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Abstract 

Scanning probes with functional optical responses are key components of scanning near-field optical 

microscopes. For nanospectroscopy performed at infrared (IR) and terahertz (THz) frequencies, one major 

challenge is that the commonly used metal-coated silicon tips yield nonadjustable coupling efficiency across the 

spectrum, which greatly limits the signal-to-noise ratio. Here, we test the possibility of a generic design scheme 

for wavelength-selective tip enhancement via finite-element numerical modeling. We employ a Si-based tip 

with various gold coating lengths on the top, yielding a customizable near-field field strength at the tip apex. 

Calculations show a wavelength-dependent enhancement factor of the metal-coated tip due to the geometrical 

antenna resonances, which can be precisely tuned throughout a broad spectral range from visible to terahertz 

frequencies by adjusting the length of the metal coating. By changing the coating pattern into a chiral helical 

structure on an achiral tip, we also demonstrate the importance of coating-length effect in designing high-

performance enantiomeric near-field scanning. Our methods and findings offer interesting perspectives for 

developing near-field optical probes, pushing the detection and resolution limits of tip-enhanced near-field 

detections such as fluorescence, Raman, IR, and THz nanospectroscopies. 

 

Introduction 

Scattering-type scanning near-field optical microscope (s-SNOM) typically utilize metal or metal-coated atomic 

force microscope (AFM) tips as the scattering near-field probe.[1, 2] The tips are usually 10 to 15 μm long for 

infrared (IR) s-SNOM and 50 to 200 μm long for terahertz (THz) s-SNOM.[3-5] The fixed tip length raises 

considerable issues since it yields different near-field enhancement factors for different incident wavelengths. 

This is one of the major reasons that near-IR and THz s-SNOM have low signal to noise ratio compared to the 

mid-IR s-SNOM; the tip length is not ideal for the field enhancement.[6] Moreover, in order to yield the best 

coupling coefficient, the cone-shape tip structure also requires the incident light to be linearly polarized with 

respect to the symmetric tip axis.[2, 7] 

Previous studies used tips with different configurations to substantially improve the topographical and 

optical resolution via, for example, multiwalled carbon nanotubes and high-aspect ratio gold cones with a fixed 

Si base or cantilever.[8-10] While these studies have shown the evidence of enhanced near-field signals in certain 

specific cases, broad spectral responses have not been fully achieved yet. Specifically designed probe 

geometries such as one-dimensional gratings and chiral grooves have also been utilized to break the tip 

symmetry and adapt with unaligned polarized light.[11-13] These approaches achieved significant advances, but 
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the tip geometry engineering is not a straightforward task. Methods for convenient tuning of the light-tip 

interaction are still in need. 

Here we propose an easy to implement method, by partially coating metal on standard Si AFM tip, to 

induce customizable broad-spectrum antenna effect and enhance the field at the tip apex. We thoroughly study 

the influence of the coating-length effect (CLE) on the near-field enhancement using finite-element numerical 

modeling.[14-16] The merit of partially-metal–coated tip is that it can be widely used for near-field 

nanospectroscopy at different incident wavelengths while maintaining the same tip base design. The partial 

coating method can also be engineered and applied to create chiral structures, so that the tip is sensitive to the 

chirality of the incident light. 

 

Methods 

Numerical Simulations. The numerical simulations were conducted using the commercial software COMSOL 

Multiphysics 5.4 (Stockholm, Sweden) based on surface-based finite element methods in the frequency domain. 

The tip was modeled as a conical frustum and a hemispherical apex with geometric parameters given in Figure 

1a. The cone angle θ is 30° and the tip end is modeled as a hemisphere with radius r = 50 nm. This geometry 

resembles that of commercially available AFM tips, which are typically used in s-SNOM experiments. For the 

tip, every boundary was modeled by impedance boundary conditions in order to save computer memory with 

the frequency-dependent dielectric constants of Au and Si, respectively.[17, 18] Moreover, at the mid-IR range, 

the skin depth of Au is around 10 to 20 nm.[2] Hence, we set the Au coating as 50 nm thick throughout our 

simulations to reduce the influence of coating thickness to the minimal level. In order to properly describe the 

near-field illumination, we applied the scattered field formulation, in which the field is split into an illumination 

field (also referred to as a background field) and a scattered field that we analyzed in this work. We use p-

polarized plane wave illumination (electric field Einc) at an incident angle of 60° relative to the tip axis with the 

wavelength ranging from near/mid-IR range (λ= 0.632 to 30 μm) to THz range (λ = 30 to 3000 μm). Without 

losing generality, Enorm at 20 nm directly above the tip apex is used for evaluating the near-field enhancement.[2] 

Verification simulations were performed using the commercial software Altair FEKO 2020 based on the 

method of moments using the surface equivalence principle, with the tip geometry and source settings following 

the COMSOL simulations. Coarse mesh settings were used to reduce simulation time; to maintain the accuracy 

of the simulation despite these settings, a spherical region of refined mesh was defined around the tip apex, with 

a mesh size of 25 nm for both the mid-IR and THz models. 
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Results 

To elucidate the effect of the tip-coating length to the near-field enhancement at different incident wavelengths, 

we first perform numerical full-wave simulations (see Methods) of IR-/THz-illuminated tips with conical 

geometry depicted in Figure 1a. A standard high resistive Si AFM tip with the total shank length of ܮ is partially 

coated by Au at the tip apex with a coating length of ݈. ܮ is fixed at 20 μm for near/mid-IR range and 200 μm 

for THz range simulation throughout this article. With the coating length ratio (௟௅) varying, the corresponding 

normalized electric near-field (Enorm) at the tip apex can be recorded as a function of the incident wavelength. 

 Figure 1b presents the electric field distribution of a specific case (௟௅ = 0.5, light wavelength = 200 μm), 

showing the field around the tip apex with a maximum 80-fold enhancement. Compared to pure Au tips of the 

same Au length (݈) but without the Si base (Figure 1c), the partially coated tips greatly boost the near-field 

enhancement at all wavelengths.[10] Since the Au parts are the same, the enhancement comes from the resonance 

effect of the additional Si base in the Au/Si case. First, the Enorm is amplified at the initial peak wavelength 

around 2݈ (~4 μm for ݈ = 2 μm and ~40 μm for ݈ = 20 μm) for both mid-IR and THz range (Figure 1d and Figure 

S1 in the Supplemental Material).[17] Interestingly, when the wavelength is far beyond the length of ݈ (more than 

5 times), the spatial mismatch between wavelength and Au length would severely decrease the Enorm of standard 

fully metalized AFM tips. However, the partially coated tips still preserve the strong enhancement throughout 

the broad spectral range. Considering some previous works have mentioned that the tip−sample near-field 

interaction is not only influenced by near-field enhancement but also depends on the optical properties of the 

sample, here we exclude the samples to avoid extra complexity in our models.[18]  
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Figure 1. Numerical modeling of the resonant antenna probe based on partially coated AFM tip for near-field 

nanospectroscopy. (a) Schematic of the numerical model to simulate the near-field enhancement at the tip apex for 

different Au length (l) coated on a Si tip with a fixed total length (L). (b) The numerically calculated Enorm distribution 

around the apex of a half-coated 200 μm long antenna tip under the illumination of THz light (wavelength of 200 μm). 

The upper image i) shows the side view of the near-field distribution and the lower image ii) shows the top view at 20 nm 

above half of the tip apex. The Enorm is normalized to the incident electric field (Einc), which is linearly polarized at a 60-

degree angle with respect to the tip axis. (c) The numerically calculated Enorm distribution around the apex of a fully coated 

pure Au tip (i and iii) and a partially coated Au/Si tip (ii and iv). The Au lengths l of the two types of tips are the same, 

with 2 μm length in mid-IR range (i and ii) and 20 μm length in THz range (iii and iv). (d) The Enorm of the two types of 

tips for illuminating light wavelength set to mid-IR range (top) and THz range (bottom).  

 Next we present the coating length dependent near-field enhancement in near/mid-IR range. In Figure 2a, 

we plotted the two-dimensional color map of Enorm versus the incident wavelength and length ratio. Noticeably, 

the Enorm mapping shows two resonating frequency ranges, one ranging from 4 to 8 μm while the other ranging 

from 10 to 30 μm. The low-wavelength resonance occurs when the length ratio ௟௅ varies between 0.1 and 0.3, 

showing Enorm higher than that at larger length ratios (around 1.5 times for 8 μm incident wavelength, Figure 2b). 

Importantly, this enhancement results from relatively short coating length, indicating that for incident light at 4 

~ 8 μm, the partially coated tip can potentially provide a better electric near-field signal.[19] To further validate 

this advantage of the CLE, we compared the Enorm of partially coated tip with pure Au tip. As shown in Figure 
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S1, for tip length shorter than 8 μm, partially coated tip shows a remarkable increase of Enorm compared to the 

pure Au tip. The difference gradually decreases to zero when the coating ratio further increases to 1, which can 

be explained by the proportional change of the conductive Au coating and capacitive Si base, as will be 

discussed in detail later. 

 The second resonance range starts at 10 μm and reaches the resonant peak with a relatively flat trend 

(Figure 2b, 2c, S2 and S3 in the Supplemental Material).[17] Interestingly, we found the resonant peak frequency 

is related to the length ratio of the tip (red dotted line marked in Figure 2c). This nonlinear dependence can be 

understood analogously to dipolar and conical radio wave antennas.[2, 10] This CLE induced spectral shift can be 

simplified as a serial connection of impedances given by ܼ௧௜௣ ൌ  ஺ܼ௨ ൅ ௌܼ௜, where the ܼ௧௜௣ is the impedance of 

the whole tip, ஺ܼ௨ and ܼௌ௜ the impedance of Au coating and dielectric Si base. According to reported antenna 

theory, the resonant wavelength of dipolar antenna is close to ଶ௟௡  with n being the resonance order.[20, 21] 

Similarly, for ஺ܼ௨, the resonance wavelength of the Au coating should shift to longer values when the coating 

length increases.[22] At the same time, the increased coating length decreases the area of the exposed Si base and 

decreases the active capacitive load ௌܼ௜ , which also redshifts the antenna resonance.[23] Since the maximum 

Enorm depends on the induced optical displacement current, the amplitude of Enorm is related to the value of ܼ௧௜௣ .[24] Because the dielectric  ௌܼ௜  is much larger than conductive ஺ܼ௨ , the overall ܼ௧௜௣  decreases and the 

maximum Enorm increases as the coating length ratio goes up (Figure 2d). Therefore, the antenna changes from 

the dielectric-dominant resonance to the metallic-dominant resonance by increasing the coating length. During 

this transition, the Si base acts as a broadband antenna, especially in shorter wavelength range and smaller tip 

structure. Even for illumination at 632 nm, the CLE can still tune the near-field intensity at a relatively minor 

level, showing the feasibility of customizing the coating length according to different types of nanospectroscopy 

using the broad spectral range (Figure S4 in the Supplemental Material).[17, 25] 
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Figure 2. Simulation of the CLE in near/mid-IR range. (a) The near-field enhancement mapping for different length 

ratios with ܮ fixed at 20 μm. The Enorm is calculated at 20 nm above the tip apex. (b) The horizontal line cuts of the 

mapping, showing the Enorm as a function of length ratio with different illuminating light wavelengths. (c) The vertical line 

cuts of the mapping, showing the Enorm as a function of illuminating light wavelength with different length ratios. The red 

dotted line marks the maximum Enorm point for each length ratio. (d) The wavelength and maximum Enorm of different 

length ratios corresponding to the red dotted line shown in (c), which is supplemented by a finer scan with smaller 

wavelength steps (Figure S2 in the Supplemental Material).[17] 

 In addition to the near/mid-IR range simulations, we also explored the CLE in THz range (Figure 3a). 

Comparing with Figure 2, similar structural dependent spectral responses were observed: first of all, the 

resonant peak still occurs at lower wavelength (60~80 μm) when the length ratio varies from 0.1 to 0.4, 

indicating the better performance of partially coated tip compared to pure metallic tip (see Figure S1 as well); 

moreover, the second major resonance raises from 100 μm and slowly decreases after 500 μm with a flat 

broadband near-field enhancement (Figure 3b and c). The long tail pattern over 500 to 3000 μm can be 

attributed to the gradually increased spatial mismatch (> 10 fold) between THz light and the fixed total length of 

coated tip (Figure 3c); for the near- and mid-IR simulations, this mismatch is relatively small, so the decay of 

the resonant peak is not as obvious. Importantly, the nonlinear relation between the second resonant wavelength 

and length ratio remains valid in the THz range (Figure 3d). The maximum Enorm gradually saturates as the 

length ratio increases to that of pure Au, while the corresponding peak wavelength follows the same trend in 

near/mid-IR range due to the decreased ܼ௧௜௣ and increased resonating Au length. 
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Figure 3. Simulation of the CLE in THz range. (a) The near-field enhancement mapping for different length ratios 

with ܮ fixed at 200 μm. The Enorm is calculated at 20 nm above the tip apex. (b) The horizontal line cuts of the mapping, 

showing the Enorm as a function of length ratio with different illuminating light wavelengths. (c) The vertical line cuts of 

the mapping, showing the Enorm as a function of illuminating light wavelength with different length ratios. The red dotted 

line marks the maximum Enorm point for each length ratio. (d) The wavelength and maximum Enorm of different length 

ratios corresponding to the red dotted line shown in (c), which is supplemented by a finer scan with smaller wavelength 

steps (Figure S2 in the Supplemental Material).[17] 

 A more realistic tip geometry can be found in Figure 4a, where the metallic (Au) sample (case ii) and/or 

Si cantilever are included (case iii).[10] For the case ii (with substrate), we used the same Au as the tip with 

bulky structure (12×12×1 μm3 for IR range and 120×120×10 μm3 for THz range) to eliminate structural effects 

on the signal enhancement. For the attached cantilever (case iii), we simulated as a piece of silicon of 4 μm 

thickness with 125 μm length and 60 μm width. The length and width were chosen to match the tip structure of 

THz range simulation. As shown in Figure 4b, the addition of an Au substrate adjacent to the tip apex can 

greatly increase the corresponding Enorm, which has been validated in previous work.[10, 23] The exponential 

decay of Enorm (at 1 nm above the tip apex) with the tip-substrate distance h confirms the subwavelength-scale 

vertical field confinement at the tip apex (Figure S5 in the Supplemental Material).[17] Besides the intensity of 

the Enorm, essential spectral responses would also be influenced by cantilever structures. Figure 4c plots the 

Enorm spectra of case ii and iii, exhibiting a redshift of the resonant wavelength. We assign the sample-induced 

spectral shift to the secondary local field generated by the scattered field from the sample surface, which highly 

depends on the tip-substrate distance and sample dielectric properties.[24] However, for case iii, we found that 
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the Si cantilever here does not affect the major resonant wavelength compared with case ii, and also slightly 

increases the resonant intensity. This phenomenon can be simply explained by the pre-existing Si base, which 

has already induced the dominant capacitive impedance and thus reduced the interference from cantilever 

structure. Furthermore, the nonlinear positive correlation between the second resonance intensity and length 

ratio, as shown in Figure 2d and Figure 3d, remains valid within different geometric setups (Figure S6 in the 

Supplemental Material).[17] The scattering from the AFM tip is reported to possess strong angular dependence 

with the near-field resonance.[16] On account of this, we further observed that the length ratio can also influence 

the far-field radiation pattern, especially around the low-wavelength resonance (Figure 4d). In this range, the 

partially coated tip provides a better backscattering far-field signal than pure Au tip, in terms of wider angular 

bandwidth and higher lobe amplitude. Such enhancement from CLE becomes less obvious with larger 

illuminated wavelengths in accord with our earlier discussion (Figure S7 in the Supplemental Material).[17] 

 

Figure 4. Simulation of the near-field enhancement with different geometry. (a) Antenna geometries considered in 

the simulation. i) only tip (default); ii) antenna tip with Au substrate; iii) antenna tip with Au substrate and Si cantilever. 

(b) Near-field intensity enhancement as a function of tip-substrate distance, for geometry ii) depicted in (a). The 

monitoring point is fixed at 1 nm above the tip apex, shown as the red “x” marker. The illuminated light wavelength is 

fixed at 280 μm and the length ratio is fixed at 0.6 (200 = ܮ μm). (c) The Enorm as a function of illuminating light 

wavelength for all geometries depicted in (a). The tip-substrate distance is 10 nm and the length ratio is fixed at 0.6 (ܮ = 

200 μm). The spectra of geometry i) is scaled by a factor of 10 for better visibility. (d) The scattered far-field distribution 

with different length ratios for geometry ii) depicted in (a). The tip-substrate distance is 10 nm and the illuminated light 

wavelength is fixed at 100 μm. 
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So far, we have discussed the CLE of standard cone shape coating for near-field nanospectroscopy. 

Additionally, we further study the CLE of the chiral AFM probe, as shown in Figure 5a. Recent works have 

demonstrated the chiral nanostructure on AFM tip can introduce unique near-field optical interaction, such as 

the enantioselective optical forces and handedness-sensitive near-field enhancement.[13, 26] However, most of 

these researches appear in ultra-violet and visible light range, which cannot address plasmonic field 

enhancement of dichroism (vibrational circular dichroism) in the mid-infrared range.[27-29] Here, we changed the 

cone-shape coating into a chiral structured coating on the same bare Si base (20 μm total length), and preserved 

the CLE by tuning the width ݈ of Au ring within each fixed period distance ܮ. Therefore, we can change the 

chirality of the AFM tip in the mid-infrared range by tuning the length ratio (௟௅). To elucidate the variations of 

the near-field enhancement for different length ratios, we first assume a right-handed coating direction with left- 

(L-) and right- (R-) circularly polarized light (CPL) illumination. Figure 5b shows the near-field enhancement 

mapping of the R-chiral tip under R-CPL light (ER-CPL), proving the coating ratio can still affect the near-field 

responses under CPL light.  

Notably, the chiral tip would enhance the electrical near-field for both CPL; only that the enhancement 

factor is different. To illustrate this, we simulate the mapping of the R-chiral tip under L-CPL light (EL-CPL), and 

divide the ER-CPL by EL-CPL to quantitatively evaluate the relationship between structural chirality and light 

handedness. Figure 5c shows the mapping of near-field enhancement with CPL derivatives. For a fixed 

illuminating light wavelength, the ாೃష಴ುಽாಽష಴ುಽ ratio does not always larger than 1 for the R-chiral tip, but fluctuates 

as the coating ratio increases (Figure 5d). This is due to the intricate spatial match between the chiral geometry 

and CPL wavelength, which depends the enantiomeric near-field enhancement. In particular, one CPL 

handedness matches more with one kind of tip chirality than the other CPL derivative, whereas this matching 

depends on the light wavelength and length ratio. For instance, the tip with length ratio of 0.5 matches with 6 

μm R-CPL more than L-CPL, while the length ratio of 0.6 is the opposite, leading to the inverse enhancement. 

Similar fluctuating optical responses are widely studied in circular dichroism spectra of chiral materials and 

metamaterials.[30-32] We have also verified this phenomenon by simulating the L-chiral tip with the same setup, 

and obtained the almost symmetric results (Figure S8 in the Supplemental Material).[17] Furthermore, we change 

the s-SNOM light setup to directly illuminated CPL (from tip apex to base) to extended the applicable situation 

for CLE. Figure S9 in the Supplemental Material shows the mapping of near-field enhancement with CPL 

derivatives.[17] Although the specific Enorm mapping has some differences compared with the situation of the 

oblique incident light, the principle behind is the same that the CLE can affect the near-field CPL responses and 

introduce designable chirality to the scanning tip system. These findings disclose the capabilities and 

importance of CLE in tuning the tip chirality and improving the CPL interaction. Nevertheless, the structural 

mismatch between coating and light wavelength eventually becomes prominent when the wavelength increases. 
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Hence, for large wavelength (>12 μm) in contrast with 20 μm tip, the fluctuation would decrease and ாೃష಴ುಽாಽష಴ುಽ 

ratio would reach to 1, as shown in  Figure 5e. 

 

Figure 5. Numerical modeling of the chiral probe based on partially coated AFM tip for near-field CPL 

enhancement and differentiation. (a) Schematic of the numerical model to simulate the chiral tip. Au with different 

coating length deposit on an achiral bare Si base in a right-handed chiral (R-chiral) helical pattern, pointing from bottom 

to the top. The period distance (total length, ܮ) between the center of each lap is fixed at 2 μm, while the coating length (݈) 
varies from 0.1 to 1.9 μm. The Si base is the same as the aforementioned mid-IR setup, with 20 μm tip length and apex 

geometry. CPL in mid-IR range with different chirality illuminates the tip at a 60-degree angle with respect to the tip axis. 

(b) The numerically calculated near-field enhancement mapping for different length ratios and different wavelengths. The 

Enorm is calculated at 20 nm above the R-chiral tip apex which is illuminated by R-CPL. (c) The near-field enhancement 

mapping for the ratio of Enorm under R-CPL and L-CPL. (d) The horizontal line cuts of the ratio mapping, showing the ER-

CPL/EL-CPL as a function of length ratio with different illuminating light wavelengths. (e) The vertical line cuts of the 

mapping, showing the ER-CPL/EL-CPL as a function of illuminating light wavelength with different length ratios. 

 

Conclusion 

In summary, we have performed numerical simulations to study the CLE on conventional AFM tips in a broad 

spectral range. The partially coated tips were found to yield a better tip-enhancement at certain IR and THz 

frequencies comparing to the fully coated tips. Particularly, the effective coupling with 2-10 μm and 30-100 μm 

light at a lower Au coating ratio would greatly surpass standard pure Au-coated or Si AFM tips. This is likely to 

yield a higher near-field detection signal for near-IR and multi-THz s-SNOM. We furthermore extend the CLE 

to the chiral tips, revealing the outstanding customizability of the tip chirality and distinct handedness-sensitive 
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CPL responses. Such partially–metal-coated tips can be fabricated by several nanofabrication technologies, 

including but not be limited to low-energy focused ion-beam deposition/etching, shadow-mask deposition, 

metal lift-off process, and other high-resolution metal deposition techniques.[9, 13] In this work, we mainly 

focused on the electric field enhancement under the AFM tip, which could be extended to the demodulated 

higher harmonics (S2 signal, S3 signal, ...) with improved simulation power.[14] In the future, the coating material 

can also be extended to more sophisticated materials with advanced ultrafast light responses, enhanced 

functionality and in situ tunability, such as semiconductor and chiral materials with twisted structures.[33-36] Our 

simulation model and results highlight the importance of selecting proper coating length and guide future 

practical fabrication, promising intriguing applications in IR/THz s-SNOM, cryogenic near-field 

nanospectroscopy, and chiral material manipulation.[37-39] 
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