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Supplementary Information 

Materials and Methods 

Sample preparation. Disordered Au nanoparticles arrays were prepared using a Temescal 
BJD-2000 electron-beam thermal evaporator. Thin layers of gold with thicknesses of 2.5, 5 
and 8 nm were evaporated at a rate of 0.5 Å/s onto clean quartz substrates with subsequent 
annealing at different temperatures (270, 300 and 500 °C) in inert (N2) atmosphere to 
guarantee the formation on segregated nanoislands. Morphological characterization. The 
morphology of the resultant structures was investigated using a field emission scanning 
electron microscope FEI Verios operating at 3 kV. Optical characterization. Transmittance 
(T) and reflectance (R) spectra were recorded using a PerkinElmer Lambda 1050 UV-Vis-NIR 
spectrophotometer with an integrated sphere. The absorbance A was then obtained as A=100-
R-T. Optical simulations. The electrodynamic behaviour of the single Au sphere was 
investigated through the finite element method using the radiofrequency module in the 
commercial software COMSOL Multiphysics 5.6. SERS measurements. The substrates were 
immersed overnight in a 5 ppm solution of methylene blue in water to guarantee the binding 
on the gold nanostructures1 ⁠. The samples were then rinsed in water to remove the excess of 
MB and dried in air before the spectroscopic measurements. The Raman spectra were captured 
using a Renishaw InVia Reflex spectrometer equipped with a 533, 633 and 785 nm lasers and 
a 1200 l/mm grating. All the measurements were performed at room temperature, with an 
integration time of 1s and two accumulations for noise reduction. Ab-initio simulations. We 
used the atomic simulator environment (ASE) to build up the Au55+MB model and we 
performed the calculations using the free GPAW package2, which uses the projector 
augmented-wave (PAW) method. More details in the following page. Specifically, we use the 
real-time time-domain density functional theory (RT-TDDFT) implementation based on the 
linear combination of atomic orbitals (LCAO) representation for the wave functions3, 4⁠. 
Default double-ζ polarized basis sets were used. The orbital-dependent GLLBSC density 
functional was used to improve the description of the d-band in gold. A Fermi-Dirac smearing 
of 0.05 was used to facilitate the convergence. The hot carrier energy distribution and the 
transition contribution maps were evaluated following the works of Rossi et al3-6. In this 
approach, we analyse the plasmon formation and hot-carrier generation in terms of the Kohn-
Sham electron-hole transition contributions. The Kohn-Sham decomposition of the frequency-
space density matrix, δρia(t), in the basis of created hole (i) and electron (a) states is used to 
analyse electronic excitations and can be visualized at any time-step. The TCM is constructed 
starting from the transition probability element, Pia(t), which is given by Pia(t)=|δρia(t) / (fi-
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fa)0.5|2, where fi and fa are the ground-state occupations of KS states i and a, respectively. By 
interpreting the occupied KS states as electrons and unoccupied KS states as holes, each 
matrix element stemming from transitions, whose eigenvalue differences are equal to the 
frequencies of the laser pulse Pia(t), is interpreted as the probability of the electron i being in 
state a at time t. By vertically summing all the transitions over the occupied (i) energies in the 
TCM is possible to obtain the hot-hole probability distribution (indicated by the blue arrows in 
Figure 6c-d), while the horizontal sum leads to the hot-electron probability distribution 
(indicated by the red arrows in Figure 6c-d). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Figure S1. a-b) Top view scanning electron micrographs (SEM) of the disordered Au 
nanoparticles arrays with average particle size of ~65 nm and of an Au film with 15 nm of 
thickness. c-f) Histograms of the equivalent NP radius distribution for the 5 nm, 8 nm, 32 nm and 
65 nm, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Figure S2. SERS spectra of MB on the 5 nm disordered Au nanoparticles array and band 
assignment (Table S1). 

 

 

 

 

 

 

 

 

 

 

 

 

 Table S1  
Peak (cm-1) Band Assignment Ref. 

446 C-N-C skeletal deformation 7 
501 C-N-C skeletal deformation 7 
601 C-S-C skeletal deformation 8 
772 C-H in-plane bending 7 
1390 C-N symmetric stretching 9 
1426 C-N asymmetric stretching 8 
1434 C-N asymmetric stretching 7 
1622 C-C ring stretching 8 



 

Figure S3. a,b) Temporal evolution of the SERS spectra of MB on the 65 nm Au nanoparticles arrays 
and the 15 nm Au film, respectively. c,d) Enlarged view (in the Raman shift range 350 – 560 cm-1) for 
the same samples in a,b showing an increase of the product peak with time. 

 

 

 

 

 

 

 

 

 

 

 



 

 

Figure S4. a-d) Time evolution of the SERS spectra (normalized) for the 5 nm Au NP array 
under a 633 excitation wavelength with increasing laser powers, ranging from 0.066 mW to 6.6 
mW. 

 

 

 

 

 

 

 

 



 

Figure S5. a-c) Computed temperature increase as a function of the laser power for a 8, 32, and 
64 nm NP arrays at different illumination wavelengths, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Figure S6. Raman spectra on MB powder taken at different temperatures with an 
excitation wavelength of 633 nm. 

 

 

 

 

 

 

 

 



 

Figure S7. a-c) Colormaps of the computed absorption for the 5 nm, 8 nm and 32 nm Au 
hemispheres, respectively, on glass as a function of the wavelength and interparticle separation. d-
f) Representation of the near- to far-field shift. Overlay of the computed absorption and averaged 
EF evaluated at a gap = 8 nm for the 5 nm ad 8 nm Au hemispheres, and gap = 28 nm for the 32 
nm Au hemispheres. The plot indicates that a shift between the absorption profile and the averaged 
EF is always present for all the considered NP size and at all separations. This discrepancy has 
been explained by using a damped harmonic oscillator model for the metal conduction electrons 
and the mismatch was attributed to radiative and nonradiative damping in the nanostructure10.  

 

 

 

 

 

 

 

 

 

 

 



 
Figure S8. c-e) Spatial distributions of the (E/E0)2 for Au nanoparticles of different averaged 
dimension –5 nm, 8 nm and 32 nm, respectively, at the three illumination wavelengths 
considered in the main text. 

The simulations of the real Au nanoparticles array were performed in COMSOL by a setting a two-step 
model to better approximate the behaviour of the infinitely thick substrate and to consider the proper 
background field to which the Au nanoparticle arrays are subjected in a not homogenous media (layered 
structure)11-13. When a scatterer is placed on a substrate, the background field becomes a superposition of 
the incident plane wave and its reflected and transmitted component from the substrate. This field is 
calculated in the first step with a full-field formulation by setting a two-layers system, comprising of glass 
(n=1.45) and air (n=1). Floquet periodicity is imposed on the side boundaries to guarantee the semi-
infinite layers in the xy-plane. A plane wave is injected orthogonally to the substrate by a port located at 
the top boundary of the domain to excite the system. The solution of this computation is then fed as 
background field for the second step of the simulation (scattered-field), where the Au nanoparticles arrays 
are added on top of the substrate and perfectly matched layers are used to avoid reflections and absorb the 



electromagnetic waves. The spatial distributions of the Au nanoparticles were taken from the binarization 
of the respective SEM images and their thickness was set to 10 nm. 

 

A widely used parameter to estimate the efficiency of a SERS substrate from experimental 
measurements is the enhancement factor, defined as14: 

𝐸𝐸𝐸𝐸 =
𝐼𝐼𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆/𝑁𝑁𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆
𝐼𝐼𝑆𝑆𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅/𝑁𝑁𝑣𝑣𝑣𝑣𝑣𝑣

 

where ISERS and IRaman are the SERS and Raman intensity, respectively; while NSERS is the number 
of molecules excited in the SERS experiment and Nvol is the number of molecule excited in the 
Raman measurement, taken under the same conditions. The number of adsorbed MB molecules 
illuminated by the laser on the Au surface can be computed as 𝑁𝑁𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 = 𝑁𝑁𝑑𝑑𝐴𝐴𝑣𝑣𝑅𝑅𝑙𝑙𝑙𝑙𝑙𝑙𝐴𝐴𝑁𝑁/𝜎𝜎, where 
𝑁𝑁𝑑𝑑  is the numerical density of Au NPs,  𝐴𝐴𝑣𝑣𝑅𝑅𝑙𝑙𝑙𝑙𝑙𝑙 is the spot size of the laser and 𝐴𝐴𝑁𝑁/𝜎𝜎 is the 
footprint area of the Au NPs normalized for the surface area occupied from a MB molecule.15 
The number of molecules excited within normal Raman experiments can be evaluated as 𝑁𝑁𝑣𝑣𝑣𝑣𝑣𝑣 =
𝑁𝑁𝐴𝐴𝐴𝐴𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝜌𝜌

𝑀𝑀𝑀𝑀
, where 𝑁𝑁𝐴𝐴 is the Avogadro number, ℎ is the penetration depth of the laser and 𝜌𝜌, 𝑀𝑀𝑀𝑀 

are the density and molecular weight of MB, respectively. By using this procedure, the computed 
EFs for our disordered Au NPs arrays with average radius of 5 to 32 nm all have the same 
magnitude and range from ~1.5 – 6 x 107. The EFs have been computed from the peaks at 1622 
cm-1, 446 cm-1 and 1392 cm-1. The experimentally observed trend may be due to fluctuations of 
the field intensity density due to the higher nanoparticle density of smaller Au NPs arrays and/or 
fluctuation in the number of MB molecules involved in the SERS process (formation of a non-
perfect monolayer on the Au NPs surface). In addition, this procedure does not consider possible 
chemical enhancement effects that have been shown to contribute by a factor of 10-100 to the 
overall SERS enhancement16, 17.  

 

 

 

 

 

 

 

 

 



 

Figure S9. a) Normalized UV-Vis absorption spectra as a function of the energy for the 
5 nm Au nanoparticle array and the same after 5 ppm MB functionalization (circles and 
triangles, respectively) fitted by a Lorentian function (solid black and red lines). 
Labelled are the computed full-width half maximum (Γ) of the two systems. As the 
plasmon resonance depends on the dielectric function of the surrounding environment, a 
broadening of the resonance provides indications about molecules that are chemically 
bound to the metal nanoparticles18. The broadening of the peak is attributed to an 
increase in the chemical interface dampening (CID), one of the possible plasmon decay 
channels19. b) Differential absorption (DA), evaluated as a difference between the UV-
Vis absorption spectra of the functionalized system (Au+MB) and the bare 5 nm Au 
nanoparticle array, normalized to the latter, 𝐷𝐷𝐴𝐴 = (𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴+𝑀𝑀𝑀𝑀 − 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴)/𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴. The 
DA spectrum provides a useful way of revealing changes in optical properties due 
binding events or reactions20-22. The vertical dashed lines represent the lasers excitation 
wavelengths. The DA spectra can be used to enhance small changes in the optical 
properties of the functionalized system and provides information on the interaction 
between MB and the Au nanoparticle array. As the absorption spectrum is in direct 
correlation with the optical density of the states23, DA provides a way to visualise and 
analyse the relative contribution of the interactions. The DA spectrum is relatively flat 
for wavelength <550 nm, meaning that in this region the spectra is dominated by the 
plasmon resonance of the Au nanoparticles. A positive band appears between ~600 nm 
and ~700 nm which is due to the main absorption of MB, coherently with its HOMO-
LUMO of ~1.86 eV. At lower energies (<1.8 eV), the DA spectrum shows a wide 
negative band with a relative minimum overlapping the 785 nm excitation wavelength. 
We attribute this difference to the presence of hybridized Au-MB electronic states. 

 

 

 

 



 

Figure S10. Schematic of the N-demethylation reaction mechanism. Not in scale, is 
shown the generation of transient radical species (1O2, ·O2-, OH·) from photogenerated 
hot carriers arising from the nonradiative decay of the plasmon, and their probable 
effect in the conversion of methylene blue. 

Upon non-radiative plasmon decay, hot electrons and hot holes are generated within the Au NPs, 
as described by equation (1) 

Au + hυ  e- + h+        (1) 

Hot electrons with suitable energy and momentum can excite MB to its singlet state. Upon 
decay, MB transfer its energy to oxygen species in the local environment producing singlet 
oxygen (equation (2)). Alternatively, the hot electrons can transfer their energy directly to 
molecular oxygen to generate superoxide radicals (equation (3)).  

e- + MB + O2 MB* + O2  MB + 1O2      (2) 

e- + O2  ·O2
-         (3) 

Simultaneously, hot holes produced by the plasmon decay can either directly oxidize MB 
(equation 4) or can oxidise water molecules to form reactive ·OH and HO2· species24(equation (5) 
and (6)). 

h+ + MB  MB+         (4) 

h+ + H2O  OH· + H+        (5) 

H+ + ·O2
-  HO2·        (6) 

Finally, all these transient radical species can participate in the cleavage of the C-N bond (N-
demethylation reaction) and thus the degradation of methylene blue (equation (7)). 
1O2, ·O2

- , OH·, HO2· + MB  degradation of MB”    (7) 
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