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S1. Surface Changes of the Substrate Before and After Processing. 

 

Figure S1. (a) The photograph of the silicon wafer used in the experiment. (b) The optical image 

of the wafer surface with a PS nanoparticle monolayer assembled before etching. (c) The SEM 

image shows a PS nanoparticle monolayer arranged on a silicon substrate. (d) The optical image 

of the wafer surface after RIE etching. (e) The SEM image shows the microstructure produced 

after etching, indicating uniform nanoneedle formation. Scale bar 1 µm. 

 

S2.  RIE Etching reaction and Simulation. 

We reviewed relevant studies and conducted a detailed analysis of the SAHM method we 

employed. First, regarding RIE, this technique employs radio frequency (RF) to convert reactive 

gases into active species (ions or radicals, represented as '*'), which then interact with the target 

material through chemical and physical reactions to etch the desired nanostructures.1-3 Fluorine-

based gases like SF6 and CF4 are commonly used for their high etching rates and isotropic 

reactions with silicon.4, 5 By introducing protective gases such as O2, the overall etching rate and 

anisotropic profile control of the etching process can be improved.6-8 The reactions involved are 

represented by the following equations:1, 9-11  

e− + SF6 → SF𝑥
∗ + F∗ + e− (𝑥 = 1 − 5) (1) 
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e− + O2 → 2O∗ (2) 

𝑆𝑖 + 𝑂∗ + 𝐹∗ → 𝑆𝑖𝑂𝑥𝐹𝑦(𝑥 = 1 − 2 ; 𝑦 = 4 − 5) (3) 

Si + 4F∗ → SiF4 ↑ (4) 

SF4
∗ + 𝑆𝑖𝑂𝑥F𝑦 → 𝑆𝑖𝐹4 ↑ +SO𝑥F𝑦 ↑ (𝑥 = 1 − 2 ; 𝑦 = 4 − 5) (5) 

And the schematic diagram of the entire reaction process is shown in Figure S2. In the RF field, 

SF₆ and O₂ dissociate into SFₓ*, F*, and O* radicals (Equations (1) and (2)). F* reacts with 

silicon, forming SiF₄ and causing isotropic etching. Low O₂ concentrations increase F* 

production, accelerating etching. The silicon surface also forms a SiOₓFy passivation layer with 

F* and O*, preventing excessive etching and enhancing anisotropy (Equation (3)). Higher O₂ 

concentrations intensify this passivation, limiting vertical etching and nanostructure growth. SFₓ 

can remove the passivation layer (Equation (5)), exposing silicon and continuing the etching 

cycle. The SF₆/O₂ ratio controls the free radicals and passivation layer dynamics, determining the 

final nanostructure morphology.  
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Figure S2. Schematic of the formation process and reaction mechanism of nanocone etched on a 

silicon substrate with PS colloidal mask using SF6 and O2 gases in RIE etching.  

 

Figure S3. Simulation results of the time evolution of the mask and substrate during the etching 

process. (a, b) The mask gradually shrinks over time, while nanostructures begin to form on the 

substrate. (c, d) Structural changes after the mask is disregarded. 

 

 

S3.  Evolution of the Mask Morphology During Etching.

 

Figure S4. The SEM images show the evolution of the PS mask and nanostructure over time 

during the etching process. The etching period is divided into two phases: (a-c) phase Ⅰ; (d-e) 

phase Ⅱ. Scale bar 500nm.  

 

S4.  Characterization of Nanostructure Uniformity. 
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Figure S5. Low-magnification SEM images show the time-evolved morphology of the 

nanostructures with PS mask. The time is: (a)30s, (b)60s, (c)90s, (d)120s, (e)150s, (f)180s. These 

images illustrate the overall arrangement and uniformity of the nanostructures after etching via 

the SAHM method at different times, emphasizing the consistency and repeatability of the 

structures. Scale bar 1μm. 

 

S5.  Morphology changes with SF6/O2. 

 

Figure S6. The SEM images show the effect of SF₆ and O₂ flow rates on nanostructure 
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morphology. (a-e) Nanostructures etched with increasing SF₆ flow rates(10-30sccm), while 

keeping O₂ flow rate constant at 15sccm. (f-j) Nanostructures etched with increasing O₂ flow 

rates(10-30sccm), while keeping SF₆ flow rate constant at 10sccm. Scale bar 500nm. 

 

S6.  Finite-Difference Time-Domain Simulation. 

To better understand the localized surface plasmon resonance (LSPR) and surface-enhanced 

Raman scattering (SERS) effects of the fabricated nanocone structure, finite-difference time-

domain (FDTD) simulations were performed. The simulation model was designed based on the 

geometry of the nanocone arrays, as illustrated in Figure S7a. The model consists of a 

rectangular unit cell with four uniform nanocones arranged in a regular pattern. Periodic 

boundary conditions were applied in two dimensions to simulate an infinite array, while perfect 

matching layers (PML) were used at the top and bottom to represent air and the gold-coated 

material. An automatic non-uniform mesh was employed to enhance numerical accuracy, and 

field monitors were positioned in the XZ and XY planes to capture electromagnetic field 

distributions. The simulations, performed using Lumerical software, included key steps such as 

material parameter definition, light source configuration, and mesh optimization. A plane wave 

with a wavelength of 785 nm and an electric field amplitude of 1 was used, with optical 

parameters for Au and Si derived from the Palik handbook. 

As shown in Figure S7, the simulation results reveal significant field enhancement at the 

nanocone tips and gaps in the XZ plane (Figure S7b), consistent with the expected "hot spots." 

The XY plane (Figure S7c) shows a periodic enhancement pattern corresponding to the 

nanocone array. These results confirm the strong localized electromagnetic fields generated by 

the nanocone, supporting their potential as the SERS substrate. However, these simulations 

represent idealized conditions, and experimental validation is necessary to confirm the true 

enhancement caoabilities. 
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Figure S7. (a) Schematic diagram of the FDTD simulation model, illustrating the nanocone array 

on the substrate and the incident light source. (b) Cross-sectional electric field distribution along 

the x-z plane, showing the field enhancement at the nanocone tip and gap. (c) Top-view electric 

field distribution on the x-y plane, highlighting the periodic field enhancement pattern across the 

nanocone array. 

 

S7.  Calculation of Enhancement Factor (EF) 

The general method for calculating the enhancement factor uses the following formula: 

𝐸𝐹 =
𝐼𝑆𝐸𝑅𝑆 𝑁𝑆𝐸𝑅𝑆⁄

𝐼𝑅 𝑁𝑅⁄
(6) 

where ISERS and IR represent the Raman intensities of a characteristic peak on the nanocone 

substrate and the normal substrate, respectively. NSERS and NR denote the number of molecules 

contributing to the Raman signal on the nanocone substrate and the normal substrate, 

respectively. The Rhodamine 6G(R6G) was used as the probe molecule, with concentrations of 

10-6 M for the nanocone substrate and 10-2 M for the silicon substrate. To ensure uniform 

molecular coverage, both substrates with distinct surface areas were immersed in their respective 

dye solutions. The Raman spectra obtained from the two substrates (shown in Figure S8) were 

analyzed, with the signal intensity at 1360 cm-1 (aromatic C-C stretching vibration) chosen for 

EF calculation. The measured values were ISERS = 5680 counts and IR = 850 counts. By 

substituting these values into formula and correcting for the differences in molecular 

contributions based on the geometric properties of the substrates, the calculated EF was ~1.8×

105, demonstrating the superior enhancement performance of the nanocone substrate. 
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Figure S8. The Raman spectra of R6G measured on the nanocone (red curve) and the silicon 

sunstrate (black curve).  

 

Table S1. SERS peak positions and tentative assignments of exosome. 12-21 

Raman shift 

(cm-1) 
Peak assignment 

855 C-C stretch proline ring in collagen 

1003 Phenylalanine ring respiratory vibration 

1063 C-C vibrations in lipid and protein 

1142 CH vibration in protein 

1234 Amide III (C-N, N-H bending) 

1280 Amide III, C-H deformation 

1479 C-N stretching, C-H deformation (e.g., lipid, protein) 
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