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Frequency shift 

The detection and characterization of target molecules can be accomplished by measuring both 

the reflectance difference spectrum and the frequency shift ( plas ) of Fano resonance, because 

the PMMA molecules loaded on FFRPMs change the local dielectric environment and the 

frequency of Fano resonance will be shifted accordingly. Due to the small perturbation of the 

electromagnetic energy in the dielectric layer, the frequency shift of Fano resonance can be 

approximately given by1-4 
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is the near field of the plasmonic mode, ̂  is the dielectric constant tensor of the 

PMMA molecules, and h is the PMMA layer thickness. The absolute value of the shift is shown 

to depend on the overlap between the electric field distribution of the specific surface plasmon 

mode and the molecular layer4. As verified by our numerical simulations, the electric field is 

predominantly normal to the metal surface and well confined within a thin layer with a thickness 

of a few tens of nanometers (see Figure S4d). Meanwhile, since the permittivity of PMMA 

molecules is almost direction-independent at the specific carbonyl bond absorption frequency, 

the frequency shift calculated from the above simplifies to hc plasplas )1( PMMA  
 
where c is 

a constant. 

 

Enhancement factor estimation 

A fairly accurate estimation of the enhancement factor of FRPMs can be performed as follows. 

At first, the measured signal strength DR(FRPM) ~ 21.62% from sample B coated with PMMA 

molecules (1% solid content) is compared to the signal strength from the reference substrate 



 

 

coated with the same amount of molecules. Since the signal from molecules onsilica substrate is 

below the noise level of the experimental setup, we take a bare gold film as the reference 

substrate with DR(Au) ~ 0.55%. As compared to bare silica substrate, the absorbance signal on 

Au film is already enhanced by the mirror-dipole effect (a factor of 2)5. Besides, a substrate 

“screening” effect which decreases the structural-molecular coupling signal by the factor 1/(1 + 

ns) (ns = 1.4) needs to be taken into account6. In addition, the observed enhanced signal in the 

experiment is contributed by the molecules within the detection volume at the close vicinity of 

the plasmonic nanostructure. Due to the fact that the enhancement of infrared vibrational 

absorption scales with electric field intensity (|E|2) of the local field7,8, the field intensity 

distribution 1 nm above the FRPMs at the Fano resonance is examined in Figure S4. The field 

intensity concentrated at the corner hot spot (denoted by A) is much larger than the intensities at 

other places within the unit cell with a size of A0 = 1.7 × 1.9 μm2. Along the two dashed lines 

parallel to x and y directions (Figure S4a), the field intensity decreases drastically to 1/e2 

magnitude of maximum in the range of 60 nm (lx) and 90 nm (ly), respectively. The active area 

with intense near-fields is therefore approximated as (lx+ly)·hAu, where hAu is the metal thickness. 

Taking into account all the above-mentioned factors, the enhancement factor of the FRPMs 

enhanced infrared absorption is estimated to be DR(FRPM)/DR(Au)·2·(1 + ns)·A0/(lx+ly)·hAu ≈ 

163,000 in our experiment. 

 

PMMA molecule detection sensitivity 

To evaluate the detection sensitivity of the FRPMs, the number of PMMA moleculesin each unit 

cell of sample B (A0 = 1.7 × 1.9 μm2) and the entire array (A = 50 μm2, 774 unit cells) will be 

estimated. Given that molecular weight of poly(methyl methacrylate) and anisole is 950,000 and 



 

 

108.14, and the density of anisole (anhydrous, 99.7%, Sigma-Aldrich) and PMMA 950 (2% solid 

content in anisole) is 0.995 g/cm3 and 0.975 g/cm3, respectively, the volume filling ratio of 

PMMA molecules in a spin-coated monolayer (h = 100 nm) is about 3.9% if the molecular 

chemical binding effect is neglected, about 4000 molecules exist in one unit cell. As the polymer 

is diluted by anisole step by step to c = 0.67% (h = 25.4 nm) and c = 0.4% (h = 12.8 nm), the 

volume filling ratio of PMMA molecules decreases to 1.3% and 8‰, corresponding to 340 and 

100 molecules in each unit cell. As a result, the measured absorption signal strength (DR ≈ 8.7%) 

in the case of c = 0.4% is obtained from about 77500 PMMA molecules for the entire array, 

corresponding to about 130 zeptomoles. The above estimation is conservative because only the 

molecules that experience strong near-field interaction with FRPMs (near the inner corner point 

A in Figure S4) exhibit the enhanced infrared absorption and contribute to the enhanced 

measurement signals. In this way, the FRPMs enhanced sensing sensitivity already achieved in 

our measurement can be further improved when only the effective area is taken into account. 

 

 

 

 

 

 

 

 



 

 

 

Supplementary Figures 

 

Figure S1. (a) X-ray reflectivity versus two times of incidence angle (angle between the incident 

beam and surface plane). The thicknesses of diluted polymers with different concentrations 

(marked in each plot) are determined through the oscillation periods observed in the X-ray 

reflectivity measurement. (b) Wavelength shift of Fano resonance versus the measured PMMA 

layer thickness. 

 



 

 

 

Figure S2. Reflectance difference spectra ΔR of sample A (a), sample B (b) and sample C (c) 

around the carbonyl bond absorption band, coated with dilute PMMA solutions. The volume 

ratio between PMMA resist (2% solid content in anisole) and pure anisole solvent are marked in 

each plot. Strongly enhanced absorption signal strengths are observed for sample B (on-

resonance) as compared to sample A and sample C (off-resonance). Especially, when the volume 

ratio between anisole and PMMA resist is larger than 7, the absorption signal well above the 

noise level is observable only from sample B. 



 

 

 

 

Figure S3. Reflection of the Au film reference substrate before (black) and after (red: 2% solid 

content, blue: 1% solid content) the coating of PMMA layer. The inset shows the reflectance 

difference spectra ΔR of the PMMA-coated gold films. 

 

 



 

 

 

Figure S4. (a) Near-field profile and enhancement of electric field intensity |E|2 (a.u.) at Fano 

resonance (1 nm above the metasurface) for sample B. (b) Field profile variation along x 

direction from point A to illustrate the rapidly decaying field. (c) Field profile variation along y 

direction from point A. (d) Field profile variation along z direction at point A to show the 

evanescently decaying near-field distribution. 

 



 

 

 

Figure S5. Comparison between the measured reflection spectra (black solid) and the calculated 

reflection spectra from the coupled harmonic oscillatormodel (red dashed) for both bare and 

functionalized sample A (a-b) and sample C (c-d).  

Parameters Sample A Sample C 

 bare PMMA bare PMMA 

𝜔𝑑 ,  𝛾𝑑 72.5, 34 66.8, 30.5 101, 36 93.5, 38 

𝜔𝑞 ,  𝛾𝑞 44.7, 3.8 43.4, 3.8 62, 5.2 57.4, 5.5 

𝜔𝑚,  𝛾𝑚  51.4, 0.8  51.5, 0.5 

𝜎𝑑𝑞 13.5 12.5 23 19 

𝜎𝑑𝑚  4.2  0 

𝜎𝑞𝑚  0  6.4 

   

Table 1.Extracted fitting parameters used in the oscillator model for sample A and C: resonance 

frequencies (unit: THz), damping rates (unit: THz), and coupling strengths (unit: THz2). 
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