from the carrier density profile ;1o =€~ @,/ [w(w -il)],
where w,? = (ne?)/(m*e,) (ref. ). The effective mass m*, scattering rate I" and
static permittivity e, used in the finite-difference time-domain simulation
were 0.35X m,, 1.0 X 10" rads™ and 3.9, respectively, where e is the charge of the
electron, m, is the electron mass and ¢, is the free-space electric permittivity. For
these simulations, we assumed a time-harmonic electromagnetic field given by
expli(wt-kx)], where w is the angular frequency, t is the time, k is the wavevector
and x is the space coordinate. The indices of refraction of the metals (Au and Al)
were adopted from the literature®. The refractive index of the HfO, gate dielectric
was empirically obtained as 1.91 and that of Al,O, was set to 1.66.

For the generation of the 13 points on the constellation diagram, the applied
bias combinations (V,, V) were (0.50V, 4.65 V) for the origin; (2.00V, 3.60 V),
(2.75V,3.60V), (3.25V,3.20V), (2.25V, 5.15V), (1.75, 6.00 V), (=2.00 V, 5.10 V),
(—3.00V, 4.55V) and (0.00'V, 4.00 V) for the 8 points along the outer circle with
phase values that varied from 0° to 315° at a step size of 45° in the anticlockwise
direction and (1.00V, 4.25V), (1.75V, 4.60 V), (0.75V, 5,00 V) and (=1.25V, 4.60 V)
for the 4 points along the inner circle with phase values that varied from 0° to 270°
at a step size of 90° in the anticlockwise direction.

The switching energy per unit area was 283 fJ pm, as calculated based on the
capacitor storage energy (1/2) X CV?x 2, where C and V are the capacitance and
the driving voltage, respectively. The capacitance of each channel was obtained
considering the d.c. permittivity values of 18 and 9 for the 7-nm-thick HfO, and
1-nm-thick AL O, layers, respectively.

Fabrication. The 70-nm-thick Nd-doped Al layer was formed by sputtering on a Si
substrate coated with an SiO, insulating layer. The gaps between the neighbouring
channels were patterned by photolithography followed by dry etching. The lower
insulating layer composed of AL,O,(1nm)/HfO,(7 nm) was deposited on top of

the Al layer by atomic layer deposition. The 5-nm-thick ITO layer that served

as the carrier-modulation layer was formed by d.c. magnetron sputtering. Then,
the upper insulating layer was deposited on top of the ITO layer by atomic layer
deposition. Finally, the 50-nm-thick Au antennas with a 5-nm-thick Cr-adhesion
layer were fabricated by electron-beam lithography and electron-beam evaporation
followed by a standard lift-off process. The Au antenna dimensions were adjusted
slightly from the simulation results to cover the origin in the phasor diagram—an
antenna length and spacing of 185 and 215 nm, respectively, which corresponded
to the period of 400 nm.
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Characterization of the reflection properties. The reflection spectrum of the
metasurface was obtained using a broadband light source and an optical spectrum
analyser (Yokogawa, AQ6370C). An NIR light source was incident on the device
through a polarizer and was focused on the metasurface region, and the beam was
reflected back and coupled to the optical spectrum analyser. By comparing the
measured beam intensity from the nanoantenna region with the reference beam
from the mirror region, the reflection spectrum was obtained. To improve the
accuracy of the reflectivity measurements, it is important to exclude the effects
of two electric field components that do not interact with the nanoresonator: one
is the reflected beam from the reference mirror and the other is the electric field
parallel to the nanoantennas (y coordinate in Fig. 1b). To illuminate only the
active area of the nanoresonator array, we used an objective lens with a numerical
aperture of 0.42 (Mitutoyo, M Plan Apo 20X). The angle of the polarizer was
carefully adjusted to pass only the electric field perpendicular to the nanoantennas.
The amplitude discrepancy in the amplitudes of the reflection coefficients between
the simulation (Fig. 3d) and the measurement (Fig. 3e) may originate from
unwanted electric field components that did not completely become extinguished.

The reflection phase-measurement system was based on a Michelson
interferometer (Supplementary Section 15 and Supplementary Figs. 24-26). A
coherent NIR light source (Keysight, 8164B and 81600B) with a very short spectral
width (1nm) was incident on the nanoantenna array through a beam splitter. The
beam reflected from the nanoantenna array interfered with that from the reference
mirror. The intensity and alignment of the beams from the two paths were adjusted
to generate vertical fringes that were captured using an infrared camera (Aval,
ABA-003IR-GE). We extracted the phase information from the captured fringes.

The phasor diagram was produced by using both the amplitude and phase
information at each wavelength (Supplementary Section 16 and Supplementary
Fig. 27). The far-field intensity profile at the Fourier plane was obtained using
an infrared camera and a 4-f system at a wavelength of 1.34 pm (Supplementary
Section 17 and Supplementary Fig. 28).

During the characterization, the current level of the device remained below
200 pA. Thus, there was no noticeable leakage-current issue for our device, and
we did not observe any thermal drift that resulted from the leakage current
(Supplementary Fig. 29).

Characterization of the proof-of-concept LiDAR. For the proof-of-concept
LiDAR demonstration, a pulsed laser (Connet Laser Technology, CoLID-1) with a
wavelength of 1.56 pm, pulse width of 10 ns and repetition rate of 10kHz was used
(duty cycle, 1/10%). To change the operating wavelength of the metasurface from
1.34 to 1.56 pm, the metasurface design was slightly modified. We used 1-nm-thick
Al O, and 11-nm-thick HfO, for the insulating layers. The length and spacing of
the antenna were 210 and 110 nm, respectively, which corresponded to a period

of 320nm. A polarizer, an iris and collimation optics were used to illuminate the
device area, and the peak and average powers incident on the device were 85 W and
85mW, respectively. This power level is on a par with typical values observed in
commercial LiDAR systems, for example, Velodyne HDL-64E, which uses a 75 W
laser at a wavelength of 905 nm. The peak and average powers in the steered beam
were approximately 850 mW and 850 pW, respectively, which is equivalent to an
energy density of 85 puJ cm™ and thus satisfies the eye-safety-level requirements: the
maximum permissible exposure at a wavelength of 1.56 pm is 1] cm according

to International Electrotechnical Commission 60825-1"". For the single-point
measurement in Fig. 6b,c, we fixed the beam steering angle by using a binary phase
grating with a Ay of 10 pm to utilize the largest SMSR and employed an APD
(Thorlabs, APD430C/M) with a high sensitivity of 18 AW but a small aperture
diameter of 0.2 mm.

For the 3D range mapping in Fig. 6f, which consists of a model car and a
human figure (AA3012, MacPherson’s), it was necessary to use an APD array
because the reflected beams from different angles were focused through a lens on
the detector plane with lateral shifts”. We thus used a 16 x5 APD array (Wooriro,
Inc.), which has a sensitivity of 2.5 A W', aperture dimensions of 9.6 X 3.0 mm?
and pixel dimensions of 600 X 600 pm?. To generate high-quality scan images,
we limited the horizontal and vertical scan angles to 6 and 4°, respectively. The
signals from the APD array were captured and processed using a high bandwidth
oscilloscope (Teledyne LeCroy Inc., 760zi-A 6 GHz) with a sampling rate of
40 GSs™.

Data availability

The data that support the plots within this paper and other findings of this study
are available from the corresponding authors upon reasonable request. Source data
are provided with this paper.

Code availability
All the scripts are available from the corresponding author upon reasonable
request.

References
39. Saleh, B. E. A. & Teich, M. C. Fundamentals of Photonics 2nd edn
(Wiley-Interscience, 2007).


http://www.nature.com/naturenanotechnology

ARTICLES

NATURE NANOTECHNOLOGY

40. Palik, E. D. Handbook of Optical Constants of Solids Vol. 1 (Academic Press,
1997).

41. Safety of Laser Products—Part 1: Equipment Classification and Requirements
60825-1 edition 1.2 Table 6 (International Electrotechnical Commission,
2001).

Acknowledgements

We appreciate the support of N. Han, J.-Y. Hwang, B. J. Kim, M. K. Lee, D.-K. Nam, Y.-H.

Cho, S.-K. Cho, G. Kim, H.-E. Lee, B. 1. Yoo, S. Rhee, J.-J. Han and Y.-C. Cho. We thank
H. A. Atwater for insightful discussions.

Author contributions

J.P. and J. Kyoung conceived the initial idea. J.P, B.G.J., S.LK,, D.L. and S.H.S. expanded
and developed the concept. J.P. and C.S. conducted theoretical modelling. B.G.J. and
S.LK. designed the experiments. S.I.K. and C.B.L. characterized the optical properties
of the device. T.O. developed the driving board. S.LK., K.-Y.Y. and Y.-Y.P. fabricated the
device. S.K. conducted and analysed the modulation bandwidth experiment. B.G.J., D.L.
and J.J. established the transmitter module for the ranging experiment. J.L., LH. and
K.H. implemented the receiver module for the ranging experiment. J. Kim, H.C., BL.C,,

M.L.B. and S.-W.H. supervised the project. All the authors contributed to the manuscript
preparation. H.C. and J.P. revised the manuscript.

Competing interests

J.P,J. Kyoung, S.I1K., C.S., B.G.J. and B.L.C. are inventors on US patent 10,670,941 held
and submitted by Samsung Electronics that covers the use of the two-control-parameter
approach for active wavefront manipulation and control. The authors declare no other
competing interests.

Additional information
Extended data is available for this paper at https://doi.org/10.1038/541565-020-00787-y.

Supplementary information is available for this paper at https://doi.org/10.1038/
541565-020-00787-y.

Correspondence and requests for materials should be addressed to J.P,, H.C. or B.L.C.

Peer review information Nature Nanotechnology thanks Luke Sweatlock, Jason Valentine
and the other, anonymous, reviewer(s) for their contribution to the peer review of this
work.

Reprints and permissions information is available at www.nature.com/reprints.

NATURE NANOTECHNOLOGY | www.nature.com/naturenanotechnology


https://doi.org/10.1038/s41565-020-00787-y
https://doi.org/10.1038/s41565-020-00787-y
https://doi.org/10.1038/s41565-020-00787-y
http://www.nature.com/reprints
http://www.nature.com/naturenanotechnology

NATURE NANOTECHNOLOGY ARTICLES

4 Reflection phase (deg.) b Reflectivity (a.u.)
52 52
4.8
£
>.D
4.4
-2 0 2
A%) Vi (V)

Extended Data Fig. 1| Complete coverage of the phase and the amplitude (reflectivity) for arbitrary generation of a desired reflection coefficient.

a, Reflected phase map on the color scale obtained by running full field simulation with the conditions given in Fig. 2e and varying V, from =3 V to 2.25 V
and V, from 4.05V to 5.2 V:if (V,, V) = (0.5V, 4.6 V) is considered approximately as a reference origin, the result shows the full 360° phase coverage
for every concentric ring, for example, along the loop made by the white dashed circular arrow, within the region of interest indicated by the black dashed
boundary. b, Reflectivity map on the color scale for the same voltage ranges: every pseudo-circular annulus (or concentric ring) formed by a single color
represents an identical reflectivity. When each of these annuli is superposed on top of the reflection-phase map shown in a, it becomes clear that for
every amplitude, it is possible to find a voltage combination (V,, V,) that leads to any desired phase between O and 360°, allowing arbitrary generation of a
desired reflection coefficient.
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Extended Data Fig. 2 | Phase-only and amplitude-only modulations using the two-control-parameter approach. a, A set of voltage combinations
selected for the phase-only modulation or the constant-amplitude and 0-360° phase shift. b, Trajectory of the reflection coefficients for the phase-only
modulation: it makes a circular ring around the origin, showing the 0-360° phase shift. ¢, Real part of the electrical field along the x-axis, showing the
gradual phase shift that eventually builds up to 360°. d, A set of voltage combinations selected for the amplitude-only modulation. e, Corresponding
phasor trajectory that clearly exhibits the constant phase while varying the amplitude from O to its full value. f, Real part of the electrical field along the
x-axis, showing no change in the phase while the intensity gradually increases.

NATURE NANOTECHNOLOGY | www.nature.com/naturenanotechnology


http://www.nature.com/naturenanotechnology

	All-solid-state spatial light modulator with independent phase and amplitude control for three-dimensional LiDAR applicatio ...
	Two-control parameter for independent phase-amplitude control

	SLM for beam splitting and steering

	Demonstrated use for LiDAR

	Conclusions

	Online content

	Fig. 1 All-solid-state active metasurface based on the two-control-parameter approach.
	Fig. 2 Two-control-parameter approach for full wavefront modulation: simulations of the relationship between (Vt, Vb) and r.
	Fig. 3 Targeting specific reflection coefficients distributed on the constellation diagram by using the proposed two-control-parameter approach.
	Fig. 4 Active metasurface array with the driving electronics (metaphotonic SLM).
	Fig. 5 Beam splitting and steering using the metaphotonic SLM at 1.
	Fig. 6 3D LiDAR of an emulated street scene using the metaphotonic SLM at 1.
	Extended Data Fig. 1 Complete coverage of the phase and the amplitude (reflectivity) for arbitrary generation of a desired reflection coefficient.
	Extended Data Fig. 2 Phase-only and amplitude-only modulations using the two-control-parameter approach.




