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[bookmark: _Hlk65508040]1. Link budget analysis and requirements for additive manufacturing
We determine irradiances a metasurface should be able to withstand to be used in metasurface-based LiDAR and free-space optical communication systems. Figure S1a shows the schematic of the proposed LiDAR system. In the proposed LiDAR system, we shine a light beam onto a metasurface, which then electronically steers the reflected beam. The steered beam scatters off an object, and the scattered light is then detected by the receiver. Unlike the case of LiDAR, in the case of free-space optical communications, the modulated steered beam is directly detected by a remotely placed and tracked receiver (Figure 1b). Hence, the modulated beam steered by the first metasurface is detected by a remotely placed receiver, which is placed in the vicinity of the second beam steering metasurface. And vice versa, a modulated beam steered by the second metasurface is detected by the detector placed in the vicinity of the first metasurface.
We use the LiDAR range equation1 to estimate the power at the receiver  according to
, 		(S1)
where  is the output power from the metasurface,  is the area of the scatterer illuminated by the steered beam,   is the scattering cross section of the scatterer (assuming Lambertian scattering), r is the distance between the scattering object and the receiver,  is the aperture of the collecting lens of the receiver, and  is the attenuation coefficient in the air. We assume that the transmissivity of the receiving optical system is 1. The area of the scatterer illuminated by the steered beam is , where  is the waist of the beam outcoupled from the LiDAR system, is the Rayleigh range () and  is the distance to the target\object,  is the operating wavelength. In these notations, the reflected efficiency from the target towards the detector is.  In the case when  (e.g., free space optical communication systems), can be approximated as  . Here,  is the diameter of the laser beam outcoupled from the LiDAR system. In the case when the beam expanding optics is placed in front of the metasurface,  will be defined by the lateral dimensions of this optical component. When no beam expanding optics is used,  is defined by the diameter of the metasurface. The power at the receiver is
               (S2)
or, in photon number:
	                   	,                                (S3)
                                    
where  is the energy of the outgoing laser pulse,  is the number of photons at the receiver, h is Planck’s constant, and c is the speed of light. Note that when γ=0, for sufficiently distances,  .
First, we analyze the laser power levels required in the case of a metasurface-based LiDAR system. We use the LiDAR range equation, which we now rewrite as:
                                                   .                                       (S4)
Here,  is the power of the laser beam impinging on the metasurface, and  is the fraction of the incoming beam energy that has been directed into the steered beam. The distance between the scattering object and the receiver  is assumed to be identical to the distance between the scattering object and the metasurface. As an example, we assume the laser beam is mm (m, roughly the size of the metasurface), the aperture of the collecting lens at the receiver is . Assuming foggy atmospheric conditions, we use the following attenuation coefficient in the air: .1 In our analysis, we disregard the effects of the atmospheric turbulence on the beam propagation. We assume that only 5% of light scattered off the scatterer reaches the detector. The transmissivity of the receiving optical system is taken to be 100%. We also assume that 22% of the energy of the incoming beam is directed into the steered beam (R=22%). Using the LiDAR range equation, we can now estimate the detection range both in CW and transient illumination regimes.
We identify the incoming powers and pulse energies for which the detection range of the metasurface-based LiDAR system can be 100 m, which is required for autonomous vehicle applications. First, we explore the case of the CW illumination regime. Figure S1c plots the power at the receiver  as a function of the distance  between the scatterer and the metasurface for different values of the laser beam power  impinging on the metasurface. In the case of CW illumination, we set the detection threshold of the detector to be 0.01 μW, which is marked by a green dashed line in Figure S1c. As seen in Figure S1c, the detection range of 100 m can be achieved at an incoming power of 0.01 kW. 
Note that the incoming power of 0.01 kW corresponds to the irradiance of 0.32 kW/cm2. The detection range can be further increased by increasing the irradiance of the laser beam impinging on the metasurface (see Figure S1c). Next, we consider the case when the metasurface is illuminated with a laser pulse. Figure S1d plots the number of photons at the receiver as a function of the distance  between the scatterer and the metasurface for different values of the energy  of the laser pulse impinging on the metasurface. We assume that the minimal photon number our detector can measure is 100 (see the green dashed line in Figure S1d). In this case, to detect a target at 100 m, the minimal energy of the laser pulse impinging on the metasurface should be 100 nJ. As seen in Figure S1d, the detection range can be further increased by increasing the energy of the incoming laser pulse.
Next, we provide estimates for the scaling of communication distances, which can be attained using the metasurface-based free-space optical communication system for different levels of power handling of the metasurface. We can adapt the LiDAR equation to the case of free-space optical communications by eliminating
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Figure S1.  a) Schematic of a metasurface-based LiDAR system. b) Schematic of a two-way metasurface-based free-space optical communication system. c) In case of the LiDAR operating in the CW regime, the power at the receiver vs. the range from the metasurface for different power values of light impinging on the metasurface . d) In case of the LiDAR in the pulsed illumination regime, the number of photons at the receiver vs. the range from the metasurface for different energies of the laser pulse impinging on the metasurface . e) In case of free-space optical communications in the CW regime, the power at the receiver vs. the distance between the metasurface and the receiver for different power values of light impinging on the metasurface . f) In case of free-space optical communications in the pulsed illumination regime, the number of photons at the receiver vs. the distance between the metasurface and the receiver for different energies of the laser pulses impinging on the metasurface . In c)-f), the green dashed line denotes the threshold of the receiver. The assumed input beam diameter is 0.2 cm, the diameter of the detector collection area is 3 cm, and the beam steering efficiency of the metasurface is taken as 22%.
[image: Diagram

Description automatically generated]
Figure S2.  a) In case of the LiDAR operating in the CW regime, the power at the receiver vs. the range from the metasurface for different power values of light impinging on the metasurface . b) In case of the LiDAR in the pulsed illumination regime, the number of photons at the receiver vs. the range from the metasurface for different energies of the laser pulse impinging on the metasurface . c) In case of free-space optical communications in the CW regime, the power at the receiver vs. the distance between the metasurface and the receiver for different power values of light impinging on the metasurface . d) In case of free-space optical communications in the pulsed illumination regime, the number of photons at the receiver vs. the distance between the metasurface and the receiver for different energies of the laser pulses impinging on the metasurface . The green dashed line denotes the threshold of the receiver. The assumed beam diameter is 0.2 cm, and the diameter of the detector collection area is 3 cm, and the assumed beam steering efficiency of the metasurface is 3%.

the contribution of the scattering object  Within the context of free-space optical communications,  now stands for the distance between the metasurface and the receiver (see Figure S1b). Having space-related applications in mind, we take the attenuation coefficient  to be unity: .  As in the case of the LiDAR, we assume that the diameter of the incoming beam is , the aperture of the collecting lens at the receiver is , and the beam steering efficiency of the metasurface is 22%. In case of CW illumination, the proposed metasurface-based free-space optical communication system can attain the distance of 100 km for an incoming power of 0.01 kW (Figure S1e). In case of pulsed laser illumination, the proposed metasurface-based free-space optical communication system can attain the distance of 10 000 km for a pulse energy of 0.01 mJ (Figure S1f). In what follows, we will theoretically investigate whether gate-tunable conducting oxide metasurfaces can withstand such laser irradiances or pulse energies, which are of interest for LiDAR and free space optical communications applications.
Apparently, the range of the LiDAR or the communication distance of the free space optical communication system increases with the power or the energy of the incoming laser beam. The power (energy) of the incoming laser beam can be increased by increasing the irradiance (laser fluence) of the metasurface or by increasing the area of the incoming laser beam that implies an increased metasurface area. Another important parameter to consider is the beam steering efficiency of the metasurface, which was set to 22%. For example, if the beam steering efficiency of a metasurface is set to 3%, for a given incoming power (pulse energy) the detection range and communication distance of the metasurface are significantly reduced (Figure S2). Alternatively, the detection range or communication distance can be increased by increasing the aperture of the collecting lens .
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Figure S3.  a) In case of the LiDAR operating in the CW regime, the power at the receiver vs. the range from the metasurface for different power values of light impinging on the metasurface . b) In case of the LiDAR in the pulsed illumination regime, the number of photons at the receiver vs. the range from the metasurface for different energies of the laser pulse impinging on the metasurface . The assumed beam waist is 0.7 cm, the other parameters are the same as in Figure S1.

[bookmark: _Hlk75626735][bookmark: _Hlk80625759]In the cases discussed above (Figures S1, S2), the diameter of the steered beam was taken to be 0.2 cm. However, one can increase the diameter of the outcoupled beam by adding additional optical components, which can expand and collimate the steered beam thus reducing the diffraction losses. As an example, we consider the case when the diameter of the laser spot outcoupled from the LiDAR is  cm () (Figure S3). Figure S3 assumes a beam steering efficiency of 3%. Note that in the case of the CW illumination, the power of the incoming light is three orders of magnitude lower as compared with the powers used in Figures S1 and S2. In case of pulsed laser illumination, the incoming pulse energies are five orders of magnitude lower as compared with the ones assumed in Figures S1 and S2. However, due to an optimal choice of the diameter of the outcoupled beam, the proposed LiDAR system is able to efficiently detect objects at target distances exceeding 100 m. 
Finally, we briefly discuss requirements of metasurface-based additive manufacturing. In standard additive manufacturing schemes, a focused light beam emitted by a CW laser is mechanically raster scanned on the powder bed. The power of the beam is typically few hundreds of Watts (up to ~1 kW).2  This implies, for example, that if the metasurface area is 1 cm × 1 cm, and the metasurface reflectance is ~20%, the irradiance of 5 kW/cm2 would yield a 1 kW reflected beam. In the case of a modest reflectance of 3%, the incoming irradiance should be 33 kW/cm2, so that the power of the reflected beam is 1 kW. Active metasurfaces can simultaneously electronically steer and focus the reflected beam without employing mechanically moving parts. The ability of metasurfaces to arbitrarily shape the beam could offer interesting opportunities for additive manufacturing. Another important advantage of active metasurfaces is their ability to near-instantaneously change the position of the laser spot, which would impact the beam dwell time and temperature history and profile thus altering the powder melting dynamics and residual stresses. In contrast, galvanometric mirrors, which change the direction of the beam in current additive manufacturing schemes, cannot change the beam direction in such near-instantaneous fashion. For example, typical fast galvanometric mirrors with an aperture of 5 cm will require 5 ms to shift the beam by 10 mrad. Prior research has demonstrated ITO-based optical modulators operating at GHz frequencies.3 Thus, in principle, active metasurfaces operating at such high modulation frequencies (or a least at modulation frequencies of ~100 MHz) could also be achievable.


2. Electrical and optical properties of ITO and CdO
Simple physics consideration can set an upper bound on the carrier density in the active ITO layer. Let us consider a planar structure, which consists of Au, HAOL, and ITO (Au/HAOL/ITO) in which Au and ITO electrodes are biased with respect to each other (for the considered voltage polarity see Fig. 1a). Let us also assume that the thickness of the charge accumulation layer in ITO is tac, and the charge density in this accumulation layer is constant. The assumed thicknesses of the dielectric HAOL layer is td. In this case, using Gauss’s law we can derive the following relation between the carrier density increase in the accumulation layer ΔN and applied gating voltage Vg: ΔN = ɛ0 kd Vg/(e tac td). This relation was derived by considering a parallel plate capacitor structure and integrating over a cylindrical surface such that the axis of the cylinder is perpendicular to the capacitor plates, and the considered cylinder also encompasses one of the capacitor plates. Here,  is the dielectric permittivity of vacuum, e is the electron charge, kd is the DC permittivity of the gate dielectric, which is HAOL in our case. In our metasurface design, the thickness of the HAOL layer is td = 10 nm. Prior research has reported that the DC permittivity of HAOL is kd = 22 while the breakdown field in HAOL is 0.72 V/nm, which, in our case, corresponds to the maximal applied voltage of 7.2 V.4 If the assumed thickness of the accumulation layer is tacc = 1 nm5, then the carrier density in the accumulation layer Nacc can vary between the background carrier density Nbg and Nbg+8.8×1020 cm-3, as calculated from the equation for ΔN above. Thus, we conclude that when the considered gate dielectric is 10 nm-thick HAOL, the carrier density in the 1 nm-thick active ITO layer can be maximally increased by 8.8×1020 cm-3.
The complex dielectric permittivity of the ITO layer can be described by the Drude model: . Here,  is the angular frequency of light and  is the damping constant. The plasma frequency  is related to the ITO charge carrier density N and the effective electron mass  according to . In our simulations, we use  =1.8×1014 rad×Hz, m* = 0.35 me, and =3.9, where me is the free electron mass.18 We also assume the bulk electron density of ITO is N=3×1020 cm-3.
As in the case of ITO, the complex dielectric permittivity of cadmium oxide (CdO) ɛCdO can also be described by the Drude model with the following Drude parameters:  =3.3×1013 rad×Hz, m* = 0.21 me, =5.5.6























[bookmark: _Hlk65071035]3. Phase shift and reflectance modulation by ITO-based active metasurfaces
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Figure S4. Electrically tunable optical response of the ITO-based gate-tunable metasurface schematically depicted in Fig. 1a. We plot the phase shift and the reflectance as a function of the carrier density of the active ITO layer for different fixed values of the operating wavelength. Legends indicate the values of the operating wavelengths in each case.









4. Absorbance in ITO-based active metasurfaces
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Figure S5. a) Absorbance in ITO-based active metasurface as a function of wavelength and the carrier density in the active ITO layer. 
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Figure S6. Absorbance in different constituent layers of ITO-based active metasurface as a function of wavelength and the carrier density in the active ITO layer. Absorbance in a) the Au wire, b) the Au back plane, c) 4 nm-thick non-modulated ITO layer, d) 1 nm-thick ITO accumulation layer.


5. Spatial distribution of the electric field inside ITO-based active metasurfaces
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Figure S7. a) Spatial distribution of the electric field |E| inside the ITO-based active metasurface at no applied bias. b) Power absorbed per unit volume (absorption density) in the metasurface unit cell at zero applied bias and for an irradiance of 3.5 kW/cm2. c) Spatial distribution of the electric field |E| inside the ITO-based active metasurface when the accumulation layer of ITO is in the ENZ regime (Nacc=6.5×1020 cm-3). d) Spatial distribution of the electric field |E| inside the metasurface when the accumulation layer of ITO is in the ENZ regime (Nacc=6.5×1020 cm-3). 

Figure S7 plots the spatial distribution of the optical electric field inside the metasurface as well as the calculated absorption density. In the case when no electrical bias is applied, we observe that the electric field is concentrated in the dielectric spacer between the Au wire and the Au back reflector (Figure S7a).  Figure S7b plots the calculated absorption density in the case without applied bias. Note that we left blank the spatial areas in which the lossless (non-absorbant) HAOL and SiO2 layers are located. The calculated absorption density exhibits significant enhancement in the ITO layer as well as at the bottom surface of the Au wire and at the top surface of the Au back reflector. When the ITO accumulation layer is in the ENZ regime, we observe a strong optical electrical field enhancement in the 1-nm–thick active layer (Figure S7c). The calculated absorption density also exhibits enhancement in the 1-nm–thick ITO accumulation layer (Figure S7d).











6. Thermal behavior of ITO-based active metasurfaces: CW regime
Next, we identify the key optical and material parameters which drive the temperature rise in the metasurface during CW illumination. Reducing the amount of the absorbed power will, clearly, reduce the temperature rise of the metasurface. To further explore the effect of the reduced absorptance, we plot the peak temperature in the metasurface as a function of the wavelength of the incoming light with an irradiance 
[image: C:\Users\sruza\Documents\2019\LLNL\manuscript\Figures\Figure3.PNG]
Figure S8. Thermal response of the ITO-based gate-tunable metasurfaces upon CW illumination at a wavelength of 1550 nm. In a), the red curve shows the reflectance spectrum of our metasurface at no applied bias. In a), the blue curve shows the peak temperature attained in the metasurface for the thickness of the Si substrate of 250 μm and the irradiance of 3.5 kW/cm2. b) Peak temperature in the metasurface as a function of the irradiance for different thicknesses of the Si substrate. c) Temperature distribution inside the metasurface unit cell when x is fixed as x=100 nm (dark green layer indicating the 1-nm–thick active accumulation layer). In c), the substrate thickness is taken as 100 μm. d) Peak temperature inside the metasurface as a function of the laser irradiance. The assumed substrate thickness is 100 μm. In d), the red curve corresponds to the case of no applied bias while the black curve corresponds to the case when the metasurface is biased so that the ITO accumulation layer is in the ENZ regime (Nacc=6.5×1020 cm-3).


of 3.5 kW/cm2 (Figure S8a). In Figure 4a, the thickness of the Si is taken as 250 μm. As the operating wavelength moves away from the resonant wavelength, for a given bulk charge density without applied bias, the reflectance increases. As expected, the increase in the reflectance is accompanied by a decrease in the temperature. We observe that, at the resonant wavelengths, the peak temperature in the metasurface is around 350 K. On the other hand, at an off-resonant wavelength of 1250 nm, when the metasurface reflects over 80% of the incoming light, the peak temperature attainable in the metasurface is reduced to 310 K. Therefore, an improved active metasurface design, which exhibits higher reflectance while maintaining tunable optical properties, would significantly increase the laser power the metasurface can withstand.
The choice of the substrate can also strongly affect the thermal response of the metasurface. When investigating the effect of the operating wavelength, we took the baseline thickness of the Si substrate to be 250 μm. However, changing substrate thickness can strongly affect the peak temperature of the metasurface during illumination.7-8 Figure S8b plots the peak temperature of the metasurface for different thicknesses of the Si substrate as a function of laser irradiance. For a fixed substrate thickness, the peak temperature is a linear function of the laser irradiance. This result is consistent with prior experimental reports in the literature.9-11 As seen in Figure S8b, the peak temperature in the metasurface can be dramatically reduced when reducing the substrate thickness (Figure S8b). This strong dependence on the substrate thickness can be intuitively understood by considering heat flow in a solid kept at two different temperatures at two ends, T1 and T2, respectively. In this case, the amount of heat flowing through the unit area of the solid Q can be written as Q = k (T2-T1)/L. Here, L is the length of the solid, and k is the thermal conductivity of the solid. The presented relation shows that reducing the solid length would increase the heat flow. If we assume that the temperature at the hot side of the solid is not fixed, this increased heat flow will result in a decrease of the peak temperature in the solid. This relation also indicates that increasing the thermal conductivity of the substrate would also decrease the peak temperature attainable in the metasurface, which our modeling captures consistently, as expected. Thus, while the optical properties of the metasurface are not affected by the choice of the substrate, choosing a thinner substrate with higher thermal conductivity would significantly increase the laser damage threshold of the metasurface because the heat flux to the heatsink is increased due to a steeper temperature gradient across a thinner substrate.
Next, we examine the spatial variation of temperature inside the metasurface in the case when the active ITO layer is in the ENZ regime (Nacc=6.5×1020 cm-3). Figure S8c plots the temperature inside the metasurface along z direction (depth of the heterostructure) at a fixed value of x coordinate: x = 100 nm Figure S8a). In other words, the considered z-line is 8 nm away from the edge of the Au wire. In our notation, the plane z=0 corresponds to the interface of the back reflector and the SiO2 layer, and the top wire is located from z=25 nm to z=75 nm (see also Figure S8a). The thickness of the Si substrate is 100 μm, and the irradiance is, again, 3.5 kW/cm2, the same irradiance value as in the case of no applied voltage. As seen in Figure S8c, we now reach the highest temperature in the active ITO layer (dark green region). However, despite the fact that the absorption density in the active ITO layer is significantly enhanced, the temperature increase in the accumulation layer with respect to the temperature of the other layers in the metasurface structure is practically negligible (<1 K).
We now focus on the peak temperature increase in the metasurface as a function of the laser irradiance under CW illumination for the cases of both i) no applied voltage (0 V) and ii) when the active ITO layer is in the ENZ regime (Nacc=6.5×1020 cm-3). The thickness of the Si substrate is taken to be 100 μm. At the lower end of the laser irradiance, the temperature increase due to the applied bias is very limited. However, this temperature increase becomes significant at higher laser irradiances. We observe, that at a laser irradiance of 150 kW/cm2, the peak temperature of the metasurface equals the melting temperature of Au provided that the heat sink temperature can be maintained at 300 K. For the purposes of this discussion, this can be viewed as a theoretical upper bound of the laser irradiance that the metasurface can support under applied voltage, however in practice the melting breakdown would likely be much lower. In the case of no applied bias, the melting temperature of Au is reached at an irradiance of 187 kW/cm2, an irradiance level tolerated by the device that is 18% higher than when in active switching conditions based on melting failure criteria. We would like to emphasize that in the cases of both CW illumination and transient illumination with a few ns-long laser pulses, the pre-dominant mode of material damage is related to thermal heating and melting of materials.12 In practice, we expect that active semiconductor-based metasurface devices should exhibit an adequate electronic performance at least for temperatures below 400 K. 13 For the substrate thickness of 100 μm, the metasurface temperature of 400 K corresponds to the laser irradiance to 14.6 kW/cm2. Note that the ITO metasurface-based LiDAR system attains a detection range of ~100 m at an incoming power of 0.01 kW. The incoming power of 0.01 kW corresponds to an irradiance value of 0.3 kW/cm2, which yields a modest temperature increase at any of the considered substrate thicknesses (Figure S8b). Hence, our ITO-based active metasurface is expected to easily meet LiDAR applications requirements from a laser damage perspective.



7. Effect of the boundary morphology of the sample on the metasurface temperature
We can also use simple considerations to estimate metasurface temperatures in case of different sample morphologies. The areas of the ITO-based active metasurfaces previously demonstrated by our group were 40 µm × 40 µm.14-15 The area of the substrate, which is covered by an Au, gate dielectric, and ITO layers, may significantly exceed the area of the metasurface. Since only the metasurface area is optically heated, the heat generated in the metasurface will be conducted to the sides of the chip, resulting in the metasurface cooling. On the other hand, in our optical and thermal simulations, we assume insulating boundary conditions in x direction, and the structure is assumed to be infinite in y direction. Also, in our simulations, we fix the temperature at the bottom of the substrate to 300 K, assuming that the sample is placed on a thermostat. However, we can estimate the temperature of the metasurface accounting for its final dimensions and assuming that no thermostat is available.
To estimate the temperature of the metasurface on a semi-infinite substrate, we use previously developed methodology.9, 16 The approach assumes that the metasurface is illuminated by a Gaussian beam of a diameter D, which heats the metasurface locally. We can then describe this scenario as a heated disc, which is placed on an infinite Si substrate9. The temperature increase ΔT of the metasurface is then related to the generated heat q according to q=S k ΔT, where k is the thermal conductivity of the substrate while S=2D is the shape factor of the disc with D being the diameter of the heating beam16. Our experimental sample is fabricated on a Si substrate, which is covered by a 1 m-thick layer of SiO2. To derive an upper bound on the temperature attainable by the sample, we first derive temperature estimates for the case when the sample is placed on an SiO2 substrate (see the insets of Fig. S9). When the metasurface is built on an SiO2 substrate, for an irradiance of 9.1 kW/cm2, an absorbance of 99.3%, and a laser spot diameter of 8 μm, we estimate that the temperature increase of the metasurface is 167 K. On the other hand, if we consider the case of a Si substrate with a thermal conductivity of k=148 W/(m K), for an irradiance of 3.5 kW/cm2, an absorbance of 90%, and the laser spot diameter of 40 μm, the temperature increase of the metasurface is only 3.3 K. This illustrates how the thermal conductivity of the substrate affects the temperature attained by the metasurface.
In what follows, we derive few simple estimates for the temperature increase of the metasurface on a Si substrate using the simple model described above. The model projects that at an irradiance of 567 kW/cm2, absorbance of 85%, and for a laser spot diameter of 8 μm, the temperature increase of the metasurface is ~102 K. For the high irradiance of 567 kW/cm2, the temperature increase is limited to only 102 K due to the heat conduction in the lateral (in plane) directions and through the heat sink out of plane. 
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Figure S9. Modelled temperature increase upon small-area CW illumination. a) Irradiance, which yields a temperature increase of ΔT=102 K, as a function of the laser spot diameter (red curve). The corresponding total output power is plotted in red. In a) and b), we assume that the metasurface illuminated by a focused laser spot can thermally be modelled as a heated disc on an infinite substrate, which is schematically shown in the inset of a). Schematic of the fabricated metasurface unit cell is also shown in the inset of a). b) The calculated temperature increase of a metasurface as a function of the incoming power for different diameters of the heated disk.

Further, we calculate the laser irradiance, which yields the same temperature increase of 102 K at different diameters of the illuminating laser spot size (Figure S9a). While the area of the fabricated metasurface is 40 μm × 40 μm, in our model, we also consider the cases of larger metasurfaces and extend the diameter of the laser spot up to 600 μm at fixed irradiance of 567 kW/cm2. As seen in Figure S9a, the irradiance yielding a temperature increase of 102 K decreases with the laser spot diameter. This is because at larger diameters of the heated spot, the lateral conduction of heat is less efficient. On the other hand, the overall incident power increases with the laser diameter exceeding 3W at the laser spot diameter of 600 μm. Using the same simple relation (q=S k ΔT), we calculate the temperature increase of the metasurface as a function of the incoming power for different laser spot diameters (Figure S9b). The temperature range displayed in Figure S9b is limited to 723 K, which corresponds to the melting temperature of thin Au films.17 As seen in Figure S9b, to achieve a given temperature increase, larger metasurfaces should be illuminated by laser beams of higher power. These higher laser powers would, however, correspond to lower irradiances (Figure S9a).
We also used a more elaborate model to estimate the temperature increase in our metasurfaces.18 The developed model describes a situation when a heated disc is placed on a finite substrate (Figure S10). Again, the metasurface acts as a heat source with an assumed irradiance of 3.5 kW/cm2 and an assumed absorbance of 90%. We assume that S1=40 μm, t=2.5 mm, the convective coefficient at the bottom of the substrate is h=10 W/(m2K), which corresponds to the case of the unforced convection. The thermal conductivity of the Si substrate is k=148 W/(m K). Figure S10c plots the temperature increase of the metasurface as a function of the substrate size S2. As seen in Figure S10c, the temperature of the metasurface decreases with the substrate size. For example, for an 8 cm-wide substrate, the temperature increase is ~ 8K, while for a 10 cm-wide substrate the temperature increase is about 5.5 K. Hence, for reasonably large substrates, the projected temperature increase in our metasurface can be quite modest even without introducing a thermostat. Note that the developed model describes the case when there is no forced convection in the system.
The simulation methodology employed in our work has been previously used to accurately reproduce experimental results in the transient illumination regime. We have previously performed transient heat simulations for thin planar films illuminated by ns-long laser pulses.12 For the experimentally used laser damage fluences, the simulated temperatures of thin Au films were very close to the previously measured melting temperatures of Au films.17
Additionally, we simulated the temperature of one, three, and five metasurface elements placed on a planar heterostructure when the temperature at the bottom of the substrate is fixed to T=300 K. Figures S11a, S11b, and S11c correspond to the cases when one, three or five metasurface elements act as a heat source, respectively. Since we fix the irradiance in our optical simulation, the total input power in the performed simulations will be proportional to the number of the metasurface elements. Importantly, we observe that the temperature of the metasurface elements is much lower as compared with the case when the simulation period is set to 400 nm. We also observe that the temperature of the metasurface elements decreases when increasing the simulation width. Both trends are due to the heat conduction in the lateral direction.
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Figure S10. Schematic of a heated metasurface on a substrate. a) Side view. b) Top view. c) Calculated temperature increase as a function of the substrate size S2. We assume that S1=40 μm and t=2.5 mm. The assumed irradiance is 3.5 kW/cm2, and the assumed absorbance is 90%.


[image: ]
Figure S11. The top panels of a), b), and c) show the schematics of the considered structures, which consist of a bottom heterostructure section of the metasurface with either one a), three b) or five c) stripe antennas on top. The bottom panels of a), b), and c) plot the temperature in the ITO layer as a function of the x coordinate for different periods of thermal simulation. The utilized absorption density is the same as in Fig. S7b and corresponds to the irradiance of 3.5 kW/cm2.


In summary, the temperature of the metasurface will depend on the details of the thermal packaging (especially in the CW illumination regime), and no universal solution is possible. However, the configuration considered in our work is a canonical example of photothermal heating of electrically tunable active metasurfaces. Importantly, our numerical analysis carefully accounts for the details of the spatial distribution of the absorption density inside the metasurface. We carefully account for the thermal properties of the constituent material layers as well. Thus, our analysis can serve as a foundation for the evaluation of different sample morphologies.

[bookmark: _Hlk88140452]8. Temperature-dependent optical properties of ITO and Au films
We use spectroscopic ellipsometry to measure temperature-dependent optical constants of thin planar material films, which constitute ITO-based active metasurfaces. We measured the following samples:
a) A Si substrate;
b) An 8.3 nm-thick Al2O3 film on a Si substrate;
c) An 80 nm-thick Au film on a Si substrate;
d) A 16.7 nm-thick ITO film on a Si substrate;
e) A planar heterostructure Si(substrate)/Au(80 nm)/ITO(16.7 nm)/ Al2O3(8.3 nm);

In our samples, ITO films were deposited via RF sputtering, Au films – via electron beam evaporation, while Al2O3 layers were deposited via atomic layer deposition (ALD). All identical layers were deposited simultaneously.
We placed our samples on the Linkam heating stage, which was mounted onto the ellipsometer setup (Woollam-VASE UV-VIS). Our samples were exposed to the ambient during the measurement. We performed two heating cycles for each sample. First, we performed measurements at temperatures of 300 K, 323 K, 373 K, and 423 K. Then we waited until the sample cooled down to room temperature and remeasured it at 300 K, 323 K, 373 K, and 423 K. In what follows, we refer to these two temperature cycles as the first temperature cycle and the second temperature cycle.
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Figure S12. Ellipsometry measurements of the real (nSi) and imaginary (kSi) parts of the complex refractive index of the Si substrate at different temperatures. a) The first temperature cycle. b) The second temperature cycle.

First, we characterize a Si substrate and extract its temperature-dependent complex refractive index. The complex dielectric permittivity of Si is described as a sum of two Lorentz oscillators and one Tauc-Lorentz oscillator. We observe a slight red shift of the real part of the refractive index nSi with increased temperature as well as a slight reduction of nSi at wavelengths around 370 nm (Figure S12). However, in the NIR wavelength range, the temperature-dependent variation of the refractive index is not significant. These results are consistent with the previous reports in the literature19. The amount of the complex refractive index variation observed in both temperature cycles is approximately the same. Importantly, for all following fits, we account for the temperature-dependent dielectric permittivity of Si.
	Next, we measured the sample, which is comprised of an 8.3 nm-thick Al2O3 film on a Si substrate. Our measurements show that the optical properties of the Al2O3 film do not change when increasing the temperature.
	The results of the ellipsometry measurements performed on an 80 nm-thick Au film on a Si substrate are summarized in Figure S13. We observe a slight variation of the real part of the dielectric permittivity of Au during the first temperature cycle (Figure S13a). We also observe that the imaginary part of the dielectric permittivity of Au increases during the first temperature cycle (Figure S13b). During the second temperature cycle the variation of the real part of the dielectric permittivity of Au Re(εAu) somewhat decreases (Figure S13b). Figure S13c shows that also in the second temperature cycle, Im(εAu) increases with temperature. Similar trends have already been previously observed.17
	Next, we extract the dielectric permittivity of a 16.7 nm-thick ITO film on a Si substrate (Figure S14). The dielectric permittivity of ITO was described as a sum of a Lorentz oscillator and a Drude oscillator. We observe that the real part of the dielectric permittivity of ITO Re(εITO) exhibits a significant variation during the first heating cycle. However, during the second heating cycle, the variation of Re(εITO) is modest. Moreover, we observe that in the NIR wavelength range, Re(εITO) extracted from the second heating cycle is larger when compared to Re(εITO) extracted from the first heating cycle. For example, in the first cycle, at 300 K and at a wavelength of 1550 nm, Re(εITO)=1.8. In the second cycle, at 300 K, Re(εITO)=2.5. Thus, the ITO film undergoes an irreversible change when heated by ΔT=123 K.
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Figure S13. Measured real (Re(εAu)) and imaginary (Im(εAu)) parts of the complex dielectric permittivity of an 80 nm-thick Au film at different temperatures. a) and b) correspond to the first temperature cycle while c) and d) correspond to the second temperature cycle. 

	Sample and the measurement condition
	
	N (cm-3)
	µ (cm2/(V⋅s))

	Si/ITO, 300 K, cycle 1
	3.97
	3.7×1020
	19.4

	Si/ITO, 423 K, cycle 1
	3.78
	2.8×1020
	17.5

	Si/ITO, 423 K, cycle 2
	3.94
	2.6×1020
	12.7

	Si/Au/ITO/Al2O3
300 K, cycle 1
	4
	4.9×1020
	18.5



Table S2. Summary of the material parameters extracted from the ellipsometry fit. When performing the ellipsometry fit we used the high-frequency permittivity , the electron density N, and the electron mobility µ as fitting parameters.
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Figure S14. Ellipsometrically measured real (Re(εITO)) and imaginary (Im(εITO)) parts of the complex dielectric permittivity of a 16.7 nm-thick ITO film on a Si substrate. The ellipsometric measurements were taken at different temperatures indicated in the legends of a) and b). a) corresponds to the first temperature cycle while b) corresponds to the second temperature cycle.
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Figure S15. Ellipsometrically measured real (Re(εITO)) and imaginary (Im(εITO)) parts of the complex dielectric permittivity of a 16.7 nm-thick ITO film extracted from measuring Si/Au/ITO/Al2O3 heterostructure. The thicknesses of the layer in the heterostructure are as follows: Au – 80 nm, ITO – 16.7 nm, Al2O3 – 8.3 nm. The ellipsometric measurements were taken at different temperatures indicated in the legends of a) and b). a) corresponds to the first temperature cycle while b) corresponds to the second temperature cycle.
The observed trends are different when the ITO film is integrated into the Si/Au/ITO/Al2O3 heterostructure (Figure S14). In this case of the Si/Au/ITO/Al2O3 sample, εITO does not vary noticeably with
increased temperature. We attribute the stark difference in the behavior of the sample d) (Si/ITO) and sample e) (Si/Au/ITO/Al2O3) to the presence of the capping Al2O3 layer in the sample e). To gain physical intuition, we fit the ellipsometry data only in the wavelength range 1000-1700 nm and use a single Drude model to describe the dielectric permittivity of ITO.  The obtained fitting parameters are summarized in Table 2. The assumed effective electron mass is m* = 0.35 me. In case of the Si/ITO sample, Re(εITO) increases with temperature due to the decreased carrier density. Prior research has also shown that annealing ITO samples reduces the ITO carrier density.20 Additionally, we observe that the electron mobility reduces with increased temperature that is consistent with previous literature reports.21 Moreover, the electron mobility extracted from the measurements performed during the second temperature cycle is lower as compared with the values extracted during the first temperature cycle. This could be due to the defects introduced into ITO during the heating process.
	Next, we discuss the properties of the ITO layer incorporated in the Si/Au/ITO/Al2O3 heterostructure (Figure S15). We observe that the extracted carrier density of the ITO is significantly higher as compared with that in the case when ITO has no capping layer (the Si/ITO sample). The observed increased carrier density is due to the oxygen leakage from the ITO layer during the Al2O3 ALD process. This result is consistent with previous literature reports22. It is also worth mentioning that during the ALD process the ITO film is effectively undergoing the annealing process since it is being heated to 423 K. The presence of the Al2O3 capping layer precludes the interaction of ITO with the ambient during the heating process. This explains the optical properties of the ITO layer in the Si/Au/ITO/Al2O3 heterostructure do not vary with increased temperature.

[bookmark: _Hlk88140474]9. Phase shift and reflectance modulation by CdO-based active metasurfaces
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Figure S16. Electrically tunable optical response of the CdO-based gate-tunable metasurface. The geometrical parameters of our CdO-based gate-tunable metasurface are the same as the geometrical parameters of the ITO-based metasurface shown in Figure 1. The only difference between the ITO- and CdO-based metasurfaces is that we replaced the ITO layer in Figure 1a with a CdO layer. We plot the phase shift and the reflectance as a function of the carrier density of the active ITO layer for different fixed values of the operating wavelength. Legends indicate the values of the operating wavelengths in each case.
[bookmark: _Hlk88140492]10. Absorbance in the CdO-based active metasurfaces
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Figure S17.  Absorbance in different constituent layers of the CdO-based active metasurface as a function of wavelength and carrier density in the active CdO layer. a) Absorbance in the Au wire. b) Absorbance in Au back plane. c) Absorbance in the 4 nm-thick non-modulated CdO layer. d) Absorbance in the 1 nm-thick active CdO layer.










[bookmark: _Hlk89786377]11. CdO-based active metasurfaces upon pulsed illumination and toxicity concerns
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Figure S18. Temperature inside the metasurface element as a function of z coordinate at x =100 nm. Red and black curves correspond to the temperature distributions 3.3 ns and 6.6 ns after turning on the laser pulse, respectively. Dashed lines correspond to the case of no applied bias while solid lines correspond to the case when the CdO accumulation layer is in the ENZ regime (Nacc=5.4×1020 cm-3). In case of the CdO- and ITO-based active metasurfaces, the illumination wavelengths are taken to be 1559 nm and 1550 nm, respectively.

We investigate the thermal performance of CdO-based gate-tunable metasurfaces in the case of pulsed laser illumination. The laser pulse shape and peak laser irradiance values are defined in Figure 5a and are the same as in the case of ITO-based metasurfaces. In the case of pulsed laser illumination, thermal performance of CdO-based metasurfaces exhibits multiple distinct features. When there is zero applied bias, compared with the Au wire temperature, we observe a visible temperature drop across both SiO2 and HAOL layers (Figure S18). When the CdO accumulation layer is in the ENZ regime, the temperature of the HAOL layer is equal or is slightly higher than the temperature of the Au wire. On the other hand, for ITO-based gate-tunable metasurfaces, we observed no temperature drop across the HAOL layer (Figure 4b). To understand why this temperature variation is observed, we re-examine resonant absorption in different layers of the CdO-based metasurface (Supporting Information, Part 10). Our calculations show that, with no applied bias, 38% of the incoming light is absorbed in the wire, 30% of the incoming light is absorbed in the back reflector, and only 9% of the incoming light is absorbed in the CdO. This contrasts significantly with the ITO-based gate-tunable metasurfaces for which the absorbance at resonant wavelengths is almost equally split between the back reflector, the ITO layer, and the Au wire 
(Figure 1c). The high absorbance observed in the Au wire of the CdO-based metasurface results in a significantly elevated temperature of the Au wire when there is zero applied bias. In the ENZ regime, however, the CdO layer absorbs over 60% of the light, and the Au wire absorbs less than 10% of the light. Consequently, in the ENZ regime, CdO becomes the hottest layer of the metasurface at the beginning of the pulsed illumination (see Figure 5d, the plot corresponding to 3.3 ns). However, at later times (see Figure 5d, the plot corresponding to 6.6 ns), the ITO layer is almost at the same temperature as the Au wire. When comparing the overall thermal response of the ITO-based with the CdO-based metasurfaces in the transient illumination regime, we observe that the peak temperature attained in the ITO-based metasurfaces is higher (Tmax=400 K) than the peak temperature attained in the CdO-based metasurfaces (Tmax=380 K). Thus, as in the case of CW illumination, for a given illumination level, the CdO-based gate-tunable metasurface attains lower peak temperature than our ITO-based gate-tunable metasurface. The observed trends also indicate that unlike the case of steady-state illumination, in the pulsed illumination regime, the observed spatial temperature profile may significantly vary depending on the spatial distribution of absorption.
[bookmark: _Hlk65747768]We use the described thermal analysis to estimate the performance of the CdO metasurface-based LiDAR and free space optical communications systems. The beam steering efficiency of the CdO-based active metasurface is ~22% because at a considered wavelength of 1559 nm the minimal reflectance of the metasurface is 22% (Figure 5b). Since Figure S1 assumes a beam steering efficiency of 22%, it can be used to evaluate the performance of the CdO metasurface-based LiDAR and free space optical communication systems. Note that for the assumed beam diameter of  cm, the incoming power of 0.1 kW corresponds to an irradiance of 3.2 kW/cm2. Our analysis shows that the irradiance of 3.2 kW/cm2 yields a temperature increase of 16 K when a 100 µm-thick Si substrate is assumed (Figure 5c). As seen in Figures S1c and S1e, in the case of incoming power of 0.1 kW, the LiDAR range of 220 m and optical communication distance of 100 km is attained. If the incoming CW power is 1 kW, the LiDAR range of 360 m and optical communication distance of 460 km can be attained but the temperature increase in the metasurface will be around 160 K. In case of the pulsed laser illumination, for the assumed beam diameter of  cm, the pulse energy of 0.1 mJ corresponds to the laser fluence of 3.2 mJ/cm2, which yields a maximal temperature increase slightly below 80 K. For the laser pulse energy of 0.1 mJ, the LiDAR range of 1 km and the optical communication distance of 8900 km is attained. These large communication distances and LiDAR ranges indicate that our CdO-based active metasurface is suitable for practical applications.
Finally, we would like to address a common concern regarding the toxicity of cadmium. Indeed, cadmium is a toxic heavy metal, and its usage is increasingly regulated. However, the use of cadmium is still permissible and manageable with proper controls, especially if it may offer a distinct advantage over alternatives. For example, HgCdTe amplified photodetectors can be purchased from Thorlabs since they are sensitive to light in the mid-infrared wavelength range. Analogously, even though arsenic is toxic, it is still used in photodetectors or solar cells powering aircrafts or spacecrafts. Thus, we conclude that even though cadmium is toxic, it can still be used in applications such as beam steering units for free space optical communications, for example.
Interestingly, cadmium is still widely used in the consumer products. European commission has practically banned the usage of cadmium in electrical and electronic products since it poses health and environmental risks when these electronic products are recycled.23 The corresponding directive of the European Union still provides a list of exceptions.23 Despite this, in the European union, new Ni-Cd batteries are still permitted but only in certain applications24. On the other hand, both in Europe and the United States, Ni-Cd batteries can readily be purchased in Amazon. Moreover, quite surprisingly, cadmium is widely used in brightly colored enameled drinking glasses as well as in decorated ceramic objects.24 Moreover, the thickness of cadmium layer in the proposed metasurface is only 5 nm, and it is covered by an additional HAOL layer. The final device will be coated by an additional protective layer further limiting the probability of cadmium exposure while handling the final device. 




[bookmark: _Hlk88140507]12. Properties of the constituent materials
	
	Density (kg/m3)
	Specific heat (J/(kg×K))
	Thermal conductivity (W/(m×K))
	Electrical conductivity
 (S/m)

	Au25
	8933
	385
	100
	4.005 ×107

	Si26
	2330
	711
	148
	0.000311

	SiO227
	2203
	709
	0.8
	0

	HAOL28
	9680
	261.28
	1
	0

	CdO29-30
	8150
	347.6
	10
	78700

	ITO31
	7120
	362.5
	4
	39000


[bookmark: _Hlk75264713]Table S2. Summary of the material parameters in our thermal simulations.
The thermal properties of the HAOL films are assumed to be the same as the thermal properties of HfO2 films.28 In our optical simulations, HAOL and Al2O3 are modelled as non-dispersive materials with refractive indices of 2.07 and 1.745, respectively. Au was modelled by using the tabulated data by Palik.32

[bookmark: _Hlk122007365][bookmark: _Hlk103967598]13. The role of the thermal conductivity the thin SiO2 layer on the metasurface temperature: CW regime
Here, we study how thermal conductivity of the SiO2 spacer layer between the Au back plane and the ITO layer affects the temperature of the metasurface. Let us consider the case of an infinite metasurface upon plane wave illumination. Consider the metasurface design shown in Figure 1, and replace the SiO2 with an imaginary material, which has the same refractive index as SiO2, but its thermal properties are identical to those of Au. This thought experiment allows us to understand the role of the thermal conductivities of the constituent materials without considering the variation in absorption density, which would occur if we changed the optical design of the metasurface. Assuming that the active ITO layer is in the ENZ regime, we then fix the value of the x coordinate to x = 100 nm and plot the temperature as a function of z coordinate (for definitions, see Figure 1a). Figure S18a corresponds to the case when thermal parameters of SiO2 are defined accurately, while in Figure S18b, thermal properties of SiO2 are identical to that of Au. As in Figure S18, the temperature values attained in both cases are very similar while the local temperature variation in Figure S18b is slightly more modest. We attribute the lack of dramatic differences between both cases (Figure S18b vs. Figure S18a) to the fact that the SiO2 layer is very thin, and, hence, despite low thermal conductivity, its thermal resistance is also quite modest.
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Description automatically generated]Figure S19.  Temperature distribution inside the metasurface unit cell (see Figure 1a) when x is fixed as x=100 nm (dark green layer indicating the 1-nm–thick active accumulation layer). a) Thermal properties of SiO2 are taken into account accurately. b) Thermal properties of the SiO2 layer are replaced with those of Au. The substrate thickness is taken to be 250 μm, and we assume that the active ITO layer is in the ENZ regime. We also assume that we have a large metasurface shown in Figure 1a and use periodic boundary conditions.

[bookmark: _Hlk122007384]14. Characteristic time scales during pulsed laser illumination
 Next, we identify time scales over which our metasurface cools after being illuminated by a laser pulse (see Figure 2). The metasurface design and the specifics of the considered pulse are the same as in Figure 2 of the main manuscript. Thus, we extend our simulation time and calculate the evolution of the metasurface temperature over the time range from 0 to 3000 ns. Our simulation results are summarized in Figure S9. Figure S9 plots the maximal temperature of the metasurface during the pulsed laser illumination and after the pulse has been turned off. Note that the laser pulse is switched off at t=8.7 ns, which is marked by a vertical dashed line in Figure S9.  We observe that 31 ns after the laser pulse has been turned off, the temperature increase of the metasurface is reduced by a factor of e2. Our simulations also show that 150 ns after the laser pulse has been turned on (or [150-8.7] ns after the laser pulse has been turned off), the temperature of the metasurface is reduced by a factor of e3. This indicates that the repetition rate of the pulsed laser used for illuminating metasurface can be ~6.7 MHz. 
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Figure S20. Maximal temperature of the metasurface under pulsed laser illumination as a function of time. The considered conditions are the same as in Figure 2 of the manuscript. The vertical dashed line marks the point in time when the pulse has been turned off.

[bookmark: _Hlk122007406]15. High-irradiance cycling and dynamic beam switching experiments
Ideally, we would like to perform dynamic beam switching experiments upon high irradiance illumination.
However, for beam steering and phase measurements, a large area of the metasurface needs to be illuminated. Due to limited optical power at the output of the erbium doped fiber amplifier (EDFA), we are not able to perform direct beam steering and phase measurements upon high irradiance illumination. On the other hand, when performing reflectance measurements, we have been able to achieve high irradiances due to focusing of laser light down to the spot of 7 µm in diameter onto the sample.
Indeed, to perform beam switching experiments, we illuminate at least ten grating periods. In our current samples, 12 metasurface elements are electrically connected via a single electrode. Thus, for a two-level grating, the minimal grating period is 2 x 12 x 0.4 μm=9.6 μm (where 0.4 μm is the period of our metasurface). To observe switchable diffraction, we illuminate at least 10 grating periods, and, hence, our spot size is 100 μm in diameter. Because of this large required spot, we are not able to achieve high irradiances. Similarly, our phase shift measurement procedure requires illuminating the sample with a collimated beam and using the light reflected from the Au back plane as a reference to measure the shift of interference fringes. Thus, performing phase shift measurements upon focused light illumination is not optimal.

In summary, we performed the following measurements on the sample:
1) First, we performed reflectance, phase shift, and diffractive switching measurements upon low irradiance illumination when no amplification was applied. (Figures 5c and S21a, S21b).
2) Then we focused light down to a diameter of 7 µm and measured reflectance as a function of voltage at irradiance values of 1.6 kW/cm2, 4.9 kW/cm2, and 9.1 kW/cm2 (Figure 5d).
3) We repeated phase shift and switchable diffraction measurements (Figure S22).
4) We performed high-power cycling. In our cycling experiments, we select three distinct spots on the metasurface. We focused light onto each of the selected metasurface areas down to the spot of 7 µm in diameter and illuminated each spot with a laser beam, which has an irradiance of 9.1 kW/cm2. At each of the selected metasurface spots, we kept the focused light on for 10 s after which it was switched off for 10 s, and this sequence was repeated 20 times.
5) After performing high-power cycling, we remeasured the switchable diffraction upon low power illumination (~0.1 mW) (Figure S23).
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Figure S21. a) Measured phase as a function of voltage at low-irradiance illumination. b) Intensity of the electric field in the far field as a function of the steering angle. At no applied bias, a normally incident beam is specularly reflected (not shown here). When we apply 3 V to every other group of electrically connected metasurface elements and -3 V to adjacent electrically connected metasurface elements (see Figure 5a), we observe switchable diffraction. Both phase shift and switchable diffraction measurements are performed at multiple operating wavelengths specified in the legends of a) and b) (λ=1550 nm, λ=1555 nm, λ=1560 nm, λ=1565 nm). The measured values of the phase shift are as follows: 220° at λ=1550 nm, 181° at λ=1555 nm, 140° at λ=1560 nm, 144° at λ=1565 nm.
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Figure S22. Measured phase a) and diffractive switching performance b) after high-irradiance measurements at one spot of the metasurface (see Fig. 5d). These experiments have been performed upon low irradiance (no amplification has been applied). b) Intensity of the electric field in the far field as a function of the steering angle. At no applied bias, a normally incident beam is specularly reflected (not shown here). When we apply 3 V to every other group of electrically connected metasurface elements and -3 V to adjacent electrically connected metasurface elements (see Figure 5a), we observe switchable diffraction. Both phase shift and switchable diffraction measurements are performed at multiple operating wavelengths specifies in the legends of a) and b) (λ=1550 nm, λ=1555 nm, λ=1560 nm, λ=1565 nm). In a), the measured values of the phase shift are as follows: 175° at λ=1550 nm, 169° at λ=1555 nm, 136° at λ=1560 nm, 123° at λ=1565 nm.
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Figure S23.  Intensity of the electric field in the far field as a function of the steering angle at an operating wavelength of λ=1555 nm. Blue curve has been measured before the sample has been subject to high-irradiance illumination. Red curve corresponds to the measurement taken after one spot on the metasurface has been illuminated with a high-irradiance beam and the measurement shown in Fig. 3 was taken. Yellow curve corresponds to the measurement taken after thermal cycling.

We observe that our metasurface exhibits a reflectance minimum at a wavelength of λ=1580 nm (Figure 5c). In our phase measurements, we observe that the largest phase shift (200°) is observed at a wavelength of λ=1550 nm (Figure S21a). To assess how high-irradiance illumination affects the optical response of the metasurface, we focused the CW laser beam onto the metasurface so that the diameter of the laser spot was 7 μm and measured the reflectance as a function of applied voltage (Figure 5d). After performing high-irradiance reflectance measurements, we re-measured gate-tunable phase shift and performed switchable diffraction measurements (Figure S22). We observed that the maximum achievable phase shift had been reduced (Figure S22a). The switchable diffraction pattern, on the other hand, did not noticeably change (Figure S22b). We have previously observed the reduction of the maximal achievable phase shift at each consecutive measurement that was reported in the Supplementary Information of our prior work 1. We hypothesized that applying bias to the metasurface degrades the gate dielectric giving rise to the pinholes. Based on this, we conclude that it is highly unlikely that the observed reduction of the phase shift is a result of the high irradiance illumination of the metasurface. 
Next, we performed high-irradiance cycling on the metasurface. We selected three distinct areas on the metasurface and illuminated these areas with a focused laser beam with a maximal irradiance of 9.1 kW/cm2. Then we blocked (for 10 s) and unblocked (for 10 s) the light path with an opaque object 20 times, thus performing 20 heat/cool cycles at each of the selected areas. Next, we used the metasurface sample to demonstrate switchable diffraction by using a two-level phase grating approach at an operating wavelength of λ=1555 nm and at low irradiance when no amplification has been applied (Figure S23). We observed that thermal cycling did not noticeably affect the diffraction pattern indicating that our metasurface is robust with respect to high-irradiance illumination.
We have also acquired scanning electron microscopy (SEM) images after the metasurface has been illuminated (details of high-irradiance cycling are described in our response to question 1). We observe no visible signs of damage in the SEM images (Figures S24 and S25). When acquiring SEM images, we took closer look at the metasurface areas, which were used for gate-tunable reflectance and high-irradiance cycling measurements. We observed no detectable damage to the metasurface in none of these areas (Figures S24 and S25).
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Figure S24. SEM image of the metasurface. Scale bar is 50 µm. We observe no visible damage on the metasurface.
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Figure S25. SEM images of the metasurface. In a), the scale bar is 20 µm. In b), the scale bar is 3 µm. We observe no visible damage on the metasurface.
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