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            Abstract
Thermophotovoltaic cells are similar to solar cells, but instead of converting solar radiation to electricity, they are designed to utilize locally radiated heat. Development of high-efficiency thermophotovoltaic cells has the potential to enable widespread applications in grid-scale thermal energy storage1,2, direct solar energy conversion3,4,5,6,7,8, distributed co-generation9,10,11 and waste heat scavenging12. To reach high efficiencies, thermophotovoltaic cells must utilize the broad spectrum of a radiative thermal source. However, most thermal radiation is in a low-energy wavelength range that cannot be used to excite electronic transitions and generate electricity. One promising way to overcome this challenge is to have low-energy photons reflected and re-absorbed by the thermal emitter, where their energy can have another chance at contributing towards photogeneration in the cell. However, current methods for photon recuperation are limited by insufficient bandwidth or parasitic absorption, resulting in large efficiency losses relative to theoretical limits. Here we demonstrate near-perfect reflection of low-energy photons by embedding a layer of air (an air bridge) within a thin-film In0.53Ga0.47As cell. This result represents a fourfold reduction in parasitic absorption relative to existing thermophotovoltaic cells. The resulting gain in absolute efficiency exceeds 6 per cent, leading to a very high power conversion efficiency of more than 30 per cent, as measured with an approximately 1,455-kelvin silicon carbide emitter. As the out-of-band reflectance approaches unity, theÂ thermophotovoltaic efficiency becomes nearly insensitive to increasing cell bandgap or decreasing emitter temperature. Accessing this regime may unlock a range of possible materials and heat sources that were previously inaccessible to thermophotovoltaic energy conversion.
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                    Fig. 1: Photon utilization in air-bridge thermophotovoltaics (TPVs).[image: ]


Fig. 2: Air-bridge TPV cell fabrication.[image: ]


Fig. 3: Spectral properties of the Au BSR and the air-bridge TPVs.[image: ]


Fig. 4: TPV PCE.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Au BSR and air-bridge cell structures and efficiency estimation.
a, Schematic of a conventional thin-film TPV cell with Au reflector. The top and bottom InGaAs contact layers are left unetched in the Au BSR cell to reduce the contact resistance. b, Schematic of a thin-film TPV cell with air-bridge reflector. The air cavity thickness in the air-bridge TPV cell is 600 nm. OOB reflectance is affected by the air cavity thickness and the thickness optimization is provided in Extended Data Table 1. c, Hypothetical Au BSR cell structure with no top and bottom InGaAs contact layers. d, Simulated PCE of the hypothetical Au BSR cell in c and the air-bridge cell in b.


Extended Data Fig. 2 Air-bridge cell profilometry.
a, b, Schematic of an air-bridge TPV cell after the substrate removal and before the top contact grid lines patterning (a) and the top surface profilometry measurement of the cell in a (b). The designed air cavity thickness is 700 nm. TPV epitaxial layers bow slightly downward by about 100 nm (~0.1% of the lateral span of each air cavity), resulting in an actual air cavity thickness of ~600 nm in the air-bridge cell.


Extended Data Fig. 3 Absorption and EQE spectra.
a, Simulated (orange) and measured (blue) absorption spectra of the Au BSR cell using FTIR spectroscopy. The optical cavity formed by the Au reflector and the TPV thin films leads to increased absorption by the Au reflector by creating several interference peaks. b, Simulated (orange) and measured (blue) absorption spectra of the air-bridge TPV (structure in Extended Data Fig. 1) using FTIR. The air-bridge TPV features a lossless reflective semiconductorâ€“air interface, effectively eliminating most parasitic OOB absorption. c, Simulated absorption spectrum using transfer matrix methods (integrating incidence angle from 0Â° to 30Â°) and the measured EQE of the air-bridge cell at a 15Â° angle of incidence. Photons with E > 1.35 eV are partially absorbed in the 200-nm-thick front InP window layer (bandgap energy Eg = 1.35 eV) and do not contribute to current in the TPV active material (InGaAs), leading to the discrepancy at high photon energies.


Extended Data Fig. 4 Dispersion calculation.
a, b, Simulated energy transmission coefficient for s-polarized (Ï„s) and p-polarized (Ï„p) light for the conventional Au BSR cell (a) and the air-bridge cell (b). The summed transmission probability (Ï„s + Ï„p) is plotted for in-plane wavevectors (kâ€–) normalized by free-space wavevectors (k0) at various photon energies (\(\hbar \)Ï‰). Here, the solid, white line represents the free-space light line, and the dashed, white line represents the light-line in the medium. The red, dashed line (a) represents the analytical solution for the surface plasmon polariton (SPP) at the Au back surface.


Extended Data Fig. 5 Characterization setups.
a, b, Schematic of the TPV efficiency measurement setup using a SiC globar emitter (a) and a true blackbody emitter (b). c, Schematic of the emitter emissivity calibration setup. d, Calibrated SiC globar emissivity at 1,455 K and 1,297 K, indicating that the emissivity is stable within the measured temperature range.


Extended Data Fig. 6 Device current densityâ€“voltage characteristics.
a, Current densityâ€“voltage characteristics of the air-bridge TPV measured under 1,455-K SiC globar illumination for various Jsc values. Detailed parameters obtained from the curves are presented in Extended Data Table 2. b, Current densityâ€“voltage characteristics of the air-bridge TPV in the dark. The reverse bias current is dominated by tunnelling from âˆ’3 V to âˆ’1 V, and by shunt resistance, and by generation and recombination of electronâ€“hole pairs from âˆ’1 V to 0 V. The forward bias current is dominated by generation and recombination from 0 V to 0.2 V, by diffusion current from 0.2 V to 0.5 V, and by series resistance above 0.5 V. See Methods section â€˜Current densityâ€“voltage characterization and diode equation fittingâ€™.


Extended Data Fig. 7 PCE loss analysis.
PCE versus source temperature T. Red stars represent the measured PCE of the air-bridge TPV. a, Simulated PCE (black) with VF = 0.134, Ain = 0.61, Rout = 0.99 and Rs = 26 mÎ© cm2. Other curves show the change in PCE when varying one of the above parameters. When T < 1,200 K, PCE increases with T, while improving Rout provides the highest improvements to PCE. At T > 1,500 K, PCE is limited by Rs. Without improving Rs, changes that increase the current will decrease PCE. b, Simulated PCE with Rs = 1 mÎ© cm2. Rout benefits PCE the most at T < 1,200 K, while VF dominates at T > 1,200 K. Thus, positioning the cell closer to the emitter is important at high T. c, Simulated PCE curves with Rs = 1 mÎ© cm2 and VF = 1. Still, Rout benefits PCE the most at low T, while Rout and Ain are equally important when T is high. Further enhancement of PCE requires improving the TPV material quality by decreasing the diffusion saturation current, generation and recombination lifetime, shunt resistance and so on.


Extended Data Fig. 8 PCE at VF = 1.
a, PCE and Jsc versus emitter temperature given VF = 1 and globar emission spectrum. b, PCE and Jsc versus emitter emissivity given VF = 1 and emitter temperature of 1,455 K.


Extended Data Fig. 9 Concentric cylindrical TPV configuration.
a, Simulated PCE and Jsc versus din/dout in a concentric emitter-cell configuration consisting of the air-bridge cell and a 1,455-K SiC globar emitter. din/dout refers to the ratio of the inner diameter to the outer diameter in an infinitely long cylindrical TPV configuration. b, Simulated PCE versus radiation sink fraction for three emitter-cell TPV pairs. The dotted line represents a selective emitter (Îµe,in = 0.9, Îµe,out = 0.1) with a non-selective cell (Îµc = 1, Eg = 0.74 eV, with electronic properties matching those of the air-bridge cell). The dashed line represents a non-selective emitter (Îµe = 1) with the air-bridge cell, and solid line: a selective emitter (0.9/0.1) with the air-bridge cell. The temperature of the emitter is 1,455 K in all cases.


Extended Data Table 1 Airgap thickness optimizationFull size table


Extended Data Table 2 List of parameters for current densityâ€“voltage characterizationFull size table


Extended Data Table 3 Angle-dependent power reflectance and peak PCEFull size table
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