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            Abstract
Plasmonics enables the manipulation of light beyond the optical diffraction limit1,2,3,4 and may therefore confer advantages in applications such as photonic devices5,6,7, optical cloaking8,9, biochemical sensing10,11 and super-resolution imaging12,13. However, the essential field-confinement capability of plasmonic devices is always accompanied by a parasitic Ohmic loss, which severely reduces their performance. Therefore, plasmonic materials (those with collective oscillations of electrons) with a lower loss than noble metals have long been sought14,15,16. Here we present stable sodium-based plasmonic devices with state-of-the-art performance at near-infrared wavelengths. We fabricated high-quality sodium films with electron relaxation times as long as 0.42 picoseconds using a thermo-assisted spin-coating process. A direct-waveguide experiment shows that the propagation length of surface plasmon polaritons supported at the sodium–quartz interface can reach 200 micrometres at near-infrared wavelengths. We further demonstrate a room-temperature sodium-based plasmonic nanolaser with a lasing threshold of 140 kilowatts per square centimetre, lower than values previously reported for plasmonic nanolasers at near-infrared wavelengths. These sodium-based plasmonic devices show stable performance under ambient conditions over a period of several months after packaging with epoxy. These results indicate that the performance of plasmonic devices can be greatly improved beyond that of devices using noble metals, with implications for applications in plasmonics, nanophotonics and metamaterials.
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                    Fig. 1: Sodium film fabricated by a thermo-assisted spin-coating process.[image: ]


Fig. 2: Dielectric functions of sodium film and sodium-based plasmonic waveguides.[image: ]


Fig. 3: Room-temperature sodium-based plasmonic nanolaser.[image: ]


Fig. 4: Lasing characteristics of sodium-based plasmonic nanolasers.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 The thermo-assisted spin-coating procedure for the low-loss sodium film.
a, Optical images of the procedure. b, Atomic force microscope topology of the smooth quartz surface, which shows that the root mean square (RMS) roughness is about 100 pm.


Extended Data Fig. 2 Dielectric function measurements for sodium and comparison with silver.
a, Schematic of ellipsometer measurements. The incident light transmits through the upper surface to the lower surface of the silica layer (contact with the sodium interface) and reflects back. The light reflected from the sodium/glass interface can be detected. b, Comparison of real (a) and imaginary (b) parts as well as the figure of merit (−ε1/ε2) (c) of the dielectric functions of silver and sodium (this work). The data for silver are taken from the literature17,18,23,24,34,35,36,37.


Extended Data Fig. 3 Detailed fabrication process of the plasmonic waveguides.
FIB, focused ion beam.


Extended Data Fig. 4 Comparison of silver and sodium plasmonic waveguides.
a, SEM image of the launching and outcoupling structures of plasmonic waveguides. b, The fitted δSPP at different wavelengths on the quartz interface. The dashed line is a fit to the data. c, Propagation measurements at wavelengths of 1,180 nm and 1,450 nm for sodium and silver, with the exponential curves fitted to the data. d, Figures of merit for sodium to silver plasmonic waveguides. The figure of merit of the plasmonic waveguides is defined as the ratio of propagation length to skin depth δSPP/(δd + δm). The sodium data are calculated from the measured dielectric function, and the silver data are calculated using the dielectric function, taken from a number of representative publications17,18,23,24,34,35,36,37.


Extended Data Fig. 5 Detailed fabrication process of the sodium-based plasmonic nanolaser.
BCB, benzocyclobutene; HSQ, hydrogen silsesquioxane; EBL, electron-beam lithography; ALD, atomic layer deposition; CVD, chemical vapour deposition.


Extended Data Fig. 6 Emission spectra (semi-logarithmic scale) of the plasmonic nanolaser shown in the main text for different pump powers.
When the pump intensity is 475 kW cm−2, the device shows single-mode lasing with a side-mode suppression ratio of 20 dB.


Extended Data Fig. 7 Numerical simulation of the cavity modes of the sodium-based plasmonic nanolaser.
a, Measured emission spectra of the plasmonic nanolaser around the lasing threshold, which exhibit two clear cavity modes at wavelengths of 1,257 nm and 1,343 nm respectively. b, Spectrum profile of the two cavity modes, where the resonant wavelength and the linewidth are obtained from the simulation. We assumed Lorentz-shape spectrum profiles here. The simulation shows that the cavity modes at wavelengths of 1,257 nm and 1,343 nm can be identified as plasmonic whispering-galley modes with azimuthal orders of 15 and 14, respectively, and the corresponding quality factors Q of these two modes are 340 and 236, respectively. c, d, Top (c) and side (d) views of simulated electric-field distributions of the plasmonic whispering-galley modes with azimuthal order of 15. e, Electric-field profile E extracted from the white dashed line in d. f, g, Top (f) and side (g) views of simulated electric-field distributions of the plasmonic whispering-galley modes with azimuthal order of 14. h, Electric-field profile extracted from the white dashed line in g.


Extended Data Fig. 8 Comparison of our work to reported plasmonic lasers in terms of the threshold and cavity size.
Blue square symbols represent reported plasmonic nanolasers in the literature. The red star represents our sodium-based plasmonic nanolaser. λ is the lasing emission wavelength in free space.


Extended Data Fig. 9 Stability test for sodium-based reflective plasmonic filters, sodium mirror and plasmonic nanolasers.
a–d, Accelerated ageing tests for sodium-based reflective plasmonic filters. a, Reflectance spectrum of a representative filter device. Inset, schematic of the device. b, Reflectance spectra over time. c, Stability of a fabricated device in terms of the resonance wavelength and intensity at 60 °C, with air humidity 40%. d, Stability of a fabricated device in terms of the resonance wavelength and intensity at room temperature and air humidity 70%. e, f, Stability of the sodium mirror. e, Reflectance spectrum of the sodium mirror against a standard silver mirror (Thorlabs, PF10-03-P01). f, Reflectance of the packaged sodium mirror at wavelength λ = 750 nm over 120 days in air. g, Lasing spectrum of a sodium-based plasmonic nanolaser after six months.


Extended Data Table 1 Performance comparison of near-infrared plasmonic nanolasersFull size table
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