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Figure S1. Illustrations of apparatus used in the electrochemical etching process (a) at the beginning of etching 

and (b) in the middle of the etching process. A gold wire immersed in HCl solutions having various 

concentrations is electrochemically etched by applying a series of pulsed biases having a maximum voltage of 

3.5 V with a base voltage of −25 mV and a 20% duty cycle with a frequency of 300 Hz. During electrochemical 

etching, the solution becomes yellowish owing to dissolution of gold, as illustrated in (b). 

  



 

Figure S2. Gold tips indicating obvious failure of etching process in etching of ~100 tips for statistical study. 

These tips have (a, b) irregular and rough shapes or (c, d) a radius of curvature exceeding 100 nm. 

  



 

Figure S3. (a) Simulated electric field amplitudes near tip apexes with radii of curvature of 15, 30, and 50 nm, 

where tip-to-sample distance was maintained at 10 nm. (b) Fourth power of the electric field for simulating 

Raman scattering amplitudes in these tips. 

A simulation based on analytic calculations was performed using a quasi-static approximation to visualize the 

electric field profile at the tip when it approached the sample. This model calculates the scalar potential by 

solving the boundary conditions at the tip surface as well as at the substrate.1 To compare field enhancement 

and field confinement, Rc values of 15, 30, and 50 nm were applied to the tip, and the tip-to-sample distance 

was constant at 10 nm. The dielectric constant of gold was chosen as −10.7, assuming an incident laser 

wavelength of 633 nm,2 and that of the substrate was set to 2.89, assuming a sapphire substrate. As shown in 

Figure S3a, the electric field is greatly enhanced at the tip apex for an Rc value of 15 nm and decreases slowly. 

The peak electric field strength for an Rc value of 15 nm was about twice that for an Rc value of 50 nm. In 

addition, to visualize the Raman enhancement, the fourth power of the electric field is plotted in Figure S3b. 

Obviously, the Raman enhancement is much larger and its distribution becomes much narrower for an Rc value 

of 15 nm. This implies that the resolution of Raman images could be improved by using a sharper tip in TERS 

imaging. 



 

Figure S4. Statistics for the etched tips (a) Graph for the success rate under each condition. (b) Graph for the 

average radius of curvature under each condition and the error bars indicate the deviation. (c) Graph for the 

average cone angle under each condition and the error bars indicate the deviation. (d-k) Histograms for the 

number of tip versus radius of curvature and cone angle under four conditions. 

 

  



 

Figure S5. Schematic of etching speed and meniscus formation depending on concentration of HCl solution for 

(a, b) higher HCl concentration and (c, d) lower HCl concentration. 

  



 

Figure S6. A tip fabricated using a 3:1 volume ratio of HCl solution and ethanol that were used to perform TERS 

imaging in Fig. 3. 

  



 

Figure S7. TERS signal of multilayer graphene obtained using a tip fabricated using a 3:1 volume ratio of HCl 

solution and ethanol. (a) SEM image of used tip. (b) Optical microscope image of the tip approaching a sample. 

(c) Schematic of tip retracted from the sample ("Tip-off") and approaching the sample ("Tip-on"). (d) Tip-

enhanced Raman spectrum (Tip-on, red curve) and normal Raman spectrum (Tip-off, blue curve) measured at 

the same position on the sample. 
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