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Abstract: Dry synthesis is a highly versatile method for

the fabrication of nanoporous metal films, since it enables

easy and reproducible deposition of single or multi-layers

of nanostructured materials that can find intriguing appli-

cations in plasmonics, photochemistry and photocatalysis,

to name a few. Here, we extend the use of this method-

ology to the preparation of copper nano-islands that rep-

resent an affordable and versatile example of disordered

plasmonic substrates. Although the island morphology is
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disordered, the high density of these nanostructures with

large surface area results in a good homogeneity on a

macroscale, which is beneficial for plasmonic applications

such as bio-sensing and photo-catalysis. With cathodolumi-

nescence and electron-energy-loss spectroscopies we con-

firm the nano-islands as sources of the local field enhance-

ment and identify the plasmonic resonance bands in the

visible and near-infrared spectral range. The decay dynam-

ics of the plasmonic signal are slower in the nano-island

as compared to bulk copper films, which can be rational-

ized by a reduced energy dissipation in the nano-island

films. Our study demonstrates a robust and lithography-free

fabrication pathway to obtain nanostructured plasmonic

copper substrates that represent a highly versatile low-cost

alternative for future applications ranging from sensing to

photochemistry and photocatalysis.

Keywords: EELS; cathodoluminescence; SHG; pump-probe;

nano islands; nanoporous

1 Introduction

Random distributions of metallic nanostructures enable

manipulation of light over a broad spectral range where

the different geometries lead to light localization with dif-

ferent spatial confinement, from one to tens of nm, and

to a landscape of spectrally diverse electromagnetic field

enhancement. In addition, the irregular surfaces at the sub-

wavelength scale produce an inhomogeneous local refrac-

tive index and large active surface area. Nanoporous metal-

lic structures, for example, comprise abundant nanoscale

gaps and sharp edges that interact with the incident light to

generate a rich pattern of hot-spots [1]–[3]. In this context,

we have recently demonstrated a dry synthesis method for

the preparation of metallic nanoporous films which can

find interesting applications in plasmonics [4].Metallic films

with a dense nanoisland morphology are another appeal-

ing platform for metamaterials and plasmonics, since the
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high density of sharp metallic structures and nanogaps are

exposed on the surface, and therefore available for elec-

trochemical and optical sensing [5], photochemical catalysis

[6], and advanced energy technologies [7].

Among metals, copper is highly interesting due to its

plasmonic properties and low-cost, and therefore copper

nanostructures caught attention in a variety of areas such

as catalysis, sensors and batteries [8]–[10]. Consequently,

copper nano-islands (Cu-NIs) are promising for a range of

applications. The preparation of metallic nanoislands and

the study of their structural and optical properties have

been extensively reported in literature [11]–[24]. However,

most of these studies are limited to coinage metals and

to very thin films obtained playing with the percolation

threshold. Also in the preparation of Cu NIs, one of the most

commonly employed techniques is thermal dewetting [8],

[25]–[27]. Although thermal dewetting is straightforward,

it offers limited control over the uniformity, thickness and

distribution of the resulting nano-islands. In particular, the

growth of films with thicknesses above 100 nm is very chal-

lenging. Another method used to fabricate Cu-NIs is laser

ablation [28], [29], where a high-energy laser hits a cop-

per target, generating a plasma plume. The copper atoms

within this plume then deposit onto a substrate, forming

nano-islands. This technique allows for a higher degree

of precision in controlling the size and uniformity of the

nano-islands. However, achieving optimal results with laser

ablation requiresmeticulous adjustment of several parame-

ters and careful control of substrate conditions. This makes

the process complex and labour-intensive, often requiring

significant trial and error steps to finely tune the desired

outcomes. Nanoparticle self-assembly is another approach

[30], [31], inwhich pre-synthesized copper nanoparticles are

deposited onto a substrate, where they self-assemble into

nano-islands. Self-assembly offers the advantage that well-

defined nanoparticles can be used, however, control of the

assembly process can be difficult, leading to a large varia-

tion in the distribution andmorphology of the nano-islands.

This variability can be a significant drawback in applica-

tions that require highly uniform and homogeneously dis-

tributed nanostructures.

In this work, we modify our technique for the fabri-

cation of nanoporous metals [4] to obtain films of Cu-NIs

by a simple and reproducible method. The process involves

the plasma treatment of a bilayer consisting of copper

deposited by physical vapor deposition (PVD) on top of a

sacrificial PMMA layer. This approach offers the flexibility

to tailor the material’s properties by varying the deposition

parameters and plasma conditions, while also providing

a relatively simple, lithography-free, large-area fabrication

methodwith low-cost processes. Not less important, the pro-

posed technique enables the preparation of thick (hundreds

of nm) Cu NIs films, that can be prepared on bulk substrates

or as part of a multilayer system comprising other porous

metals. Furthermore, our method, not only enables the

preparation of pure Cu nanostructures, but it can be easily

extended to produce CuO nano-islands/nanostructures that

are widely used in applications such as catalysis [32]–[34]

energy storage [35], sensors [36], [37], and antimicrobial

agents [38].

Here we performed a detailed characterization of mor-

phological, optical and electronic properties of the Cu-NIs

by using a unique combination of experimental techniques.

Electron microscopy and spectroscopic ellipsometry were

first used to characterize the morphology and the opti-

cal response of the system, then, with electron energy

loss spectroscopy (EELS) and cathodoluminescence (CL) we

investigated the spatial hot spot distribution and spec-

tral bands of the plasmonic resonances. Moreover, X-ray

photoelectron and surface enhanced Raman spectroscopies

(XPS and SERS) were used to verify the level of oxidation

and the potential enhanced spectroscopy in the produced

structures. Finally, electron dynamics and nonlinear optical

propertieswere evaluated by pump-probe spectroscopy and

second harmonic generation (SHG).

2 Results

The dry-synthesis approach [4], [39] is based on the plasma

treatment of a dense layer of nanoparticles deposited on a

sacrificial thin PMMA polymer film. In details, the process

starts with the deposition, via spin-coating, of a PMMA layer

of about 200 nm on an arbitrary planar solid-state substrate

(in our experiments we used Si, Si3N4 and glass). On top of

this layer, a thin layer of Cu is deposited by e-beam evapora-

tion at an oblique angle between 70◦ and 80◦. Successively,

the sample is treated by plasma etching in order to remove

the sacrificial polymer layer. In order to avoid the oxidation

of the reactive Cu layer, the etching process of the sacrificial

PMMA layer must be done using N2 plasma. The low level

of oxidation in the obtained film after the N2 plasma has

been proved by means of XPS, comparing the preparation

of the NIs using N2 and O2 plasma. As reported in Sup-

porting Information – Note #1, while the use of N2 ensures

the preparation of Cu nanostructures with very low oxygen

content (also after two days in air), if O2 plasma is used, CuO

nanostructures are obtained, as expected.

Important to note, with respect to the dry-synthesis

reported for other metals [4], [39], in the case of Cu, the

deposition rate resulted to be a key parameter in the
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preparation of Cu-NIs. In particular, using a deposition rate

of 0.1 nm/s in the e-beam evaporator, a dense array of Cu

nanoparticles is obtained on top of the PMMA, and after

the plasma etching these particles are clustered in Cu-NIs

(see Supporting Information – Figures S2 and S3). To obtain

film with thickness up to hundreds of nm and to modify the

density of the NIs, the deposition and etching steps can be

repeatedmultiple times. To note, by using higher deposition

rates (>3 nm/s) a denser Cu film is formed prior to the etch-

ing, and then the plasma etching produces a nanoporous

morphology (see Supporting Information – Figures S3 and

S4). This result makes this deposition process interesting in

tuning the final morphology of the Cu layer, considering the

different properties that can be exploited in fully connected

films (nanoporous layer) [2], [34] and random distributed

not-connected nanostructures (Cu NIs).

Figure 1 shows SEM images of the Cu-NIs films obtained

after two fabrication steps (two repeated layers [4], [39])

based on the low deposition rate that evidence the dense

nano-island morphology. We observe several differently

sized features in the nanoisland film: (i) sharp tips of the

islands with less few nm diameters and several tens of nm

length, (ii) island size of several hundred nanometers, and

(iii) gaps in between the islands of submicron dimensions.

The combination of these features provides an excellent

example of a randomly disordered plasmonic system that

can be expected to sustain multiple resonances at different

energies. The dielectric function and complex refractive

index of the films measured by spectroscopic ellipsometry

are reported in Supporting Information – Note #2.

The dense, random network of Cu-NIs, with varying

sizes, is expected to exhibit localized surface plasmon res-

onances (LSPRs) at different energies [21], [22]. We used CL

and EELS as complementary tools to investigate the energy

bands of the LSPR, and to map their spatial distribution.

With CL the bright, emissive modes of the substrate can

be investigated. On the contrary, EELS is sensitive to the

dark and/or non-radiative modes and therefore gives com-

plementary information on the spectral properties of the

plasmon resonances. CL can be directly performed on films

as displayed in Figure 1, while EELS samples need to be thin

enough to limit interaction with the electron beam, so ded-

icated specimens were produced. We therefore fabricated

a Cu-NIs film onto a thin silicon nitride (Si3N4) membrane

(30 nm thickness), to ensure a minimal background to the

signal.

The CL of a typical region of a Cu-NIs film is reported

in Figure 2. The comparison of the morphology (SEM image

in Figure 2(a)) with the CL intensity (Figure 2(b), and the

panchromatic map, Figure 2(d)) confirms the nano-islands

as a source of LSPRs, and allows to correlate larger islands

with more red-shifted CL peaks, and smaller islands with

more blue-shifted CL peaks (see yellow and green spots and

spectra in Figure 2(a) and (c), respectively). The CL emission

over subwavelength distances arises from the excitation

of surface plasmon (SP) modes in the Cu-NIs network that

generate numerous localized emission spots. The panchro-

matic map in Figure 2(d) displays the distribution of these

SP modes, and the dominant wavelength of CL emission for

each pixel. Here, the panchromatic optical response rep-

resents the total light intensity captured during the dwell

time of the electron beammapped onto each pixel. Thismap

highlights variations in SP mode energies across neighbor-

ing regions, reflecting the interplay of metal clusters and

empty spaces within the copper network. The main CL is

in the range from 530 to 590 nm, with larger Cu clusters

exhibiting a red-shifted emission compared to smaller ones.

The results of the EELS analysis are depicted in Figure 3

and Supporting Information – Note #3. Figure 3(a) reports

the annular dark field (ADF) image. Note that although

Figure 1: Tilted view SEM images of the Cu-NIs films at different magnification (obtained with two evaporations+ plasma etching steps).
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Figure 2: CL analyses of the Cu NIs. (a) SEM image of the copper nano-island film investigated by cathodoluminescence (CL). (b) CL intensity map of the

region in (a) spanning a wavelength range of 400–900 nm. (c) Local CL spectra extracted from two positions indicated by crosses of the corresponding

color in (a). (d) Color-coded map showing the dominant wavelength of CL emission for each pixel in the map in (b). Scale bars in (b) and (d): 100 nm.

the data for the image is acquired in dark field mode,

due to the low acceleration voltage of 60 keV the Cu-NIs

appear dark caused by their strong electron scattering,

while the bright areas represent the gaps. EELS investi-

gates local electronic properties by quantifying the energy

loss of electrons interacting with the sample using a nm-

sized electron probe. Such analysis was restricted to the

gap areas, observing the energy losses linked to excitations

that can be activated in so-called “aloof mode”, as routinely

done in the literature for metal nanoparticles. We iden-

tified the relevant spectral regions by applying a thresh-

old to the intensity of the zero-loss peak (ZLP), which is

directly correlatedwith the local thickness. In the spectrum,

the ZLP comprises electrons that interact elastically with

the sample, resulting in no measurable energy loss. The

tail of the ZLP was removed using a power law fit. We

then employed Non-negative Matrix Factorization (NMF)

[40]–[42], a multivariate analysis approach that detects pat-

terns by analysing local correlations and generating com-

ponents based on statistical criteria, with minimal operator

input. This approach minimizes human bias and is par-

ticularly effective for extracting meaningful features from

hyperspectral data [43], [44]. The factors present a set of

maxima that begin at ∼0.33 eV, followed by peaks at higher
multiples of the lowest energy, which we attribute to the

higher order harmonics of surface plasmon excitation [45].

Interestingly, the difference between excitations (∼0.3 eV)
is equal to the difference between the two emission peaks

found using CL (Figure 2(c)) in the visible range (570 nm

−>2.17eV and 500 nm −>2.47eV).
The signal/background ratio and the sharpness of the

EELS features linked to plasmons decrease at higher orders,

meaning that detection of excitations in the visible range

becomes particularly challenging: in this case, the NMF

algorithm does not produce components at higher energy

losses.

To spatially localize the four energy loss mechanisms

identified byNMF,we created a colormapusing the loadings

associated with each NMF component (Figure 3(c)), where

the color intensity of each pixel reflects the weight of the

corresponding component at a given position in the scan.

To display the spatial distribution of the various modes

and correlate them to the local geometry, we selected a

representative area and produced spatial maps reporting

the total intensities within a defined spectral window (see

Figure S10 in the Supporting Information-Note #3). Extend-

ing the analysis to an energy interval centered at 2.17 eV

and a width of 0.3 eV, we also find a weak EELS signature

for a higher excitation mode, in agreement with the CL

observations.

While EELS and CL allowed us to access the nanoscale

scattering and absorption properties of the Cu-NIs,
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Figure 3: EELS measurements of the Cu-NIs film. (a) Reference ADF (annular dark field) image – note that contrast appears reversed due to the total

thickness of the film and membrane. (b) Energy profiles of NMF components (c) spatial distribution of the NMF components.

pump-probe transient transmission measurements were

employed to explore the ultrafast dynamics of photoexcited

states, and to provide a deeper understanding of electronic

properties responsible for the plasmonic behaviour. This

technique allows to observe the temporal evolution of the

LSPRs, which can significantly impact its coupling to other

processes, such as chemical reactions in photocatalysis

[46], surface-enhanced Raman scattering [47] and exciton

dynamics in light-harvesting complexes [48]. In Figure 4(a)

and (b), we report the transient transmission of both the

continuous and Cu-NIs films of thickness of ∼25 nm as

function of wavelength (x-axis) and time delay between the

pump-probepulses (Δt, y-axis). In Figure 4(a), a pronounced
negative signal appears around 577 nm, corresponding

to a photon energy of 2.15 eV, which can be related to a

transient induced absorption due to hot carrier excitation.

Such transient absorption can be explained by considering

the excitation of 3d to 4p inter-band transition in Cu [49],

as previously reported for similar nanostructured/porous

gold films [50]. Even though the pump pulse, with center

photon energy of 1.5 eV, has energy below the interband

transition threshold, it creates a population of hot electrons

that has sufficient energy for interband transitions. Thus,

empty states that can be occupied by electrons excited by

the probe pulse at lower energies are created, and this

effect amplifies absorption, resulting in a reduction of the

probe signal around 577 nm. The same behavior is observed

for the NIs film below 600 nm, but it is blue-shifted due

to the LSPR from the Cu-NIs that is located between 530

and 590 nm. Here the LSPR enhances the light–matter

interaction and amplifies the observed effect.

In Figure 4(c), the charge dynamics extracted from the

color maps (at the wavelength of 577 nmmarked by the ver-

tical black dotted lines in Figure 4(a) and (b)) are depicted.

The signal amplitude has been normalized to facilitate a

clear comparison of the relaxation dynamics (exponential

Figure 4: Ultrafast charge dynamics of an unstructured (a) and

nano-island (b) Cu film. (a/b) Transient transmission color map

as function of wavelength and time delay of the film/NIs sample.

(c) Normalized charge dynamics comparison of film and NIs at 577 nm

wavelength (vertical dashed line in color map (a, b)). (d) Normalized

transient transmission amplitude of a continuous film and NIs at fixed

time delay of 0.37 ps (horizontal line in color maps (a, b)).

decay after excitation). Following the pump excitation, a

simultaneous alteration of the transient transmission sig-

nal can be noticed, indicating similar initial charge exci-

tation dynamics. However, this is followed by clearly dif-

ferent recovery processes. We evaluated the decay of the

transient signal by exponential fitting, obtaining a rapid

recovery with life time of around 600 fs for the continuous

film, which is half of that of the NIs sample of around

1200 fs. Consistent with ref. [50], the isolated geometry of

the NIs decreases their thermal capacitance, reducing their

thermalization and eventually leading to a higher elec-

tron temperature. In Figure 4(d), the transient transmis-

sion amplitudes of both the Cu NIs and continuous film

are plotted at 370 fs following pump pulse excitation. This

specific time delay is selected because it corresponds to
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the point where the transmission variation signal reaches

its maximum (see Figure 4(c)). In Figure 4(d), the transient

transmission amplitude of the NIs sample shows a greater

modification compared to the film. In the blue region of the

detection range (around 560 nm), a larger negative ΔT/T
value suggests a higher photon absorptionwithin the Cu-NIs

sample. Conversely, in the red region of the probe spectrum

(around 660 nm) where pump mainly excites electron in

the conduction band (promoting mainly intra-band transi-

tions), a higher positive ΔT/T value is observed, indicating

a much higher electron temperature in the NIs sample [51]

and reduced energy dissipation [52].

Due to the presence of multiple hotspots in a broad

wavelength range and at sub-wavelength distances, disor-

dered plasmonic systems such as the Cu-NIs film can be

expected to feature nonlinear optical properties [21]–[24],

which might be exploited for applications ranging from

sensing to image recognition [23], [53], [54]. Therefore, in

order to complement the characterizations of the prepared

nanomaterial, we measured the SHG signal from our sam-

ples using a nonlinear microscope working in reflection

configuration. Here a linearly polarized laser beam at fun-

damental frequency (FF) 𝜆FF = 880 nm impinges on the

sample surface at normal incidence after being focused to

a spot size (waist)w0 = 4.5 μmby a 20×-objective. The back-
scattered nonlinear signal is collected by the same objective

and its intensity in the visible spectral range (400–500 nm)

is measured by a single photon avalanche detector (see

Methods for more details). Given the uniform morphology

on a macroscale of the Cu-NIs films, we performed space-

resolved nonlinear generation measurements by scanning

an arbitrary square region (100 × 100 μm2) on the sample

surface and report the power-dependent measurements in

Figure 5. By fitting a power-law profile (solid black line)

to the experimental data, the analysis provides a value of

the exponent of 1.93 ± 0.08, which suggests a second-order

nature of the nonlinear process. Such result and the pres-

ence of spectral filters in the detection line (see Methods)

allow to ascribe the nonlinear signal to SHG process. The

second-harmonic conversion efficiency is 𝜂SH = PSH/PFF =
4× 10−13, with PFF (PSH) being the average power of the fun-

damental frequency (secondharmonic frequency) radiation

impinging on (back-scattered from) the sample. Such value

is larger with respect to efficiencies obtained for aluminum

surfaces [55] and comparable with efficiencies obtained in

silver thin films under oblique illumination [56]. Neverthe-

less, it is still one order of magnitude lower with respect

to other nanostructured metallic antenna arrays [57], and

thus might require further optimization, which is out of the

Figure 5: SHG response of Cu-NIs. Power-dependent measurement of

the SHG signal from the Cu-NIs: experimental data (markers) while

decreasing (light blue) and increasing (yellow) FF beam power and

power-law theoretical profile (black solid line).

scope of the current work. Finally, and noteworthy, the com-

parison between two space-resolved SHG scanning maps

obtained from the same sample region with two orthogonal

directions of the FF beam polarization shows that the SHG

signal intensity does not depend on the FF beam polariza-

tion direction (see Supporting Information-Note #5).

3 Conclusions

In this study, we successfully extended the dry synthesis

method to prepare cost-effective Cu-NIs films that represent

an interesting and affordable disordered plasmonic mate-

rial with diverse potential applications ranging from sens-

ing (as demonstrated for example in the preliminary SERS

experiments reported in Supporting Information – Note #6)

to photocatalysis. This fabrication process is universal, does

not depend on the used substrate, and can be performed

in multiple steps, allowing for the creation of thick or mul-

ticomponent films. In particular, the possibility to deposit

thick films using repeated dry-processes and the possibility

to prepare NIs layers as part of multilayers porous systems,

make this method interesting for optimized future applica-

tions (see for example preliminary SERS experiments per-

formed onporousAu coveredwith CuNIs and onCuNIs cov-

eredwith porous Au, i.e. bi-layer systems (Au/Cu and Cu/Au),

in Supporting Information – Note #7). This opens the door



T. Tapani et al.: Disordered plasmonic system with dense copper nano-island — 7

to more complex and versatile applications based on vari-

ous materials and optical processes. The optical character-

isation with CL and EELS of the Cu-NIs films demonstrated

their robustness, high density, and multiple bands nature.

Ultrafast spectroscopy revealed that the relaxation time in

the Cu-NIs is slower compared to their bulk counterparts,

which is advantageous in photocatalysis where the hot elec-

tron dynamics can be tailored to control ultrafast chemical

processes. Nonlinear optical measurements further show-

case that these Cu-NIs can support SHG processes without

the need for high-power laser sources, making them suit-

able for practical applications in nonlinear optics, such as

frequency conversion, optical switching, and signal process-

ing in photonic devices. Finally, the possibility to replace the

N2 plasma etching process with O2 plasma etching enables

the easy fabrication of nanostructured CuO thin films, a

material extensively investigated for catalytic process [34],

[35], [58]–[61].

4 Methods and materials

4.1 Samples preparation

The samples preparation is based on the original methods

proposed in ref. [39]. In brief, poly(methyl methacrylate)

(PMMA) was spin-coated on a suitable substrate (Silicon

for SEM and ellipsometry, thin Si3N4 membrane for EELS

and CL, fused silica for ultrafast dynamics) at 4,000 rpm

for 2 min. Each metal (>99.99 % purity) was evaporated by

e-beam on a PMMA thin film at room temperature with an

oblique angle of 80◦, a rate of 0.1 nm/s, a target thickness

of 12 nm was used in all the cases. The deposited Cu film

was plasma treated in N2 with 200 W till the whole PMMA

layerwas removed. The thickness of the final filmwas tuned

repeating the process multiple times.

A bi-layer sample comprising porous Au and CuNIswas

prepared using first the dry process [39] for the Au layer

(on silicon substrate), followed by the discussed dry process

here presented for Cu NIs.

4.2 Spectroscopic elipsometry

Spectroscopic ellipsometry was carried out by a M2000

apparatus by Woollam. Spectroscopic analysis was carried

out at three different angles (50◦, 60◦, 70◦). The fitting pro-

cedure was carried out by starting with a point-by-point fit

of the pseudo-dielectric permittivity obtained directly from

the measured ellipsometrical angles. The obtained imagi-

nary dielectric permittivity was then fitted as a convolu-

tion of oscillators, as described in the main manuscript, to

obtain a Kramers–Kronig–consistent analytic expression

for the effective dielectric permittivity of the NPMs. The

real parts of the dielectric permittivities have been obtained

by applying Kramers–Kronig relations to the imaginary

parts.

4.3 EELS measurements

The films were directly fabricated on silicon nitride chips

with a 30 nm membrane. Analysis was carried out at 60 kV

acceleration voltage in a ThermoFisher Spectra300 S/TEM

equipped with a monochromator with “UltiMono”. The

energy resolution of the spectra was ∼40 meV. The data

were analysed usingHyperspy, a python-based data analysis

toolkit.

4.4 Cathodoluminescence measurements

Nanostructured Cu films were fabricated on a 100 nm thick

Si3N4 membrane to significantly minimize emission from

bulky substrates during cathodoluminescence (CL) inves-

tigation. CL analysis was performed at room tempera-

ture by using a Zeiss Merlin scanning electron microscope

(SEM) equipped with a high-performance CL imaging sys-

tem (SPARC from Delmic). CL was spectrally resolved in the

range of 400–900 nm with an “Andor Kimera 193i” spec-

trometer with a focal length of 193 mm and a grating of

300 gr/mm. The photon emissionwas captured by an “Andor

Newton DU920P-BEX2DD” CCD camera with a maximum

quantum efficiency of 90 %. The electron beam operated at

an acceleration voltage of 30 kV and an emission current

of 10 nA. The panchromatic CL map consisted of 24 × 19

pixels (pixel size: 32 nm). The focused electron beam was

scanned across the specimen, dwelling for 10 s (integration

time) on each pixel to acquire the CL spectra. The intensity

in each pixel of the panchromatic map corresponds to the

integrated intensity of the detected light during the integra-

tion time.

4.5 Pump-probe experiments

Pump-probe optical spectroscopy experiments utilized sub-

15 fs light pulses to investigate carrier dynamics in both

Cu thin film and Cu Nls samples. The sketch of the setup

is shown in Supporting Information Note-4. We employed

a Yb:KGW amplifier laser with an operational wavelength

of 1030 nm, a repetition rate of 50 KHz, and an average

output power of 20 W, driving two separate optical para-

metric amplifiers (OPAs). The outputs from these OPAs

acted as the pump-probe pulses for themeasurements, with

center wavelengths of 850 nm (1.5 eV) and 600 nm (2 eV),
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respectively, as illustrated in Supplementary Figure S1(b).

The time delay between the pump-probe was precisely

controlled with 1 fs accuracy using a high-precision linear

stage (model: PI L1556ASD00) positioned along the pump

beam path. Our experimental focus involved measuring

transient transmission, which refers to the pump-induced

changes in transmission, as defined by

ΔT∕T =
(
T
t
− T0

)
∕T0

where T
t
and T0, respectively, represent the transmission

of the system following excitation and at a particular time

delay between the pump-probe pulses, and in the ground

state conditions where the pump pulse does not induce

excitation in the system.

4.6 SHG measurements

SHG measurements have been performed by a home-built

nonlinear microscope similar to the one described in [62].

The system (see Figure S12 of the Supplementary Infor-

mation Note-5) is based on a femto-second laser (Monaco

by Coherent) generating 300 fs temporal duration, 40 μJ
energy, 1035 nm wavelength pulses at 500 MHz repetition

rate. The laser output feeds an optical parametric amplifier

(OPA, Opera-F by Coherent) producing a broadband radia-

tion at around 880 nm wavelength, whose spectral width is

then reduced by a band-pass filter (FBH880-10 by Thorlabs).

The obtained radiation has been employed as the funda-

mental frequency (FF) beam of the nonlinear experiment.

The FF beam intensity is tuned by an attenuation system

combining a half-wave plate (AHWP05M-980 by Thorlabs)

and a polarizer (GL10 by Thorlabs). Before reaching the

sample, the FF beampolarization (linear) is controlled by an

additional half-wave plate. A 20× objective (LMPLFLN20X

by Olympus) focuses the FF beam onto the sample surface

with a spot size of 4.5 μm (radius at e−2) and collect the

generated nonlinear signal. The back-scattered SH signal is

separated from the FF by a dichroic long-pass filter (69–891

by Edmund Optics), and its intensity is measured by a single

photon avalanche detector (SPAD, PD-50-0TD by MPD). A

set of short-pass filters (FESH0500, FESH0550, and FGB18S

by Thorlabs) are placed before the SPAD to remove any FF

beam residuals.

The sample surface and the position of the FF beam

spot on the sample surface can be visualized by a (linear)

optical microscope enclosed in the nonlinear setup. Here,

the light from a LED source illuminates the sample surface

and the corresponding image is obtained on a CCD camera

(CS165MU/M by Thorlabs) by employing a suitable lens sys-

tem which includes the 20× objective.

4.7 X-ray photoelectron spectroscopy
measurements

Surface chemical composition and the presence of specific

functional groups were investigated by means of X-ray

photoelectron spectroscopy (XPS, Kratos, Axis UltraDLD).

Both survey spectra and high resolution ones were

acquired, using a monochromatic Al kα source operated

at 20 mA and 15 kV. Survey spectra were acquired at

pass energy of 160 eV, energy step of 1 eV and over an

analysis area of 300 × 700 μm. High resolution spectra

were acquired on the same area, at pass energy of 20 eV and

with an energy step of 0.1 eV. The Kratos charge neutralizer

system was used on all samples; binding energy scale

calibration was performed by setting the position of the

main C 1 s component, C–C bonds, at 285 eV for PMMA and

284.8 for the Adventitious Carbon. Casa XPS software were

used to analyze the experimental data.

4.8 Surface enhanced Raman spectroscopy
measurements

SERS measurements were performed using a Horiba

LabRAM HR Evolution Raman spectrometer (Horiba Jobin

Yvon, Kyoto, Japan) with a 50× long-focal-length objective

(NA = 0.75). Rhodamine 6G(R6G) with varying concentra-

tions were measured using a 633 nm laser at 5 % power

(spot diameter ∼1.03 μm) and a 532 nm laser at 5 % power

(spot diameter∼0.86 μm). Spectra were acquiredwith a 600
grooves/mm grating, 10 s exposure time, and one accumu-

lation. For mapping measurements, a 5 × 5 grid (total 25

points) with a 5 μm step size was performed, covering a

total area of 20 × 20 μm2. The same laser and acquisition

parameters were maintained for each measurement point.

The spectral resolution was approximately 3–4 cm−1 and

2–3 cm−1 for different laser wavelengths, respectively.
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