
 1 

Three-dimensional electromagnetic calculations of 

frontal illumination TERS with a thin-film 

plasmonic waveguide probe  

AUTHOR NAMES:  

Masanao Ito1, Lang Lang1, Kaifeng Zhang1, Kei Kobayashi1* 

 

CORRESPONDING AUTHOR:  

Kei Kobayashi 

E-mail: keicoba@iic.kyoto-u.ac.jp 

 

AUTHOR ADDRESS:  

1Department of Electronic Science and Engineering, Kyoto University, Kyoto 615-8510, 

Japan 

 

KEYWORDS 

Tip-enhanced Raman spectroscopy, Atomic force microscopy, Finite element method 

 



 2 

ABSTRACT 

Tip-enhanced Raman spectroscopy (TERS) is a scanning-probe-microscope-based technique 

for nanoscale chemical analysis. Recently, we have developed a waveguide TERS probe 

designed for indirectly illuminating the tops of waveguides to suppress the background signal 

during TERS measurements. More recently, we have shown that a front-illuminated 

waveguide probe substantially intensifies the incident light. However, during frontal 

illumination, the light enhancement principle was previously not fully understood. Therefore, 

we have investigated the light enhancement mechanism during the frontal illumination of a 

waveguide probe by three-dimensional electromagnetic calculations, revealing that the signal 

enhancement principles of directly and nearly directly illuminated waveguide probes are 

identical and that the TERS contrast is optimized when the intensity of the TERS peak of 

interest is maximized. 
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Tip-enhanced Raman spectroscopy (TERS),1–5 a spectroscopic technique based on scanning 

probe microscopy (SPM)6,7 and Raman spectroscopy,8,9 is promising for nanoscale chemical 

analyses on sample surfaces. TERS has been applied to a wide range of nanoscale chemical 

investigations, including carbon nanomaterials,10–13 materials for secondary batteries,14–16 and 

biomolecules.17–19 Beyond the diffraction limit, a high spatial resolution is achieved by 

locally enhancing the intensity of the incident and scattered light, mainly induced by surface 

plasmon resonance between the metallic probe tip and substrate. In conventional TERS, the 

tip and sample are directly illuminated by incident light (direct illumination).11,20–22 However, 

direct illumination TERS is usually accompanied by the degradation of the spatial resolution 

of TERS measurements because the radius of the incident light spot is relatively large 

compared to the tip radius. In contrast, indirect illumination TERS,18,23–28 where the sample is 

indirectly irradiated by the incident laser, enables this problem to be avoided. 

We have recently developed an atomic force microscopy (AFM) probe coupled with 

an Si/Au thin-film waveguide (waveguide probe), as shown in Fig. 1(a), via focused ion 

beam (FIB) processing,28,29 and achieved indirect illumination by irradiating only the 

waveguide part of the probe from above, as shown in Fig. 1(b) (top illumination), suppressing 

the background Raman light and measuring the TERS spectrum of (4′-(pyridin-4-yl)-

biphenyl-4-yl)methanethiol (4-PBT)30 molecules in a stable manner. Previously, we found 

that the enhancement factor was higher for frontal incident (quasi-indirect) illumination of the 

probe than for both direct illumination of and indirect illumination from above the tip or 

waveguide probes, respectively,31 and although the large enhancement factor was supported 

by two-dimensional (2D) calculations,31 the light enhancement principle observed during 

quasi-indirect illumination was not fully understood, requiring three-dimensional (3D) 

calculations to clarify the detailed light enhancement mechanism. 
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Figure 1. Schematics of the (a) TERS waveguide probe and (b) top and frontal illuminations 

(green and red, respectively) using the waveguide probe.  

 

 In this study, we used commercial finite element method (FEM) software (COMSOL 

Multiphysics®) to calculate the incident light enhancement of the waveguide probe under 

frontal illumination32 and clarified the light enhancement mechanism of quasi-indirect 

illumination by investigating the dependence of the light enhancement on the irradiation 

position. The results will contribute to the progress of materials research using TERS. 

Other than the proposed waveguide probe, the light enhancements of several 

plasmonic TERS probes have been investigated by several research groups.33–38 For example, 

an Au surface/ellipsoid system was directly illuminated,33 and a Ag nanowire probe was 

remotely illuminated.34 Additionally, we have already used the 2D FEM model to 

characterize the waveguide-probe-induced light enhancement.24,28,31 However, to date, most 

calculations, including those in our previous reports, involved not 3D but 2D calculations. 
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Although 3D analysis should be performed for comprehending TERS principles, it is 

impractical because a large calculation scale requires many computational resources. 

Furthermore, because the indirect illumination of waveguide probes involves almost the 

whole waveguide, 3D calculations have not yet been achieved. However, when focusing on 

frontal-illumination-induced phenomena occurring only near the tip’s apex region, the 

calculation space can be limited to the vicinity of the probe tip. Thus, the calculation scale 

can be reduced when considering the frontal illumination of the tip’s apex. In this study, to 

consider effects that may have been overlooked in 2D calculations, 3D calculations were 

performed. 

 Indirect illumination suppresses background signals by avoiding direct illumination of 

the tip’s apex (and the substrate around the tip). In contrast, we have recently shown that 

compared with direct illumination, frontal (quasi-indirect) illumination in the vicinity of the 

waveguide probe’s tip can produce a very intense signal. In this study, we used 3D 

electromagnetic calculations to investigate the dependence of the light enhancement on the 

irradiation position. 

Figure 2(a) shows a schematic of the 3D model for calculating the light enhancement. 

We assumed an Au substrate and a waveguide probe at a tip–substrate distance of 1 nm. The 

cantilever, which tip’s radius was 50 nm, was held at 12°. The inset of Fig. 2(a) shows a 

magnified image of the area around the probe tip. The calculation volume is indicated by a 

red rectangular wireframe. The model’s mirror symmetry enables computing resources to be 

saved. The 3D model is shown in Fig. 2(b). A p-polarized Gaussian incident light, which 

field magnitude was 1 V/m at the focal point and possessing a wavelength and a beam 

diameter of 660 nm and 4 µm, respectively, was used to illuminate the tip at an incidence of 

50°. Prior to the 3D calculations, we confirmed that unlike in indirect illumination from 
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above, in frontal illumination, the irradiation angle did not change the field enhancement 

factor (see Supporting Information 1). For each material, the minimum mesh size was set at 

one-fifth of the wavelength, a standard suggested by the software. The incident light was 

illuminated from the +z-direction, and the positions of the incident light sources were 

translated along the y-axis to obtain the dependence of the light enhancement on the 

irradiation position. The light sources’ positions were in either the mirror symmetric plane 

with respect to the waveguide’s shape or the plane of x = 0 µm. At each light source’s 

position, the focal points were adjusted at the tip’s surface when the light source’s position 

(y) ≧ 0 µm. The focal points were adjusted at the substrate’s surface when the light source’s 

position (y) ൏ 0 µm. Except for the symmetric plane, the model was surrounded by perfectly 

matched layers (PMLs), which are not shown in Fig. 2(b), for absorbing electromagnetic 

waves leaving the calculation range. The symmetric plane was set as a perfect magnetic 

conductor (PMC), where the tangential component of the magnetic field was zero. Figure 

2(c) shows the cross-sectional plane of x = 0 µm, which is parallel to the y–z plane and 

includes the tip’s apex. For example, this plane (x = 0 µm) also shows a cross-sectional 2D 

model corresponding to the 3D model where the light source is at y = 1 µm. Figure 2(d) 

shows an example of the 3D calculation results for an electric field map along the plane of x 

= 0 µm when the light source is at y = +1 µm. Figure 2(e) shows a magnified field map at the 

tip–substrate gap, which describes the magnitude of the incident field enhanced by a factor of 

132. To clarify the benefits of the 3D calculations, we compared the 3D calculation results to 

the results of the 2D calculations performed using the 2D model representing a cross-section 

of the corresponding 3D model (cross-sectional 2D calculation). Figure 2(f) shows the field 

map calculated using the 2D model extracted from the corresponding 3D model (cross-

sectional 2D model). In the cross-sectional 2D calculation, the enhancement factor was 

underestimated, and the distributions differed for each model. Unlike the cross-sectional 2D 
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calculation, the 3D calculation revealed a standing wave pattern on the bottom of the 

waveguide, meaning that 2D calculations (including those we have performed so far) 

overlooked the plasmon resonance on the bottom of the waveguide. In contrast to 2D 

calculations, which can only characterize fields along cross-sectional planes, 3D calculations 

can visualize field distributions on 3D objects, such as the tip and substrate. 

 

 

Figure 2. Schematic of the setup of the 3D electromagnetic wave simulation. The inset shows 

a magnified image of the area around the tip’s apex. The red rectangular wireframe indicates 

the calculation volume. (b) A bird’s eye view of the 3D calculation model. (c) A cross-

sectional view of the 3D model at x = 0 µm when the incident light source was at y = 1 µm. A 

cross-sectional 2D model is also shown. (d) Electric field map of the plane of x = 0 µm, 

calculated using the 3D model when the incident light source was at y = 1 µm. (e) Magnified 

electric field map shown in Fig. 2(d). (f) Electric field map computed using the cross-

sectional 2D model when the incident light source was at y = 1 µm. 
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Figure 3. Results of the 3D electromagnetic wave calculations. (a) Electric field between the 

tip and substrate plotted as functions of the incident light source’s position, as calculated 

using the 3D and cross-sectional 2D models. (b) Orthographic views of electric field maps on 

the tip’s surface when the light source was at y = (i) 0, (ii) 0.75, and (iii) 1.5 µm. (c) The 

orthographic view of the tip from the −y-direction, corresponding to the field distributions 

shown in Fig. 3(b) (left). The viewing direction is indicated by the green arrow (right). 

 

 Figure 3(a) shows the dependence of the maximum electric field between the tip and 

substrate on the position of the incident light source, as calculated using the 3D and cross-

sectional 2D models. The cross-sectional 2D calculations underestimated the maximum 

electric fields. The electric field was maximized when the light source was at y = 0 µm (direct 

illumination) and decreased as the light source moved further away from the position y = 0 

µm (quasi-indirect illumination). Figure 3(b), which corresponds to the orthographic views of 

the tip from the −y-direction [Fig. 3(c)], shows the field distributions on the surface of the tip 

when the light source was at y = 0, 0.75, and 1.5 µm, as shown in Fig. 3(a). These 
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distributions were identical and independent of the light source’s position, meaning that 

whether the waveguide probes were directly or quasi-indirectly illuminated, the signal 

enhancement principle was identical. In other words, for quasi-indirect and direct 

illuminations, field enhancement was based on the lightning rod and local surface plasmon 

resonance (LSPR) effects, respectively, as discussed in other reports5,39 and Supporting 

Information 2. 

 We have shown that under direct and quasi-indirect illuminations, the electric field 

under the tip is substantially enhanced. Next, we calculated the intensities of the Raman 

scattered and background lights to determine the TERS signal contrast as a function of the 

irradiation position of the incident light. The intensity of the Raman scattered light (ITERS) is 

supposed to be proportional to the squared enhancement factor of the Raman scattered light 

multiplied by the squared enhancement factor of the incident light [Eq. (1)].4,40 

𝐼୘୉ୖୗሺ𝑥,𝑦, 𝑧ሻ ∝ ቀாౢ౥ౙష౟౤ౙ
ሺ௫,௬,௭ሻ

ாబష౟౤ౙ
ቁ
ଶ
⋅ ቀாౢ౥ౙష౎౗ౣ౗౤ሺ௫,௬,௭ሻ

ாబష౎౗ౣ౗౤
ቁ
ଶ
  (1) 

where Eloc-inc, E0-inc, Eloc-Raman, and E0-Raman are the magnitudes of the electric field of the 

enhanced incident light, the incident light, the enhanced Raman scattered light, and the 

Raman scattered light, respectively. We defined the field enhancement factors of the incident 

light and Raman scattered light field as Eqs. (2) and (3), respectively. 

𝛼୧୬ୡሺ𝑥,𝑦, 𝑧ሻ ൌ
ாౢ౥ౙష౟౤ౙሺ௫,௬,௭ሻ

ாబష౟౤ౙ
  (2) 

and 

𝛼ୖୟ୫ୟ୬ሺ𝑥,𝑦, 𝑧ሻ ൌ
ாౢ౥ౙష౎౗ౣ౗౤ሺ௫,௬,௭ሻ

ாబష౎౗ౣ౗౤
 (3) 

In conventional calculations for direct illumination TERS, αRaman is usually regarded as αinc 

(accordingly, ITERS ∝ αinc
4) because Raman scattered light is emitted from the position 

illuminated by the incident light.4,40,41 However, in indirect or quasi-indirect illumination 
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TERS, the positions illuminated by the incident light and from which the Raman light is 

emitted are different. Therefore, in calculations for indirect and quasi-indirect illuminations, 

αinc and αRaman should be regarded as different and, therefore, calculated separately. 

Figure 4(a) shows a bird’s eye view of the simulation model for αRaman. We assumed 

that the sample molecules, which generated Raman scattered light, were uniformly aligned on 

the surface of the Au substrate because 4-PBT, our standard sample, formed a self-assembled 

monolayer on the Au surface.30 The sample-generated Raman light was assumed to be a 

planar electromagnetic field propagating normal to the Au surface and which source was a 

plane on the surface of the Au substrate. The wavelength of the scattered light was assumed 

to be 738 nm, as determined based on the Raman shift when 4-PBT was illuminated using 

660 nm incident light. The distributions of αinc and αRaman on the surfaces, which were 0.5 nm 

above the substrate surface, shown as the target region in Figure 4(a), were extracted. The 

extracted surface was a 2 × 2 µm square region centered just under the tip’s apex. Figures 

4(b) and 4(c) shows the distributions of αinc and αRaman, respectively, when the light source 

was at y = 1 µm. Notably, a bright blue area appeared from the center to the lower right 

corner of the distribution of αinc in Fig. 4(b). This contrast was attributed to the laser light 

reflected by the side of the Au-coated waveguide. The concentrated electric field on the edge 

between the side and bottom also affected this contrast, which is why the bright blue area was 

outside the triangular-shaped shade cast by the waveguide. By multiplying the second powers 

of the distributions of αinc and αRaman, the ITERS distribution was derived, as shown in Fig. 4(d). 

The values obtained by multiplying the second powers of αinc and αRaman were not exactly 

ITERS but values proportional to ITERS. However, for simplicity, we treated the obtained values 

as ITERS because for actual TERS experiments, absolute values are not of interest. Then, we 

defined the TERS and background signals (STERS and SBG) as integrals of ITERS on the half-

circular region within a radius of 20 nm from the position just under the tip’s apex and on the 
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remaining region included in the extracted range (except for the region concerning STERS), 

respectively. Consequently, the total spectrometrically detected signal (Ptotal) was expressed 

as Eq. (4). 

𝑃୲୭୲ୟ୪ ൌ 𝑆୘୉ୖୗ ൅ 𝑆୆ୋ,  (4) 

and the TERS signal contrast (CTERS) was defined as Eq. (5). 

𝐶୘୉ୖୗ ൌ 𝑆୘୉ୖୗ/𝑆୆ୋ.  (5) 

Higher CTERS values mean that TERS imaging was less influenced by the background 

scattered light. 

Figure 4(e) shows the calculated dependences of Ptotal and CTERS plotted as functions 

of the position of the incident light source’s position. When the light source was at y = 0.25 

µm, CTERS was maximized. Thus, the effect of the background Raman scattered light was 

suppressed better when the Au-coated edge behind the tip’s apex was illuminated than when 

the tip’s apex itself was illuminated. However, at approximately the peak CTERS, the 

dependence of CTERS on the light source’s position was quite low. Therefore, the adjustment 

of the incident focal point to the position producing the most intense signal (Ptotal) for a 

spectrometer is also reasonable in experiments for establishing practical applicability. 
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Figure 4. (a) A bird’s eye view of the 3D simulation model for αRaman. (b) The αinc 

distribution when the incident light source was at y = 1 µm. (c) The αRaman distribution. (d) 

The ITERS distributions derived from Figs. 4(b) and 4(c). (e) The calculated dependences of 

the spectroscope-detected total signal (Ptotal) and TERS contrast (CTERS) on the position of the 

incident light source. To clarify the relation to the geometry, the plots are overlapped with the 

schematic of the waveguide model. 

 

 These calculations imply that for the frontal illumination method, only the front edge 

of the waveguide (rather than the whole waveguide) must be used. Thus, the waveguide does 

not have to be formed over the whole tip. For maximizing CTERS, processing at approximately 

3 µm from the apex is sufficient. Then, we designed probes which tip ends possessed a short 
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waveguide (shortened-waveguide probes), as described in Supporting Information 3, and 

used the shortened-waveguide probes to obtain TERS spectra, as described in Supporting 

Information 4. Notably, when used with the quasi-indirect method, the waveguide and 

shortened-waveguide probes possessed the same performance. The experimental results, 

including the TERS performance and spatial resolution, are detailed in our previous paper.31 

In all the experiments, CTERS and the spatial resolution were several thousands and 22 nm, 

respectively. 

As the shortened-waveguide probe was fabricated using an Si thin film asymmetrically 

coated with Au, incident laser-induced thermal bending of the thin film may have affected the 

mechanical stability of the probe. Therefore, we conducted a thermomechanical FEM 

simulation to determine the probe’s stability, as detailed in Supporting Information 5. The 

probe’s shortened-waveguide part bent approximately 15 pm, indicating that the probe 

possessed good thermal stability. 

Finally, we compared the field enhancement of the quasi-indirect illumination with 

those of other combinations of probes and illumination methods. Thorough 2D calculations, 

we have already shown that the frontal illumination of the waveguide probe generated a more 

intense Raman signal than both the illumination of the waveguide probe from above and the 

frontal illumination of an Au-coated cantilever probe (OMCL-AC240TS, Olympus).31 

Additionally, we used 2D calculations to evaluate the field enhancements of waveguide and 

unprocessed probes (an Au-coated ArrowTM NC probe, Nanosensors) (see Supporting 

Information 6). Without FIB milling, the front Au coating reflected the incident light, and the 

reflected light did not contribute to the light enhancement. In contrast, with FIB milling, the 

front Au coating was removed, and the exposed Si transmitted the incident light to the 
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bottom-side Au film, increasing the enhancement factor. Therefore, FIB milling played an 

important role in Raman signal enhancement. 

 In conclusion, the light enhancement characteristics of a front-irradiated waveguide 

probe were calculated using 3D electromagnetic wave FEM models. The 3D calculations 

revealed that the 2D calculations underestimated the enhancement factors and that an SPP-

induced standing wave pattern occurred on the Au surface. When the irradiation position was 

within several micrometers of the tip’s apex, the light enhancement principles of the lightning 

rod effect and LSPR were common, regardless of the irradiation position. In addition, the 

enhancement factors of the incident and Raman fields were separately computed. The 

spectroscopically detected Raman signal was maximized when the tip’s apex was directly 

illuminated, and the influence of the background light slightly decreased when the Au-coated 

edge behind the tip’s apex was illuminated. Under both conditions, because the background 

influence was almost identical, the former condition was suggested for simply operating the 

TERS system. Lastly, TERS was measured using a front-illuminated shortened-waveguide 

probe. We obtained TERS signals for 4-PBT molecules by comparing the spectra generated 

with and without using a tip–sample contact. These results strongly support the practical 

applicability of TERS measurements conducted using front-illuminated waveguide probes. 

As the demonstrated TERS probe was compatible with conventional AFM-TERS systems, it 

should be used in many research fields and contribute to the advancement of the 

characterization and development of various materials. 
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ABBREVIATIONS 

TERS, tip-enhanced Raman spectroscopy; SPM, scanning probe microscopy; AFM, atomic 

force microscopy; FIB, focused ion beam; 4-PBT, (4′-(pyridin-4-yl)-biphenyl-4-

yl)methanethiol; 2D, two-dimensional; 3D, three-dimensional; FEM, finite element method; 

PML, perfectly matched layer; PMC, perfectly magnetic conductor; LSPR, local surface 

plasmon resonance; SEM, scanning electron microscopy; SPP, surface plasmon polariton. 

 

REFERENCES 

1. Stöckle, R. M.; Suh, Y. D.; Deckert, V.; Zenobi, R. Nanoscale Chemical Analysis by 
Tip-Enhanced Raman Spectroscopy. Chem. Phys. Lett. 2000, 318, 131–136. 
https://doi.org/10.1016/S0009-2614(99)01451-7. 

2. Anderson, M. S. Locally Enhanced Raman Spectroscopy with an Atomic Force 
Microscope. Appl. Phys. Lett. 2000, 76, 3130–3132. https://doi.org/10.1063/1.126546. 

3. Hayazawa, N.; Inouye, Y.; Sekkat, Z.; Kawata, S. Metallized Tip Amplification of 
Near-Field Raman Scattering. Opt. Commun. 2000, 183, 333–336. 
https://doi.org/10.1016/S0030-4018(00)00894-4. 

4. Cao, Y.; Sun, M. Tip-Enhanced Raman Spectroscopy. Rev. Phys. 2022, 8, 100067. 
https://doi.org/10.1016/j.revip.2022.100067. 

5. Itoh, T.; Procházka, M.; Dong, Z.-C.; Ji, W.; Yamamoto, Y. S.; Zhang, Y.; Ozaki, Y. 
Toward a New Era of SERS and TERS at the Nanometer Scale: From Fundamentals to 
Innovative Applications. Chem. Rev. 2023, 123, 1552–1634. 
https://doi.org/10.1021/acs.chemrev.2c00316. 

6. Binnig, G.; Rohrer, H.; Gerber, C.; Weibel, E. Surface Studies by Scanning Tunneling 
Microscopy. Phys. Rev. Lett. 1982, 49, 57–61. 
https://doi.org/10.1103/PhysRevLett.49.57. 

7. Binnig, G.; Quate, C. F.; Gerber, C. Atomic Force Microscope. Phys. Rev. Lett. 1986, 
56, 930–933. https://doi.org/10.1103/PhysRevLett.56.930. 

8. Raman, C. V.; Krishnan, K. S. A New Type of Secondary Radiation. Nature 1928, 121, 
501. https://doi.org/10.1038/121501c0. 

9. Das, R. S.; Agrawal, Y. K. Raman Spectroscopy: Recent Advancements, Techniques 
and Applications. Vib. Spectrosc. 2011, 57, 163–176. 
https://doi.org/10.1016/j.vibspec.2011.08.003. 

10. Li, Z.; Deng, L.; Kinloch, I. A.; Young, R. J. Raman Spectroscopy of Carbon Materials 
and Their Composites: Graphene, Nanotubes and Fibres. Prog. Mater. Sci. 2023, 135, 
101089. https://doi.org/10.1016/j.pmatsci.2023.101089. 

11. Foti, A.; Venkatesan, S.; Lebental, B.; Zucchi, G.; Ossikovski, R. Comparing 
Commercial Metal-Coated AFM Tips and Home-Made Bulk Gold Tips for Tip-
Enhanced Raman Spectroscopy of Polymer Functionalized Multiwalled Carbon 
Nanotubes. Nanomaterials 2022, 12, 451. https://doi.org/10.3390/nano12030451. 



 17 

12. Kesava Rao, V.; De Silva, K. K. H.; Yoshimura, M. Reversal and Control the Tip-
Enhanced Raman Scattering Efficiency of Rough Plasmonic Probes Fabricated Using 
UV-Ozone and Hydrazine. Appl. Surf. Sci. 2022, 577, 151937. 
https://doi.org/10.1016/j.apsusc.2021.151937. 

13. You, X.; Maharjan, S.; Vinodgopal, K.; Atkin, J. M. Nanoscale Insights into Graphene 
Oxide Reduction by Tip-Enhanced Raman Spectroscopy. Phys. Chem. Chem. Phys. 
2024, 26, 9871–9879. https://doi.org/10.1039/D3CP04711C. 

14. Stancovski, V.; Badilescu, S. In Situ Raman Spectroscopic-Electrochemical Studies of 
Lithium-Ion Battery Materials: A Historical Overview. J. Appl. Electrochem. 2014, 44, 
23–43. https://doi.org/10.1007/s10800-013-0628-0. 

15. Zhao, W.; Song, W.; Cheong, L.-Z.; Wang, D.; Li, H.; Besenbacher, F.; Huang, F.; Shen, 
C. Beyond Imaging: Applications of Atomic Force Microscopy for the Study of 
Lithium-Ion Batteries. Ultramicroscopy 2019, 204, 34–48. 
https://doi.org/10.1016/j.ultramic.2019.05.004. 

16. Dinda, S.; Trivedi, S.; Roy, A.; Pammer, F. D.; Fichtner, M. Capturing Nano‐Scale 
Inhomogeneity of the Electrode Electrolyte Interface in Sodium‐Ion Batteries Through 
Tip‐Enhanced Raman Spectroscopy. Adv. Energy Mater. 2023, 13, 2302176. 
https://doi.org/10.1002/aenm.202302176. 

17. Gao, L.; Zhao, H.; Li, T.; Huo, P.; Chen, D.; Liu, B. Atomic Force Microscopy Based 
Tip-Enhanced Raman Spectroscopy in Biology. Int. J. Mol. Sci. 2018, 19, 1193. 
https://doi.org/10.3390/ijms19041193. 

18. Lu, G.; De Keersmaecker, H.; Su, L.; Kenens, B.; Rocha, S.; Fron, E.; Chen, C.; Van 
Dorpe, P.; Mizuno, H.; Hofkens, J.; Hutchison, J. A.; Uji‐i, H. Live‐Cell SERS 
Endoscopy Using Plasmonic Nanowire Waveguides. Adv. Mater. 2014, 26, 5124–5128. 
https://doi.org/10.1002/adma.201401237. 

19. Stepanenko, T.; Sofińska, K.; Wilkosz, N.; Dybas, J.; Wiercigroch, E.; Bulat, K.; 
Szczesny-Malysiak, E.; Skirlińska-Nosek, K.; Seweryn, S.; Chwiej, J.; Lipiec, E.; 
Marzec, K. M. Surface-Enhanced Raman Scattering (SERS) and Tip-Enhanced Raman 
Scattering (TERS) in Label-Free Characterization of Erythrocyte Membranes and 
Extracellular Vesicles at the Nano-Scale and Molecular Level. Analyst 2024, 149, 778–
788. https://doi.org/10.1039/D3AN01658G. 

20. Knoll, B.; Keilmann, F. Near-Field Probing of Vibrational Absorption for Chemical 
Microscopy. Nature 1999, 399, 134–137. https://doi.org/10.1038/20154. 

21. Nanda, J.; Yang, G.; Hou, T.; Voylov, D. N.; Li, X.; Ruther, R. E.; Naguib, M.; Persson, 
K.; Veith, G. M.; Sokolov, A. P. Unraveling the Nanoscale Heterogeneity of Solid 
Electrolyte Interphase Using Tip-Enhanced Raman Spectroscopy. Joule 2019, 3, 2001–
2019. https://doi.org/10.1016/j.joule.2019.05.026. 

22. Bartolomeo, G. L.; Zhang, Y.; Kumar, N.; Zenobi, R. Molecular Perturbation Effects in 
AFM-Based Tip-Enhanced Raman Spectroscopy: Contact versus Tapping Mode. Anal. 
Chem. 2021, 93, 15358–15364. https://doi.org/10.1021/acs.analchem.1c03004. 

23. Ropers, C.; Neacsu, C. C.; Elsaesser, T.; Albrecht, M.; Raschke, M. B.; Lienau, C. 
Grating-Coupling of Surface Plasmons onto Metallic Tips: A Nanoconfined Light 
Source. Nano Lett. 2007, 7, 2784–2788. https://doi.org/10.1021/nl071340m. 

24. Zhang, K.; Taniguchi, S.; Tachizaki, T. Generation of Broadband Near-Field Optical 
Spots Using a Thin-Film Silicon Waveguide with Gradually Changing Thickness. Opt. 
Lett. 2018, 43, 5937. https://doi.org/10.1364/OL.43.005937. 

25. Berweger, S.; Atkin, J. M.; Olmon, R. L.; Raschke, M. B. Adiabatic Tip-Plasmon 
Focusing for Nano-Raman Spectroscopy. J. Phys. Chem. Lett. 2010, 1, 3427–3432. 
https://doi.org/10.1021/jz101289z. 



 18 

26. Umakoshi, T.; Saito, Y.; Verma, P. Highly Efficient Plasmonic Tip Design for Plasmon 
Nanofocusing in Near-Field Optical Microscopy. Nanoscale 2016, 8, 5634–5640. 
https://doi.org/10.1039/C5NR08548A. 

27. Peeters, W.; Toyouchi, S.; Fujita, Y.; Wolf, M.; Fortuni, B.; Fron, E.; Inose, T.; Hofkens, 
J.; Endo, T.; Miyata, Y.; Uji-i, H. Remote Excitation of Tip-Enhanced 
Photoluminescence with a Parallel AgNW Coupler. ACS Omega 2023, 8, 38386–38393. 
https://doi.org/10.1021/acsomega.3c04952. 

28. Zhang, K.; Bao, Y.; Cao, M.; Taniguchi, S.; Watanabe, M.; Kambayashi, T.; Okamoto, 
T.; Haraguchi, M.; Wang, X.; Kobayashi, K.; Yamada, H.; Ren, B.; Tachizaki, T. Low-
Background Tip-Enhanced Raman Spectroscopy Enabled by a Plasmon Thin-Film 
Waveguide Probe. Anal. Chem. 2021, 93, 7699–7706. 
https://doi.org/10.1021/acs.analchem.1c00806. 

29. Ito, M.; Lang, L.; Zhang, K.; Kobayashi, K. Spring Constant of an AFM Cantilever with 
a Thin-Film Plasmonic Waveguide Formed at Its End. Jpn. J. Appl. Phys. 2024, 63, 
04SP59. https://doi.org/10.35848/1347-4065/ad3654. 

30. Schüpbach, B.; Terfort, A. A Divergent Synthesis of Oligoarylalkanethiols with Lewis-
Basic N-Donor Termini. Org. Biomol. Chem. 2010, 8, 3552. 
https://doi.org/10.1039/c003795h. 

31. Zhang, K.; Bao, Y.; Ito, M.; Cao, M.; Hirosawa, K.; Terada (Kai), R.; Hirose, T.; 
Watanabe, M.; Yamada, H.; Yoshimura, M.; Kobayashi, K.; Wang, X. Multi-excitation 
plasmon waveguide probe for non-gap-mode tip-enhanced Raman spectroscopy. 
Submitted to Anal. Chem. 

32. Dickinson, E. J. F.; Ekström, H.; Fontes, E. COMSOL Multiphysics®: Finite Element 
Software for Electrochemical Analysis. A Mini-Review. Electrochem. Commun. 2014, 
40, 71–74. https://doi.org/10.1016/j.elecom.2013.12.020. 

33. Yang, M.; Mattei, M. S.; Cherqui, C. R.; Chen, X.; Van Duyne, R. P.; Schatz, G. C. Tip-
Enhanced Raman Excitation Spectroscopy (TERES): Direct Spectral Characterization of 
the Gap-Mode Plasmon. Nano Lett. 2019, 19, 7309–7316. 
https://doi.org/10.1021/acs.nanolett.9b02925. 

34. Stockman, M. I. Nanofocusing of Optical Energy in Tapered Plasmonic Waveguides. 
Phys. Rev. Lett. 2004, 93, 137404. https://doi.org/10.1103/PhysRevLett.93.137404. 

35. Behr, N.; Raschke, M. B. Optical Antenna Properties of Scanning Probe Tips: 
Plasmonic Light Scattering, Tip-Sample Coupling, and Near-Field Enhancement. J. 
Phys. Chem. C 2008, 112, 3766–3773. https://doi.org/10.1021/jp7098009. 

36. Notingher, I.; Elfick, A. Effect of Sample and Substrate Electric Properties on the 
Electric Field Enhancement at the Apex of SPM Nanotips. J. Phys. Chem. B 2005, 109, 
15699–15706. https://doi.org/10.1021/jp0523120. 

37. Yang, Z.; Aizpurua, J.; Xu, H. Electromagnetic Field Enhancement in TERS 
Configurations. J. Raman Spectrosc. 2009, 40, 1343–1348. 
https://doi.org/10.1002/jrs.2429. 

38. Kumar, N.; Su, W.; Veselý, M.; Weckhuysen, B. M.; Pollard, A. J.; Wain, A. J. 
Nanoscale Chemical Imaging of Solid-Liquid Interfaces Using Tip-Enhanced Raman 
Spectroscopy. Nanoscale 2018, 10, 1815–1824. https://doi.org/10.1039/C7NR08257F. 

39. Stockman, M. I. Nanoplasmonics: The Physics behind the Applications. Phys. Today 
2011, 64, 39–44. https://doi.org/10.1063/1.3554315. 

40. Wei, H.; Hao, F.; Huang, Y.; Wang, W.; Nordlander, P.; Xu, H. Polarization 
Dependence of Surface-Enhanced Raman Scattering in Gold Nanoparticle-Nanowire 
Systems. Nano Lett. 2008, 8, 2497–2502. https://doi.org/10.1021/nl8015297. 



 19 

41. Richards, D.; Milner, R. G.; Huang, F.; Festy, F. Tip-Enhanced Raman Microscopy: 
Practicalities and Limitations. J. Raman Spectrosc. 2003, 34, 663–667. 
https://doi.org/10.1002/jrs.1046. 

  

 

 

TOC Graphic 

 


