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Introduction: Raman Spectroscopy 

 

 

 

  
  

 Inelastic scattering of incident monochromatic light through interactions of photons 

with molecular vibrations and excitations. (similar to IR: absorption of light) 

 Chemical identification and structural finger printing of molecules. 

 

 

 

 

 

 

 

 Constraints: Raman scattering is weak phenomenon, the number of photons which are Raman 

scattered is quite small.  
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Raman scattering (inelastic) *Nature Protocols 11, 664–687 (2016) doi:10.1038/nprot.2016.036 



 Raman effect: based on interaction between electron cloud of sample and external electric 

field produced by incident monochromatic light. 

 Interaction of incident monochromatic light with noble metals (Ag, Au, Pt) and adsorbed 

probe molecule give rise to enhanced Raman intensity signal* 

 EM or near-field enhancement dependent* 

 Intense near electric fields 

 Dielectric environment  

 𝐸𝐹𝑒𝑥𝑝 = 
𝐼𝑆𝐸𝑅𝑆
𝑁𝑆𝐸𝑅𝑆
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     𝐸𝐹𝑐𝑎𝑙𝑐 =
𝐸
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N – number of molecules probed/illuminated by the laser spot, I – intensity 

RS, SERS : Raman spectra and Surface-Enhanced Raman spectra 

|E/E0|2 
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Introduction: Surface-Enhanced Raman Spectroscopy (SERS) 

*Chemical Physics Letters, 26 , 163-166 (1974), 2Journal of Electroanal. Chem. and Interface Electrochem., 84, 1-20 (1977),  
*J. Am. Chem Soc., 99, 5215-5217 (1977).   

log|E/E0|2 

*Darya Radziuk et al. Phys. Chem. Chem. Phys., 2015, 17, 21072 
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COMSOL near-electric field simulations: How and Why?  

 Wave Optics physics in wavelength domain study 

 Maxwell’s Electromagnetic wave equations are solved for scattered fields 

𝛻 ×
1

µ𝑟
𝛻 × 𝐸𝑠𝑐𝑎 − K0

2 (Ɛr−
j σ

ωƐ0
) 𝐸𝑠𝑐𝑎 = 0 

            where Esca – scattered electric field 

              K0 - wavenumber in free space 

             µr - relative permeability of medium 

             Ɛr – permittivity of medium 

 Enhancement is due to both incident and scattered fields. 

 EM or field enhancement |E/E0| is dependent: 

 Inter-particle distance & probe molecule distance dependence: 

 laser excitation wavelength 

 NP shape and size  

nanogap 



Nanogap control via LBL (Layer-by-Layer) method using charged polyelectrolytes 
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Hotspots in the nanoparticle clusters: Quantification for SERS 
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 Wet chemical methods no control over alignment of nanoparticles: single, dimer, trimer, tetramer clusters 

Raman Microscope 

 Simplification of the models and EF calculations by assuming dimers representing nanocluster systems. 
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SERS hot spots: gap/distance dependence theoretical analysis 

Study with core-shell nanoparticles: 

 Using polymer as the spacer layer for increasing the gap/distance of interface between nanoparticles 



Experimental vs Theoretical (COMSOL) EF comparison 

 Validation of COMSOL EF calculations for Au and Ag silver nano-dimers with experimental SERS signal. 

Silver NPs 

Gold NPs 
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SERS: Plasmonic nanoparticle size dependence 

 COMSOL EF simulations: crucial information λspr(max) 

 Essential to check the overlapping of plasmon resonance with 

Raman laser excitation wavelength 

 Achieve maximum possible enhancement factor 

 

Gold nanoparticles: EF vs particle size dia.  silver nanoparticles: EF vs particle size dia.  
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Maximum attainable EF: Absorption vs scattering by plasmonic nanoparticles 

 Maximum EFvery high enhanced Raman signalsingle molecule detection(parts per trillion levels) 

 The plasmon resonance should be slightly red-shifted from Raman laser wavelength to maximize signal* 

 Mie calculations in COMSOL by implementing Mie equations to plot absorption and scattering efficiencies: 

𝑊𝑎𝑏𝑠 = 𝑄𝑙𝑜𝑠𝑠𝑑𝑉,    𝑊𝑠𝑐𝑎 =  𝑆𝑠𝑐𝑎𝐴𝑁𝑃
. 𝑛𝑑𝐴  

𝐶𝑎𝑏𝑠 = 
𝑒𝑤𝑓𝑑.𝑄ℎ
𝐸20
2 ∗ 𝑍0_𝑐𝑜𝑛𝑠𝑡

           𝐶𝑠𝑐𝑎 = 
(𝑛𝑥∗ 𝑒𝑤𝑓𝑑. 𝑟𝑒𝑙𝑃𝑜𝑎𝑣𝑥 +𝑛𝑦 ∗ 𝑒𝑤𝑓𝑑. 𝑟𝑒𝑙𝑃𝑜𝑎𝑣𝑦 + 𝑛𝑧 ∗ 𝑒𝑤𝑓𝑑. 𝑟𝑒𝑙𝑃𝑜𝑎𝑣𝑧)

𝐸20
2 ∗ 𝑍0_𝑐𝑜𝑛𝑠𝑡

 

 

*McFarland, A.D. et. Al., J Phys Chem B (2005), 109(22), 11279 
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Conclusion: 

 FEM simulations can provide crucial insights: from synthesis, design and application perspective 

 

 Study the effect of medium and design of nanoparticle plasmonic system for SERS  applications 

 

 COMSOL Multiphysics, a vital mechanistic tool : plasmonic nanoparticles viability for hotspot applications 

 

Thanks for your attention  


