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Broadband plasmon modulation and high-intensity nanofocusing for high-resolution nanoscale imaging using Fabry-Pérot probes
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Abstract: This paper primarily consists of the following four sections: 1. Focusing enhancement effect of platform-based plasmonic fiber probes, 2. Two-dimensional planar structure of DSPP and DSP, and parameter settings in simulation, 3. Probe film thickness parameter optimization, 4. Nanofocusing of DSPP under broadband.

1. Focusing enhancement effect of platform-based plasmonic fiber probes 
Most existing plasmonic fiber probes use radially polarization mode () to excite radially polarized SPP modes () on the surface of axially symmetric metal-coated films, thereby achieving nanofocusing at the tip of the probe1–4.In order to achieve greater electric field enhancement at the probe tip, existing research has used Fabry-Pérot interference structures to control the propagation of surface plasmonics on the probe surface5, thereby preparing a platform-based plasmonic fiber probe (FPFP)6.
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Fig. S1. Electric field and phase distribution of  excited by  coupling in an axisymmetric Au-coated conical fiber probe. a Schematic diagram of surface plasmon polaritons excited by  coupling in an Au-coated conical fiber. b Electric field distribution and polarization of . c Electric field distribution and polarization of . d Electric field distribution near the probe tip. e  phase distribution near the probe tip. The direction of the arrows in the Figure. indicates the direction of the electric field.
In this paper, the finite-difference time-domain (FDTD) method was used to simulate ordinary conical fiber probes and FPFPs. Fig. S1a shows that  coupled and excited  in an axisymmetric metal-coated conical fiber probe, and nanofocusing was achieved at the tip of the probe. Fig. S1b and S1c show the electric field distributions of  and the corresponding , respectively. The electric field directions of both modes diverge from the center along the radial direction and exhibit a symmetrical distribution along the probe axis.  coupled by  does not undergo mode cutoff 4,7–9, so nanofocusing can be achieved at the tip of the probe, as shown in Fig. S1c and S1d. The phase distribution along the Z direction shown in Fig. S1e reveals that the phase distribution of  is identical at positions symmetrical to the probe axis, indicating that  exhibits symmetrical polarization distribution along the probe axis.
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Fig. S2. Electric field and phase distribution of  excited by  coupling in FPFP. a Schematic diagram of surface plasmon polaritons excited by  coupling in FPFP. b Electric field distribution and polarization of . c Electric field distribution and polarization of . d Electric field distribution near the probe tip. e  phase distribution near the probe tip. The direction of the arrows in the Figure. indicates the direction of the electric field.
Under the same simulation parameters, a platform-based structure was designed on a normal conical probe, and the simulation was performed again. Fig. S2 shows that  coupling excited  in FPFP, and nanofocusing was achieved at the tip of the probe. The simulation results show that FPFP can not only achieve nanofocusing at the tip of the probe, but also, due to the presence of the platform toroidal plane, the probe can utilize the Fabry-Pérot interference mechanism to achieve multiple energy superpositions, resulting in an electric field strength at the tip of the needle that is much higher than that of a normal probe.
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[bookmark: _GoBack]Fig. S3. Electric field and phase distribution of  excited by  coupling in an axisymmetric Au-coated conical fiber probe. a Schematic diagram of surface plasmon polaritons excited by  coupling in an Au-coated conical fiber. b Electric field distribution and polarization of . c Electric field distribution and polarization of . d Electric field distribution near the probe tip. e  phase distribution near the probe tip. The direction of the arrows in the Figure. indicates the direction of the electric field.
Based on the above simulation, the linearly polarized SPP mode () of the Au-coated conical fiber probe was excited by coupling the linearly polarized mode (), and  had the same antisymmetric polarization distribution as  at positions symmetrical to the probe axis, as shown in Fig. S3. Fig. S3b and S3c show the electric field distributions of  and the corresponding , respectively. As can be seen from the Figure, the two modes have the same electric field polarization direction in the XY plane. Additionally, as shown in Fig. S3c, due to the excitation of , the field distribution of the waveguide mode has already diffused at the cylindrical waveguide located 30 nm from the probe tip, and cannot be tightly confined around the metal cylinder. As the  propagates further, it undergoes mode cutoff near the probe tip and leaks into free space, becoming background noise, as shown in Fig. S3d. Fig. S3e shows the phase distribution of  in the Z direction at the tip of the probe. It is observed that the phase distribution of the waveguide mode is opposite at positions symmetrical along the probe axis, which also indicates that  has an antisymmetric polarization distribution along the probe axis.
The simulation results of FPFP under  are shown in Fig. 2c to 2e. As shown in Fig. 2c, due to the excitation of , the electric field distribution of the waveguide mode has already diffused in the cylindrical waveguide at a distance of 30 nm from the probe tip, and cannot be tightly confined around the metal cylindrical waveguide. The arrow direction in the Figure represents the electric field direction. As shown in Fig. 2d, as the  propagates further, it undergoes mode cutoff near the probe tip and leaks into the surrounding space, becoming background noise. Fig. 2e shows the phase distribution of the  along the Z direction at the probe tip position. It is observed that the phase distribution of the waveguide mode at the probe axis symmetrical position is opposite, further confirming that the  exhibits an antisymmetric polarization distribution along the probe axis.
Therefore, although FPFP can achieve greater electric field enhancement than ordinary Au-coated conical fiber probes, FPFP still relies on  to excite  on the surface of the Au film before stronger nanofocusing can be achieved at the tip of the probe.
2. Two-dimensional planar structure of DSPP and DSP, and parameter settings in simulation
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Fig. S4. Schematic diagram of the two-dimensional structure of DSPP in the XZ plane and the XY plane.
In order to achieve nanofocusing at the tip of the probe under , existing studies have designed two asymmetrical semicircular slit structures on ordinary conical metal-coated fiber probes. This structure is used to achieve polarization reversal under linear polarized light, thereby achieving nanofocusing at the needle tip. However, the focusing electric field strength at the tip of the probe is low, and there is no effective energy recycling enhancement mechanism10. To overcome the above limitations, this study proposes a dual-slit platform-based plasmonic fiber probe (DSPP). The two-dimensional plane structure of the DSPP is shown in Fig. S4. The two semicircular ring slit structures have a specific height difference h. A center-symmetric platform toroidal plane is designed at the probe structure with a radius smaller than the two semicircular rings. The front end structure of the probe located on the platform toroidal plane is the front cone, and the probe structure located behind the platform toroidal plane is the back cone. The angle of the front cone of the DSPP is α, the height of the front cone is H, and the thickness of the Au film along the probe axis of the front cone and the platform toroidal plane is t. The angle of the back cone is θ, and the thickness of the Au film along the probe axis of the back cone is d. The radius R of the platform toroidal plane is defined as the diameter of the largest outer circle. The width of the two asymmetric semicircular ring slits is w, where the radius of the smaller semicircular ring slit is , and the radius of the larger semicircular ring slit is . The radius of the semicircular ring slit is defined as the radius of the largest outer semicircle.
In order to further study the nanofocusing effect of DSPP, a geometric model of a common asymmetric double-slit probe (DSP) was also established. The two-dimensional plane structure of DSP is shown in Fig. S5. The cone angle of DSP is θ', the thickness of the Au film along the probe axis is t', and the height difference between the two semicircular ring slits is h'.
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Fig. S5. Schematic diagram of the two-dimensional structure of DSP in the XZ plane and the XY plane.
In the simulation experiment, in order to ensure the consistency of the comparison between DSPP and DSP, the cone angle θ' of DSP and the back cone angle θ of DSPP were both set to 32°, and the film thickness t' of DSP was the same as the front cone film thickness t of DSPP. The double slit height difference h’ of the DSP is kept consistent with the double slit height difference h of the DSPP, set to 935 nm in this study. The smaller semi-circular slit radius  and the larger semi-circular slit radius  of both the DSP and DSPP are the same, and the slit width w is set to 120 nm. Additionally, the light source parameters, material properties, and mesh size in the simulation are all kept consistent.
3. Probe film thickness parameter optimization
For axisymmetric FPFP,  in the optical fiber can excite  outside the metal film, as shown in Fig. 2c to e, but this plasmonic mode will undergo mode cutoff at the probe tip and convert to background noise. Therefore, it is necessary to optimize the Au film thickness to reduce the influence of background noise, ensuring that the surface plasmon modes propagating outside the metal film are  modes regulated by the asymmetric half-ring slit. The thickness of the metal film affects the penetration depth of incident light within the fiber and the coupling efficiency of plasmon modes outside the metal film. Therefore, background noise can be eliminated by optimizing the metal film thickness, as shown in Fig. S6. As the Au film thickness increases, the intensity of background noise gradually decreases, while the transmittance of background leakage light gradually decreases. According to the simulation results, when the Au film thickness exceeds 180 nm, the scattered light transmittance (SLT) is less than 10%. At this point, it can be considered that there is basically no background light leakage in the front cone part. Therefore, based on the simulation results and actual operating experience, the Au film thickness t of the front cone part is selected as 180 nm.
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Fig. S6. Optimization of Au film thickness on the surface of the front cone
From the preparation process of the probe, it can be seen that the preparation of DSPP requires two evaporation steps. The first evaporation of a 300 nm Au film is to ensure that the probe can conduct electricity during FIB processing, and the second evaporation is to evenly deposit a layer of Au film on the front cone structure and platform toroidal plane exposed by SiO2. Therefore, the Au film thickness t along the probe axis is 180 nm for both the front cone structure and the platform toroidal plane. After the platform toroidal plane is prepared by FIB, theoretically, the Au film thickness d of the back cone should be 300 nm. However, based on experience with FIB processing, during the processing, the Au film on the back cone will be partially etched away due to exposure to the ion beam. Therefore, after the second Au film deposition, the thickness d of the Au film on the back cone should be less than the sum of the thicknesses of the two Au films. In the simulation in this paper, the thickness of the Au film on the back cone is set to 420 nm. Additionally, to better compare the performance of DSPP and DSP probes, the DSP film thickness t’ is also set to 180 nm.
4. Nanofocusing of DSPP under broadband
In order to verify the nanofocusing characteristics of DSPP in a broadband range, multimode optical fiber was used in the experiment. The parameters of this optical fiber are shown in Table S7. As can be seen from the parameter table, this multimode optical fiber has a wider wavelength range and is more suitable for broadband experimental testing.
Table S7. Parameters of multimode optical fiber
	parameters
	unit
	indicator

	Operation Wavelength
	nm
	300 - 2400

	Numerical Aperture
	NA
	0.22 ± 0.02

	Core Diameter
	um
	105 ± 3

	Cladding Diameter
	um
	125 ± 2

	Coating Diameter
	um
	250 ± 10


In order to study the nanofocusing effect of DSPP with changes in front cone height and angle in a broadband range, the electric field distribution and phase distribution at the tip of DSPP were simulated. Fig. S8 shows the electric field and phase distribution at the tip of DSPP under incident light of different wavelengths and front cones of different heights when the front cone angle is 32°. Fig. S9 shows the electric field and phase distribution of the DSPP needle tip under incident light of different wavelengths and front cones of different angles when the front cone height is 500 nm. The simulation results show that, in a broadband range, different front cone heights and angles can achieve nanofocusing at the tip, and the electric field enhancement effect is significant. At the same time, the phases on both sides of the probe show the same phase distribution at the needle tip, indicating that interference nanofocusing occurs at the needle tip.
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Fig. S8. Electric field and phase at the probe tip as a function of incident wavelength and front cone height when the front cone angle is 32°.
[image: ]
Fig. S9. Probe tip electric field and phase as a function of incident wavelength and front cone angle when the front cone height is 500 nm.
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