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S1. Simulation of smart meta-OSR design based on VO2
An optical solar reflector (OSR) is a spectrally selective filter, that reflects the ultraviolet (UV), visible (VIS) and near infrared (NIR) parts of the optical spectrum corresponding to the radiation spectrum of the sun. At the same time, an OSR emits the thermal infrared spectrum corresponding to that of a black body at 300 K. A smart OSR is expected to have a high black body emittance at higher temperature and a low black body emittance at lower temperature to maintain the electronic system operation temperature.

The proposed structure is a traditional Salisbury screen consisting of a stack of three layers: the metal back reflector, the dielectric spacer layer and the VO2 meta-surface. The back reflector can be made of silver or aluminum, both of which are good reflectors in the visible and IR spectral range. While silver has the higher average reflectivity in the visible spectrum, it has a bandgap at around 350 nm, thereby increasing absorption in the ultraviolet. Aluminum on the other hand has a lower average reflectivity and weak bandgap absorption at 800 nm. In this work, the simulation is based on Ag reflector, whilst the fabricated reflector is based on an aluminium reflector for its excellent adhesion with SiO2 and optical immunity to oxygen. 

For the VO2 elements, we used a square shape as this combines a high cross-section per unit cell with an isotropic response. Figure S1 shows absorption spectra obtained for meta-surfaces in air consisting of squares (a) or disks (b) using the same array dimensions (gap of 500nm). Absorption values for the square are systematically higher by 15% to 25% than corresponding meta-surfaces consisting of disks. Different packing fractions could partially compensate for this difference (packing ratio of hexagonal to square arrays is about 1.15).
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Figure S1 High-temperature (80°C) absorption spectra at normal incidence for an array of VO2 elements suspended in air, with feature size L ranging from 1800nm to 3800nm.

S1.1 Geometry dependence

Figure S1 shows the smart-OSR spectrum when tuning the gap size from 250 to 2000 nm at high-T (80°C) and low-T (30°C). To compensate for spectral shifts induced by strong interparticle coupling at narrow gaps, square sizes were adjusted to respectively 1800, 2,200, 2600 nm. For the smallest gap, the UV-Visible absorption is very high. With increasing gap, the area fraction is reduced from 76% to 32%, resulting in a corresponding reduction of the non-resonant UV-Visible absorption. 

In comparison, the infrared absorption is governed by a strong resonant response of the VO2 square elements which is so strong that an increase of the gap does not directly result in a suppression of the resonance strength at maximum. In fact, we could increase the gap to 2000 nm without reducing the main absorption features in the window around 6-15 m.

Table S1 summarizes  and ε calculated from the spectra in Figure S1.  is significantly reduced by increasing the gap size from 500 to 2000 nm, resulting in (2000nm) of 0.338 and 0.364 for low-T and high-T, respectively. The ε values are slightly increased with increasing gap size. However, the Δε values are hardly affected and are in the range of 0.40 to 0.47. This shows that the patterned structure promises to result in an improved  without a penalty of Δε. 
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Figure S2 High-temperature (80°C) and low-temperature (30°C) absorption spectra at normal incidence for smart-OSR design as shown in inset, for gaps between elements of 250, 1000, 2000 nm. Square sizes were respectively 1800, 2200, 2600 nm to compensate for coupling-induced spectral shift.
Table S1 Summary of  and  values for VO2 meta-reflectors with gaps of 250, 1000 and 2000 nm.

	Gap (nm)
	α (30°C)
	α (30°C)
	ε (30°C)
	ε (80°C)
	Δε

	250
	0.66
	0.73
	0.08
	0.55
	0.47

	1000
	0.46
	0.49
	0.09
	0.50
	0.41

	2000
	0.34
	0.36
	0.18
	0.62
	0.44


S1.2 VO2 thickness dependence
Figure S3 shows the smart-OSR spectrum when tuning the VO2 thickness from 20 to 120 nm in the hot state (80°C) and cold state (30°C). At both cold and hot states, the UV-Visible absorption  decreases with reduction of VO2 thickness. This can be directly attributed to the absorption reduction for thinner VO2 thickness. In the cold state, the infrared spectra are similar for all thicknesses. However, in the hot state, a decrease of infrared absorption around 11 µm is clearly discernible which is due to the the infrared absorption enhancement by the plasmonic resonance of the VO2 square elements. This feature is hence also geometry dependent.  The data is summarized in Table S2. The 40nm films give the best trade-off between low and high In the fabrication stage, a 50 nm VO2 film was realised. Reduction of is achieved by decreasing the VO2 thickness to 20 nm, resulting in an  of 0.226 in the cold state. The hot state  value of around 0.6 is hardy affected for thicknesses down to 40 nm, however it is reduced down to 0.5 for the 20 nm layer thus reducing the difference between the two states, . Therefore, the VO2 thickness around 40 nm is preferred for considerations of low  and high . In the fabricated samples, a VO2 thickness of around 50 nm was used. [image: image3.png]VO, thickness
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Figure S3 Spectra for 2000 nm gap & square size of 2600 nm, when tuning the VO2 thickness from 120 to 20 nm.  and  corresponding to spectra are shown in the tables.
Table S2 Summary of  and  values for VO2 meta-reflectors with VO2 thickness from 120 to 20 nm, for 2000 nm gap and square size of 2600 nm.

	VO2 thickness (nm)
	α (30°C)
	α (30°C)
	ε (30°C)
	ε (80°C)
	Δε

	120
	0.34
	0.36
	0.18
	0.62
	0.44

	80
	0.30
	0.34
	0.17
	0.62
	0.45

	40
	0.25
	0.30
	0.16
	0.58
	0.42

	20
	0.23
	0.27
	0.16
	0.52
	0.37


S2. Optical and electrical characterization

S2.1 UV-Visible-NIR measurements

For investigation of small-area (100×100 m2) arrays in this work, we used a home-built setup illustrated in Figure S4. A broadband supercontinuum light source spanning a wavelength range 400‑2400 nm was used as the illumination source and was focused onto the sample at an angle of 8° with the normal. The supercontinuum laser provides a collimated beam of light that can be focused down to an illumination spot area within the individual arrays. In order to accurately position the arrays in the incident beam, a microscope with a magnification of 10x was positioned at an angle to the sample, allowing inspection of the sample while leaving the illumination path unobstructed (Figure S4 (left)). This configuration allowed precise alignment of the illumination spot onto the arrays. Following alignment, the microscope was replaced by an integrating sphere without affecting the alignment, as illustrated in Figure S4 (right). Spectroscopic measurements of the total reflectance were done by scanning the wavelength of the supercontinuum source using a double-prism monochromator subtractive mode. The total reflectance was measured using a combination of silicon and InGaAs photodiodes with lock-in detection. To extrapolate the performance of the small area devices further into the UV range, we used the large-area measurements of the thin films as an estimate for the material performance. It was found that thin-film performance and metamaterial performance in the measured range are very similar, justifying this assumption.
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Figure S4 UV-visible measurement setup for small-area arrays. (Left) arrangement for aligning laser beam onto arrays using a 10x microscope objective. (Right) Microscope is replaced by integrating sphere to measure total reflectivity. Input and specular ports are at 8° angles with the sample surface.

S2.2 FTIR microscopy

Measurements of reflectance in the range 2500‑25000 nm wavelength were taken using an FTIR setup consisting of a Thermo-Nicolet Nexus 670 with a Continuum microscope. The instrument is equipped with a far-IR light source, KBr beam splitter and nitrogen-cooled DTGS detector. The microscope makes use of a reflective cassegrain objective with a numerical aperture of 0.2. Reflection from individual arrays was obtained by selecting a square aperture of 100×100 m2 using a mechanical slit assembly in the microscope path.

S3 Meta-OSR fabrication and characterization

The square meta-OSR structures are designed with square size varying from 1600 to 2800 nm. The spacings between the neighboring structures are set to be 500, 1000 and 2000 nm based on the simulated design. An array of this structure is created periodically to form a 120 × 120 µm2 square array and several arrays form a chip layout. Figure S5 shows the optical micrographs of the fabricated VO2 meta-reflectors after ZEP resist removal through the NMP rinse and ultra-sonic bath. Excellent adhesions between all layers is 
chieved. The patterned VO2 is seen as the bright feature for most arrays except some ‘dark pixels’ for the 500 nm patterns due to resist residue. The resist residue is less than 1% of surface coverage and would therefore even in the worst case scenario give a negligible contribution. 
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Figure S5 Optical micrographs of the fabricated VO2 meta-reflector chip after IBE etch and ZEP removal. 1st number indicates the feature size in nm, 2nd number the gap size in nm
Raman characterization of the VO2 film
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Figure S6 Raman spectra of VO2 planar reflector at various temperatures. Room temperature spectra show characteristic lines of VO2 monoclinic phase, corresponding to literature [1]. For temperatures above the phase transition, the tetragonal rutile phase does not show any vibrational peaks but is characterised by a broad spectrum.
[1] Petrov, G.I.; Yakovlev, V.V.; Squier, Raman microscopy analysis of phase transformation mechanisms in vanadium dioxide, J. Appl. Phys. Lett., 81, 1023-1025 (2002)
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