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            Abstract
Harnessing the full complexity of optical fields requires the complete control of all degrees of freedom within a region of space and timeâ€”an open goal for present-day spatial light modulators, active metasurfaces and optical phased arrays. Here, we resolve this challenge with a programmable photonic crystal cavity array enabled by four key advances: (1) near-unity vertical coupling to high-finesse microcavities through inverse design; (2) scalable fabrication by optimized 300â€‰mm full-wafer processing; (3) picometre-precision resonance alignment using automated, closed-loop â€˜holographic trimmingâ€™; and (4) out-of-plane cavity control via a high-speed Î¼LED array. Combining each, we demonstrate the near-complete spatiotemporal control of a 64â€‰resonator, two-dimensional spatial light modulator with nanosecond- and femtojoule-order switching. Simultaneously operating wavelength-scale modes near the spaceâ€“bandwidth and timeâ€“bandwidth limits, this work opens a new regime of programmability at the fundamental limits of multimode optical control.
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                    Fig. 1: Full DoF spatiotemporal optical programming.[image: ]


Fig. 2: The PhC-SLM.[image: ]


Fig. 3: Conventional versus inverse-designed PhC cavities.[image: ]


Fig. 4: Full-wafer photonic crystal fabrication in an optimized 300â€‰mm foundry process.[image: ]


Fig. 5: Parallel, fully automated and low-loss microcavity trimming via structured laser oxidation.[image: ]


Fig. 6: Nanosecond switching and spatial light modulation.[image: ]
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Extended data

Extended Data Table 1 Performance comparison of our PhC-SLM (bold) to selected active 2D spatial light modulators from Fig. 1b. Estimated fill factors Î¶ are marked by a *. Wavelength-steered devices 100 are excluded to focus on active, individually-addressable arraysFull size table


Extended Data Table 2 Comparison of previous microcavity array trimming techniques to our parallel laser assisted thermal oxidation (bold). Estimated values are marked with a *. Î”Î»p-p = peak-to-peak wavelength error; Q = mean quality factorFull size table


Extended Data Fig. 1 Optimized holography with inverse-designed, vertically-coupled microcavity arrays.
(a) Silicon L3 slab defect cavity design (hexagonal lattice constant aâ€‰=â€‰0.4Î¼m; hole radius r/aâ€‰=â€‰0.25; slab thickness tâ€‰=â€‰220 nm) with overlaid midplane magnetic field profile Hz after Q optimization by displacing (Î´xi,â€‰Î´yi) and resizing (Î´ri) the shaded holes in the \(16a\times 16(\sqrt{3}/2)a\) periodic unit cell. Hole shifts are magnified by 3â€‰Ã—â€‰for visualization. The confined cavity mode radiates into the broad far-field profile in (b, background), violating (C1) and yielding a zero-order diffraction efficiency Î·0â€‰â‰ªâ€‰1. As a result, simulated trial holograms (c) from a 64â€‰Ã—â€‰64 cavity array with optimized detunings (Supplement Section D) have minimal overall diffraction efficiency Î·. Inverse design (b) solves these problems. Guided mode expansion (GME) approximates the modeâ€™s Q and far-field profile by sampling the losses {c} at the arrayâ€™s diffraction orders (whiteâ€‰Ã—â€‰s) displaced by Bloch boundary conditions \({\overrightarrow{k}}_{i}\) (that is at the coloured dots). An objective function f that maximizes Q, confines \(\overrightarrow{H}\), and minimizes {c} at any non-zero diffraction order can then be efficiently optimized with respect to all hole parameters using reverse-mode automatic differentiation (b). The resulting devices with high-Q, efficient coupling, and directional emission enable high-performance (Î·â€‰~â€‰1) resonant holography (d).


Extended Data Fig. 2 Overview of experimental setups for measuring and controlling the photonic crystal SLM (PhC-SLM).
A cross-polarized microscope (a) featuring balanced homodyne measurement (b) enables near- and far-field characterization of cavity arrays controlled by SLM-distributed coherent light (c) or high-speed incoherent Î¼LED arrays (d). TL: tunable infrared laser (Santec TSL-710), EOM: electro-optic amplitude modulator; Î»/2: half-wave plate, PBS: polarizing beamsplitter; L1: 250 mm back-focal-plane lens; DM: long-pass dichroic mirror; OL: objective lens (Nikon Plan Fluor 40â€‰Ã—â€‰/0.60 NA or Nikon LU Plan 100â€‰Ã—â€‰/0.95 NA), L2: 250 mm back-focal-plane lens; SF: spatial filter; L3: 200 mm tube lens; v-SWIR: visible-short wave infrared camera (Xenics Cheetah 640); DAQ: data acquisition unit (NI USB-6343); Î”t: trigger delay generator (SRS DG645); LO: local oscillator; PM: piezo mirror; BD: balanced detector (Thorlabs PDB480C-AC); Phase Lock: TEM LaseLock; LPF: low-pass filter; CWTL: continuous-wave trimming laser (Coherent Verdi V18); MLD: modulated laser diode (Hubner Cobolt or PicoLAS LDP); BE: 5â€‰Ã—â€‰visible beam expander; LCOS: high-power liquid crystal SLM (Santec SLM-300); L4: 300 mm; L5: 250 mm; PD: photo-detector; CL: collection lens (Zeiss Fluar 5â€‰Ã—â€‰/0.25 NA); VBE: 0.5â€‰Ã—â€‰âˆ’â€‰2â€‰Ã—â€‰variable beam expander; DP: dove prism.


Extended Data Fig. 3 Cross-polarized back-focal-plane (BFP) imaging techniques for a grating-coupled L3 cavity.
Two orthogonally polarized far-field profiles are imaged by orienting the input polarization Ein at aâ€‰+â€‰45âˆ˜ (a) orâ€‰âˆ’â€‰45âˆ˜ (b) angle from the dominant cavity polarization axis (dashed line in inset). The complete cavity emission profile \(S(\overrightarrow{k})\) can be reconstructed by summing both images (c) or approximated from a single polarized image (d), yielding near-identical images with quantitative agreement between the extracted Î·0.


Extended Data Fig. 4 Imaged far-field profiles \(S(\overrightarrow{k})\) (over a 0.9 numerical aperture) for each device in an 8â€‰Ã—â€‰8 array of inverse designed (top) and grating-coupled (bottom) L3 PhC cavities.
The extracted zero-order efficiencies Î·0 and standard deviations are also provided.


Extended Data Fig. 5 Flowchart of the holographic trimming algorithm.
Trimming holograms are formed with weighted Gerchberg-Saxton (GS) algorithms and projected onto desired cavities for duration Î”t with power \({P}_{{{{\rm{trim}}}}}\). Alternating trimming and resonance readout periods continue until the instantaneous wavelength Î»i of any targeted cavity blueshifts past the target wavelength Î»t. Thereafter, a new set of target cavities is selected and trimmed. This selection and trimming sub-loop continues until all resonant wavelengths {Î»0} are below the â€˜restâ€™ wavelength Î»rest, at which point trimming is halted and the resonances are continuously monitored at readout interval Î”trest. When the resonances are sufficiently stable (redshifting from moisture adsorption to the silicon membrane is arrested), the total â€˜rehydrationâ€™ redshift Î”Î»0 of each cavity is updated to better estimate the true resonant wavelength Î»0â€‰â‰ˆâ€‰Î»iâ€‰+â€‰Î”Î»0 from the instantaneous wavelengths {Î»i} during trimming. The entire process terminates when the peak-to-peak static resonant wavelength uniformity \(\Delta {\lambda }_{0}^{{{{\rm{p-p}}}}}\) drops below the desired tolerance Î”Î»tol.


Extended Data Fig. 6 Overlaid images of 10Ã—10 cavity (grey) and trimming spot (colour) arrays demonstrating theâ€‰â‰ªâ€‰Î¼m placement accuracy and percent-order power uniformity of weighted Gerchberg-Saxton phase retrieval with experimental camera feedback.
In general, our holography software (Supplement Section F) creates high-uniformity optical foci to arbitrary image plane locations specified by the user.
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