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Efficient generation of anti-Stokes emission within nanometric volumes enables the design of ultracompact, miniaturized photonic devices for a host of applications. Many subwavelength crystals, such as metal nanoparticles and two-dimensional layered semiconductors, have been coupled with plasmonic

nanostructures for augmented anti-Stokes luminescence through multiple-harmonic generation. However, their upconversion process remains inefficient due to their intrinsic low absorption coefficients. Here, we demonstrate on-chip, site-specific integration of lanthanide-activated nanocrystals within gold nanotrenches of sub-25-nm gaps via bottom-up self-assembly. The deterministic coupling of upconversion nanoparticles to subwavelength gap-plasmon modes enables amplified upconversion signals by four-to-five orders of magnitude and markedly boosted spontaneous emission rates. Numerical investigations reveal that the gap-mode nanocavity confines incident excitation radiation into nanometric photonic hotspots with extremely high field intensity, accelerating multiphoton upconversion processes.

The ability to design lateral gap plasmon modes for enhanced frequency conversion may hold potential to develop on-chip, background-free molecular sensors and low-threshold upconversion lasers. Plasmonic nanostructures that can direct and amplify light emission of nanoscale emitters provide suitable platforms for nonlinear optics with ultra-compact dimensions. [START_REF] Cai | Electrically Controlled Nonlinear Generation of Light with Plasmonics[END_REF][START_REF] Wang | Giant Photoluminescence Enhancement in Tungsten-Diselenide-Gold Plasmonic Hybrid Structures[END_REF][START_REF] Luo | Deterministic Coupling of Site-Controlled Quantum Emitters in Monolayer WSe 2 to Plasmonic Nanocavities[END_REF][START_REF] Fernandez-Bravo | Continuous-Wave Upconverting Lasing from Subwavelength Plasmons[END_REF] Deterministic integration of nonlinear quantum emitters with plasmonic circuits enables the design of chip-scale photonic devices for a host of applications in nanomedicine, photocatalysis, and background-free biosensing. [START_REF] Seyler | Electrical Control of Second-Harmonic Generation in a WSe 2 Monolayer Transistor[END_REF][START_REF] Das | Over 1000-Fold Enhancement of Upconversion Luminescence Using Water-Dispersible Metal-Insulator-Metal Nanostructures[END_REF][START_REF] Celebrano | Mode Matching in Multiresonant Plasmonic Nanoantennas for Enhanced Second Harmonic Generation[END_REF] For this purpose, controllable and selective positioning of efficient nonlinear emitters onto large-area, predetermined plasmonic circuitry is needed. Many state-of-the-art materials, such as gold and indium tin oxide nanoparticles and two-dimensional MoS 2 nanosheets, [START_REF] Wang | Giant Photoluminescence Enhancement in Tungsten-Diselenide-Gold Plasmonic Hybrid Structures[END_REF][START_REF] Dong | Second-Harmonic Generation from Sub-5 nm Gaps by Directed Self-Assembly of Nanoparticles onto Template-Stripped Gold Substrates[END_REF][START_REF] Aouani | Third-Harmonic-Upconversion Enhancement from a Single Semiconductor Nanoparticle Coupled to a Plasmonic Antenna[END_REF] have been exploited as nonlinear active platforms for plasmonic nano-device coupling. However, anti-Stokes luminescence of the given systems are often associated with high-order harmonic generation, in which high-power excitation is indispensable due to intrinsically low nonlinear absorption coefficients and thus low conversion efficiencies. Their practical applications are hindered by the need for coherent laser excitation and by the lack of controllability over large assemblies.

Compared with the aforementioned materials, lanthanide-doped upconversion nanoparticles (UCNPs) allow more efficient frequency upconversion due to abundant, physically existing energy states of the lanthanide. [START_REF] Fan | Lifetime-Engineered NIR-II Nanoparticles Unlock Multiplexed in Vivo Imaging[END_REF][START_REF] Gai | Recent Progress in Rare Earth Micro/Nanocrystals: Soft Chemical Synthesis, Luminescent Properties, and Biomedical Applications[END_REF][START_REF] Liang | Energy Flux Manipulation in Upconversion Nanosystems[END_REF][START_REF] Nadort | Lanthanide Upconversion Luminescence at the Nanoscale: Fundamentals and Optical Properties[END_REF][START_REF] Haase | Upconverting Nanoparticles[END_REF][START_REF] Liu | Upconversion-Based Photodynamic Cancer Therapy[END_REF][START_REF] Marin | Upconverting Nanoparticle to Quantum Dot Förster Resonance Energy Transfer: Increasing the Efficiency through Donor Design[END_REF] UCNPs also possess extraordinary optical properties, including excellent photostability, large anti-Stokes shift, low pumping threshold, and broadly tunable multicolor emission. 17- 24 In recent years, the combination of UCNPs and metallic nanostructures have proven effective in enhancing luminescence intensity. [START_REF] Zhang | Large Enhancement of Upconversion Luminescence of NaYF 4 :Yb 3+ /Er 3+ Nanocrystal by 3D Plasmonic Nano-Antennas[END_REF][START_REF] Liu | Tunable Resonator-Upconverted Emission (TRUE) Color Printing and Applications in Optical Security[END_REF][START_REF] Lee | Upconversion Luminescence Enhancement in Plasmonic Architecture with Random Assembly of Metal Nanodomes[END_REF][START_REF] Park | Plasmon Enhancement of Luminescence Upconversion[END_REF][START_REF] Debasu | Allin-One Optical Heater-Thermometer Nanoplatform Operative from 300 to 2000 K Based on Er 3+ Emission and Blackbody Radiation[END_REF][START_REF] Bang | Asymmetric Nanocrescent Antenna on Upconversion Nanocrystal[END_REF][START_REF] Wang | Influence of Plasmonic Effect on the Upconversion Emission Characteristics of NaYF 4 Hexagonal Microrods[END_REF][START_REF] Gong | Upconversion Enhancement by a Dual-Resonance All-Dielectric Metasurface[END_REF][START_REF] Lu | Plasmon Enhancement Mechanism for the Upconversion Processes in NaYF 4 :Yb 3+ ,Er 3+ Nanoparticles: Maxwell versus Förster[END_REF][START_REF] Zhou | Observation of Considerable Upconversion Enhancement Induced by Cu 2-X S Plasmon Nanoparticles[END_REF][START_REF] Chen | Amplifying Excitation-Power Sensitivity of Photon Upconversion in a NaYbF 4 :Ho Nanostructure for Direct Visualization of Electromagnetic Hotspots[END_REF] However, most of the luminescence improvements reported so far for such hybrid nanostructures only range from several to a thousand times in brightness, either due to the insufficient optical density of states within the localized 'hotspots' or the inefficient spatial and spectral overlaps between nanoparticles and optical resonators. Besides, the realization of large-scale assembly of UCNPs into well-defined plasmonic circuitry with single-particle resolution has not been achieved, imposing technical constraints on their on-chip integrated photonics. [START_REF] Wu | Controlled Patterning of Upconversion Nanocrystals through Capillary Force[END_REF] In principle, metallic nanogaps with ultrasmall mode volume are likely to generate electromagnetic hot spots with extreme near-field enhancement. [START_REF] Siegfried | Gap Plasmons and Near-Field Enhancement in Closely Packed Sub-10 nm Gap Resonators[END_REF][START_REF] Park | Radiative Control of Dark Excitons at Room Temperature by Nano-Optical Antenna-Tip Purcell Effect[END_REF][START_REF] Wu | Upconversion Superburst with Sub-2 s Lifetime[END_REF][START_REF] Groß | Near-Field Strong Coupling of Single Quantum Dots[END_REF][START_REF] Ojambati | Efficient Generation of Two-Photon Excited Phosphorescence from Molecules in Plasmonic Nanocavities[END_REF][START_REF] Kim | Dealloyed Intra-Nanogap Particles with Highly Robust, Quantifiable Surface-Enhanced Raman Scattering Signals for Biosensing and Bioimaging Applications[END_REF][START_REF] Nam | Plasmonic Nanogap-Enhanced Raman Scattering with Nanoparticles[END_REF] Especially, plasmon enhancement of multiphoton excitation should yield much larger enhancement relative to one-photon excitation, due to a nonlinear dependence of emission on local excitation intensity. [START_REF] Ojambati | Efficient Generation of Two-Photon Excited Phosphorescence from Molecules in Plasmonic Nanocavities[END_REF] Despite these challenges, we reasoned that the combination of template-stripped, smooth metallic nanotrenches with nanoparticle self-assembly may provide a feasible solution. [START_REF] Dong | Second-Harmonic Generation from Sub-5 nm Gaps by Directed Self-Assembly of Nanoparticles onto Template-Stripped Gold Substrates[END_REF][START_REF] Nagpal | Ultrasmooth Patterned Metals for Plasmonics and Metamaterials[END_REF][START_REF] Asbahi | Large Area Directed Self-Assembly of Sub-10 nm Particles with Single Particle Positioning Resolution[END_REF] In contrast to plasmonic systems previously reported, our design not only provides scalable fabrication of deep subwavelength metallic structures with low surface roughness and minimized scattering loss, but also offers the possibility for site-specific positioning of UCNPs into nanoscale gaps where the largest field enhancement occurs. Additionally, the fundamental resonance modes of the structures can be systematically tailored to specific wavelengths, promoting excited-state population and radiative transitions.

Here, we experimentally demonstrate an efficient nonlinear platform comprising monolithically integrated UCNPs that self-assemble into gold nanotrenches with sub-25-nm gaps (Figure 1a,b). For an upconversion process to proceed, incident photons are primarily absorbed by sensitizers (such as Yb 3+ and Nd 3+ ) inside UCNPs and then transferred to adjacent activators (such as Er 3+ and Tm 3+ ), elevating the electrons in the activators to higher energy states. Subsequently, the electrons emit the accumulated photons and decay back to the ground states. When an UCNP is placed in the vicinity of a plasmonic structure, the strong local electric field induced by the surface plasmon resonance may enhance the photon flux of excitation, leading to improved energy harvesting by sensitizer ions. Concomitantly, the radiative decay rate of the activator would also be increased due to the enhanced local density of states, known as Purcell effect (Figure 1c). Here, single rows of UCNPs self-assembled into nanotrenches, where the resonant mode under 980-nm irradiation was strongly localized in the gap region with a maximum field enhancement (|E/E 0 |) of 50 (Figure 1d). Thus, UCNPs are likely to probe a much larger pumping photon flux to excite Yb 3+ ions from the ground state to the emitting state, leading to dramatically accelerated multiphoton processes and hence enhanced luminescence intensity. In addition, simulation results reveal that the plasmonic hotspot of the cavity is located between metal walls, a situation that further boosts luminescence due to low-level photothermal quenching.

We first validated the feasibility of our strategy to achieve enormously enhanced upconversion luminescence. A template-stripping method based on patterned silicon substrates was used to create plasmonic nanotrenches (Figure 2a and Figure S1). [START_REF] Dong | Second-Harmonic Generation from Sub-5 nm Gaps by Directed Self-Assembly of Nanoparticles onto Template-Stripped Gold Substrates[END_REF] Compared to commonly used metallic nanostructures made by electron-beam lithography (EBL), the template-stripping strategy produces large-area metallic nanopatterns with reduced surface roughness, which decreases plasmon scattering and minimizes intrinsic energy losses (Figures S2 andS3). NaYF 4 :Yb/Er (18/2 mol%) nanoparticles of ~20 nm in diameter were synthesized for their known efficient upconversion process (Figure 1b and Figure S4). [START_REF] Gargas | Engineering Bright Sub-10-nm Upconverting Nanocrystals for Single-Molecule Imaging[END_REF][START_REF] Liu | Single Upconversion Nanoparticle Imaging at Sub-10 W cm -2 Irradiance[END_REF] Gold nanotrenches with sub-25 nm gaps were designed to ensure that each trench can only host a single row of UCNPs. The gap morphology and width were designed to match the particle size, thereby facilitating shape-selective immobilization of nanoparticles. [START_REF] Saboktakin | Plasmonic Enhancement of Nanophosphor Upconversion Luminescence in Au Nanohole Arrays[END_REF] Spreading-mediated self-assembly method was then employed to transfer nanoparticles from the solution to nanotrenches with the aid of a meniscus upon contact (Figure 2b and Figure S5). [START_REF] Asbahi | Large Area Directed Self-Assembly of Sub-10 nm Particles with Single Particle Positioning Resolution[END_REF] Scanning electron microscopy (SEM) image indicates that UCNPs are well-positioned in nanoscale gaps, suggesting that deterministic coupling of UCNPs with plasmonic nanostructures is possible by combining top-down lithography and bottom-up self-assembly.

To exploit the maximum emission enhancement of the designed plasmonic platform, a series of gold nanotrenches with different pitch sizes were fabricated while keeping the gap width fixed to ensure the assembly of nanoparticles in well-defined locations (Figure 2a and Figure S6). Relative reflectance spectra of six nanoparticle-containing samples were measured with respect to the unpatterned gold film (Figure 2c and Figure S7). Plasmon resonances, signaled by the dips of the reflectance spectra, monotonically red-shifted with increasing pitch over a broad range of wavelengths, including both emission and excitation regimes. The enhanced absorption of incident energy fluence using metallic nanotrenches was attributed to cavity confinement, which is proportional to reduced reflectance: 1-R (R, reflectance). Reduced reflectance of nanoparticle emitter-containing nanotrenches with different sizes indicates that the absorption enhancement factor increases at a resonance wavelength near 980 nm (Figure 2d).

Luminescence investigation was performed using a custom-built optical microscope (Figure 2e). A continuous-wave 980-nm laser was focused on the samples with a lateral spot diameter of ∼15 μm. The intensity enhancement of the two main emission bands (green at 540 nm and red at 655 nm) of UCNPs was strongly dependent upon the pitch size of the nanotrench (Figure 2f). Notably, the red emission was significantly enhanced when the plasmon resonance mode of the hybrid structure approaches the 980-nm excitation band. We next measured the luminescence of UCNPs coupled to the gold nanotrench with a 300-nm pitch size and two control samples (UCNPs on a glass substrate and on a gold film) at an excitation power of 6 mW (Figure 3a). The luminescence intensity from UCNPs coupled to gold nanotrenches is substantially larger (> 10 2 -fold) than that of nanoparticles deposited on control samples (Figure S8). The emission enhancement can be visualized by luminescence imaging. As UCNPs were assembled within nanoscale gaps, we observed a sharp, uniform orange-to-red emission. In contrast, no apparent luminescence was observed for UCNPs deposited on the gold or glass substrate (Figure 3b). Owing to the limited resolution of our imaging system, upconversion emission from nanotrenches with pitch sizes smaller than 300 nm could not be optically resolved, while luminescence was discernable for samples with a pitch size larger than 600 nm (Figure 3c). The enhancement factor dependence of green and red emissions on different pitch sizes is summarized in Figure 3d. The maximum green emission intensity of UCNPs coupled to gold nanostructures is about 500 and 370 times higher than that of UCNPs deposited on an unpatterned gold film and glass slide, respectively, while the red emission intensity is enhanced by more than 7,000-and 2,000-fold (Table S1 andS2). We next performed power-dependent investigations of emission at 540 and 655 nm for UCNPs coupled to the nanocavity and two control substrates (Figure S10). Luminescence spectra with small deviations were collected from three random areas on each sample. We plotted the upconversion emission intensity as a function of the power density on a double-logarithmic scale (Figure 3e andg). Under weak excitation, the slopes of the green and red emission for samples deposited on the glass substrate were 1.31 and 1.53, respectively, while increasing to 1.34 and 1.85 on the flat gold substrate. For both control samples, the red emission features a larger slope than the green emission, suggesting a higher-order photon population process for the former. In contrast, for UCNPs located in plasmonic nanotrenches, the slopes of green and red emissions were reduced to 0.71 and 0.94, respectively, indicating early onset of pump saturation due to optical field enhancement at the absorption band. The power dependence on the emission enhancement factor also revealed that the effect of pump fluence on emission intensity under low-power excitation is more significant than under high-power excitation. Compared with samples on a glass substrate, green and red emissions were enhanced by a factor of 1,600 and 10,000, respectively, at low pumping power for nanocavity-coupled UCNPs.

Conversely, nanocavity-coupled UCNPs showed enhancement factors of up to 2,000 and 20,000 for green and red emissions, respectively, relative to samples on the gold substrate (Figure 3f and Figure S11).

It is important to note that a good match between the fundamental mode of the coupled UCNP-gold nanostructure and the wavelength of the pumping laser can amplify the excitation rate of UCNPs, while mode-matching of the plasmon resonance and the emission wavelength of UCNPs is likely to increase the radiative decay rate via the Purcell effect. [START_REF] Lu | Plasmon Enhancement Mechanism for the Upconversion Processes in NaYF 4 :Yb 3+ ,Er 3+ Nanoparticles: Maxwell versus Förster[END_REF] We attained higher EFs when the plasmon resonance was located spectrally closer to the excitation than the emission band of UCNPs. This result suggests that the excitation enhancement dominates the global luminescence enhancement, while the decay rate enhancement is a less prominent factor.

It is also interesting to note that the red emission intensity was systematically more enhanced than the green one. The enhancement is strongly influenced by the number of photons involved in upconversion. Multiphoton paths exhibit higher power sensitivity than linear optical processes. [START_REF] Chen | Amplifying Excitation-Power Sensitivity of Photon Upconversion in a NaYbF 4 :Ho Nanostructure for Direct Visualization of Electromagnetic Hotspots[END_REF][START_REF] Liang | Upconversion Amplification through Dielectric Superlensing Modulation[END_REF][START_REF] Suyver | Anomalous Power Dependence of Sensitized Upconversion Luminescence[END_REF] In the lanthanide-mediated upconversion, long-lived intermediate excited states serve as energy reservoirs that sequentially populate higher emitting energy levels. The dependence of emission intensity, I, on excitation power density, P exc , can be expressed as I P n exc in the weak excitation limit, where n is the number of upconversion steps involved. [START_REF] Suyver | Anomalous Power Dependence of Sensitized Upconversion Luminescence[END_REF] In our study, Yb 3+ /Er 3+ co-doped UCNPs emit two peaks at 540 nm (green) and 655 nm (red) under 980-nm excitation. The green emission mainly results from two-photon excitation, while both two-photon and three-photon processes are mainly responsible for red upconversion emission (Figure 4a). [START_REF] Berry | Disputed Mechanism for NIR-to-Red Upconversion Luminescence in NaYF 4 :Yb 3+ ,Er 3+[END_REF][START_REF] Hossan | Explaining the Nanoscale Effect in the Upconversion Dynamics of β-NaYF 4 :Yb 3+ , Er 3+ Core and Core-Shell Nanocrystals[END_REF] To investigate the pump power sensitivity of the multiphoton upconversion in Yb 3+ /Er 3+ co-doped UCNPs, a population kinetic model involving two-and three-photon populations was numerically constructed (Figure 4b, Figure S12 and Table S3). Simulation results show that multiphoton paths exhibit higher excitation power sensitivity, confirming that significant luminescence enhancement of UCNPs likely occurs in plasmonic mode-mediated, higher-order photon population.

The increased local density of states within plasmon nanotrenches may lead to changes in the excited-state lifetime of emitters. The temporal decay investigation showed that UCNPs on the glass slide exhibit mono-exponential decay with a decay lifetime of 206 μs at 655 nm, while UCNPs on the gold film have a decay lifetime of 175 μs (Figure 4c). This slight reduction in the lifetime was attributed to surface quenching due to nonradiative energy transfer between UCNPs and the gold film. Intriguingly, when UCNPs were self-assembled in the plasmonic nanotrench, their luminescence lifetime drastically shortened to 56 μs, corresponding to a 3.7-fold increase in the upconversion emission rate. In this case, except for the quenching effect, we reason that the shortened lifetime is primarily attributed to increased radiative decay due to the Purcell effect.

To further probe the mechanism underlying luminescence enhancement, an excited-state absorption (ESA)-mediated upconversion process in a plasmonic nanocavity was numerically investigated based on a 3D-FDTD (Finite Difference Time Domain) method (Figure S13). 53,54 The nanopatterned substrate with an optimized pitch size of 300 nm was chosen, and the incident light was simulated as an x-polarized plane wave at 980 nm (Figure 4d ande). For ESA-mediated upconversion, two competing processes contribute to plasmon-induced excitation enhancement: the ground-state absorption improvement arising from the fourth power of near-field enhancement and the relaxation factor due to spontaneous transition from the intermediate state to the ground state. Simulated position-dependent results show significant absorption enhancement with a maximum factor exceeding 10 6 near the corner of the nanogap (Figure 4f and g), indicating an extremely confined gap-plasmon mode with a large local density of sates. The corresponding decay rate enhancements as a function of emitter positions located along xand zaxes revealed a plasmon-induced emission acceleration with maximum decay rate enhancement factors of more than 40 and 10 for red and green emission, respectively (Figure 4h andi). These numerical simulations suggest that the excitation enhancement dominates the nonlinear upconversion and the enhanced luminescence is accompanied by increased emission decay rate, which agrees well with experimental results.

In summary, we have demonstrated strong light-matter coupling by placing UCNPs into nanometric photonic hotspots of gold nanotrenches. This integrated nanoscale platform strongly confined incident excitation radiation within deep-subwavelength metallic nanogaps, leading to 10,000-fold and 3. Fabrication of gold nanotrenches (sub-20-nm gap) as plasmonic cavities for UCNPs. Briefly, hydrogen silsesquioxane resist was used to fabricate the mask for nanotrenches using electron beam lithography.

The silicon substrate was then partially etched using inductively coupled plasma, followed by removing the resist through reactive ion etching. Next, a gold film with a thickness of 150-nm was deposited on the pre-patterned silicon substrate by e-beam evaporation. A glass slide adhered to the gold film using optical adhesive glue. After curing, the gold substrate comprising two-dimensional nanotrenches was peeled off. Emission lifetime measurements at 655 nm for UCNPs embedded in plasmonic nanotrenches (yellow)
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  UCNPs embedded in lateral gap-mode cavities with a high local density of states can probe a large pumping photon flux. The effective area for generating luminescence signals is the nanotrench region where the nanoparticles are trapped. To quantify the enhancement factors (EFs) for UCNPs coupled to plasmonic nanotrenches, emission intensities were normalized by effective area correction using the following formula (Figure 3c, Figure S9):  (1) where I gap is the luminescence intensity measured for UCNPs localized within nanotrenches, I gold and I glass are emission intensities measured for a monolayer of UCNPs deposited on a gold film or glass slide (Figure S8), and A gap is the effective area of plasmonic nanotrenches (See supplementary method).
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  UCNPs from the solution self-assembled into nanoscale gaps through capillary force. (b) Left panel: Scanning electron microscopy (SEM) image of UCNPs embedded in square arrays. Scale bar: 200 nm. Right panel: transmission electron microscopy (TEM) image of the as-synthesized NaYF 4 :Yb/Er nanoparticles (scale bar: 50 nm) and high-resolution TEM image of a single nanoparticle (scale bar: 5 nm). (c) Proposed gap plasmon-coupled upconversion processes. Simplified energy level diagram depicting interactions between gap-plasmon modes and quantum energy levels of UCNPs. Either the accelerated decay or the enhanced upconversion population can be controlled by adjusting the spectral overlap between the localized surface plasmon resonance (LSPR) and the upconversion excitation or emission wavelength. (d) Simulated lateral plasmonic gap-mode with a maximum field enhancement of ∼50.

Figure 2 .

 2 Figure 2. Spectral and optical characteristics of hybrid nanostructures. (a) SEM images of template-
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 3 Figure 3. Luminescence enhancement of UCNPs coupled to plasmonic nanotrenches. (a, b) Upconversion
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 4 Figure 4. Theoretical investigations of the gap-plasmon upconversion acceleration. (a) Energy level
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On-chip, site-specific confinement of lanthanide-activated nanocrystals within gold nanotrenches of sub-25 nm is achieved via bottom-up self-assembly. This integrated nanoscale platform exhibits 10,000-fold and 3.7-fold enhancement in luminescence intensity and emission rate, respectively.