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S1. Average SERS regime

Symmetrical fluctuations around a mean value has been observed, implementing a high
concentration Pyridine. It shows the trace of transient HSs bursts averages out in this

acquisition time (0.2s)
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Figure S1: The SERS signal fluctuations of 1mM Pyridine. ¢,.,, = 0.2s

S2. Peak selection

We considered the peak at 592cm ™! as the main peak due to a few reasons: SERS gains its
enormous sensitivity mainly from two additive mechanisms: electromagnetic (EM) enhance-
ment due to localized surface plasmons on the metal, and a short-range chemical (charge-
transfer, CT) enhancement that arises from metal-molecule electronic interactions. NBA is
a redox-active dye that readily adsorbs (physisorbs) onto noble metals, and it is often used as
a SERS probe. However, NBA lacks a chemisorbed anchoring group (like a thiol), so on silver
(Ag) nanoparticle surfaces, it remains only physically attached. This suggests that its SERS
signals should be dominated by the EM mechanism, with minimal CT contribution. The
distributions of normalized intensities at two wavenumbers—592cm ™! and 665¢m~'—with
acceptable signal-to-noise ratios (SNR), are presented for all 20 measurement spots on the
PS substrate. The weaker 665¢m~! band shows a slightly higher occurrence of zero values

and fewer intense spikes, likely due to its proximity to the instrument’s detection threshold.
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In contrast, the 592cm ™! peak, being stronger and more consistently detected, is considered

a more reliable indicator of the true SERS signal distribution.
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Figure S2: The distribution of temporal signal for two different peaks of NBA SERS

Another strong peak could be find at 1600cm ™", While the 1600cm ™" band (aromatic
C=C stretching) is typically more intense in the normal Raman spectrum of NB, it exhibits
lower enhancement under SERS conditions compared to the 592¢m ™! band (C-N-C bending
mode). This difference arises from the spatial localization of the C-N-C group, which is closer
the metal surface, for the expected adsorption geometry of the NB. As a result, the C-N-C
bending mode couples more strongly with the localized electromagnetic field, making it a

more representative marker of the local field enhancement.

S3



S3. Spectra treatment

Figure S3 shows the steps we take to correct the raw spectra and extract the signal. First,

a Savitzky-Golay filter®?

is applied to spectra to smooth it and reduce the effect of noises.
Then, a baseline correction function based on spline mixture model*? is implemented. Finally
the baseline is shifted upward to compensate the average contribution of the dark noise in
the peak of spectra. Another common approach is fitting the peak and then working with

maximum counts or area, but in our case presence of super small peaks in HFSERS makes

the fitting approach unreliable.
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Figure S3: Sample of NBA Raman spectrum correction, a. The raw spectra, b. The baseline,
c. Spectrum after baseline correction and smoothing, d. Shifted origin to define the zero
signal.

We also visually inspected the full spectra across all measured spots to account for any
spectral variation. This was done by making a video of the 2000 spectra for each spot. We
then played the video and visually inspected if significant shifts in peak position or emergence
of new bands were observed. We have concluded that minimal spectral variation was present

in our dataset.
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S4. SKEWNESS

The skewness of a data distribution is a measure of its asymmetry about the mean.”® It

indicates whether the data points are skewed to the left (negatively skewed) or to the right

(positively skewed). Equation S1 provides the formula used to calculate the skewness coef-
ficient, denoted as g;.

g1 = % (S1)

In this equation, mgz and msy represent the third and second central moments of the data

distribution, respectively. The central moments are calculated using Equation S2:

my = % S (afn] - 7 (S2)

where:

- m; is the i-th central moment, - N is the number of data points, - x[n] represents each
individual data point, - T is the mean of the data set, - ¢ is the order of the moment being
calculated (2 for variance, 3 for skewness).

The skewness coefficient g; provides insight into the shape of the data distribution. A
positive skewness indicates that the tail on the right side of the distribution is longer or
fatter, while a negative skewness indicates that the left tail is longer or fatter. A skewness
close to zero suggests that the data is relatively symmetric.

This measure is crucial for understanding the underlying distribution of data, particularly

when analyzing deviations from normality.
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S5. SIMULATION AND EXPERIMENTAL SIMILARI-

TIES

The scale of the fluctuations in HFSERS is comparable to real data as shown in Figure S4a.
Moreover, the simulation response to ¢, is linear as is expected in the experimental condition
as shown in Figure S4b. Furthermore, appropriate adjustment of number of sampling N;

from the surface enable us to generate the different SERS regimes (Figure S4,c-e).
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Figure S4: a. Similar behaviour of the experimental and simulated temporal signal. b.

Signal versus acquisition time. Replication of SERS regimes through simulation c. AvSERS,
d. HFSERS(multi-molecules), e. HFSERS(single-molecule)
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S6. PROOF OF SKEWNESS RELATIONSHIP

This is the standard mathematical definition of skewness, where ms and msy represent the
third and second central moments of the distribution, respectively. We use "S" to represent
signal (Isim, or I.,p) here.

To determine the third central moment of the sum, we start with signal definition as

provided in the main context:

Neyy

S=> EF, (S3)

For the skewness we have:

m
N = T;)Q (54)
my
The third moment is:
m3(S) = E[(S - S)’] (S5)

by substitution of Equation S3 to Equation S5, we obtain:

ma(S) = E (Z (BF; - MEF>) (56)

i=1
Here, we are representing the sum of individual E'F's with a mean value of ugp.
Expanding the cube and utilizing the independence of the E'F;, we see that most of the

cross terms involving products of EF; minus their respective means go to zero. Therefore,

we are only left with terms that include the individual third central moments:
Negr
ms(S) = ms(EF) = Negms(EF) (S7)
i=1

This equation shows that the third central moment of the sum is equal to the sum of
individual third central moments of EF. This simplifies to Neg times the third central

moment of F'F| given that all of the EF's are identically distributed.
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The variance of the sum is given by:
0% = Negopp (S8)

The variance of the temporal signal is Neg times the variance of individual FF.
Using these relationships, the skewness of the temporal signal, 7;(.S), can be expressed
as:
m3(.5)

71(8) = ma(S)3/2 (59)

This equation expresses the skewness of the temporal signal with its central moments.

Substituting the derived relationships for m3(S) and my(S) (which is the same as o),

we obtain:
Negms(EF)

7 (S10)

7(5) =
(NeﬂggEF

We are now representing the skewness with the central moments of EF.
Simplifying this expression, we find that the skewness of the temporal signal is related

to the skewness of the EI' distribution by:

1(S) = —F— (S11)

S7. MONOLAYER AND ZERO-SKEWNESS

The Gaussian-like distribution and the presence of a monolayer of molecular coverage are
two distinct concepts that should not be considered the same. Figure S5 demonstrates how
the symmetry of the signal distribution changes as the number of molecules increases. Due
to the dynamic behavior of the molecules on the surface, a symmetrical distribution can be

reached even before achieving monolayer coverage of the probe molecules.
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Figure S5: The variation in the mean signal and skewness with increasing solution concentra-
tion is presented. The fraction of the surface covered by molecules is described by Langmuir’s
equation ¢ = 7 f—gc The black square indicates the threshold at which a Gaussian-like sym-
metrical distribution is achieved, where the skewness is close to zero. The red square marks
the saturation point of the surface, where # =~ 1. For simplicity, we have ignored the effects

of the bi-layer phenomenon.

S8. NANOSPHERE-LITOGRAPHY (NSL) SERS SUB-

STRATE CHARACTERIZATION

Figure S6 shows the SEM of substrate fabricated by nanosphere-lithography technique.
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Figure S6: The SEM image of the PS beads SERS substrate

The SEM of Oceanlnsight substrate could be found in ref30 of the main manuscript.
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S9. Evaluation steps
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Figure S7: The work flow of substrate evaluation
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