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ABSTRACT

Surface-enhanced Raman Scattering (SERS) is a well-established surface-sensitive technique for
detecting the presence of trace amounts of molecular analytes. While the impact of surface
singularities on plasmonic materials has been widely studied, fabrication of cost-effective efficient
SERS substrates remains a challenge. In this paper, we present the study of large area Au SERS-
active substrates, elaborated by thermal evaporation deposition, by photoemission electron
microscopy (PEEM), a high-resolution near-field mapping technique, to access the statistical
properties of the hot spot distribution. We experimentally demonstrate that the near field PEEM
and far field Raman statistical signatures of nanorough Au surfaces are quantitatively correlated
when used for molecular sensing. The maximum of the SERS signal of thiophenol (TP) molecules
diluted to 10 M is observed near the film percolation threshold for which the hot spot density is

maximum. Finally, SERS measurements from solutions of thiophenol (TP), Crystal Violet (CV)
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and rhodamine B (RhB) molecules at 10® M demonstrated the sensitivity of our substrates for

molecular sensing.

INTRODUCTION

Surface Enhanced Raman Spectroscopy (SERS), discovered in the 1970s?, is a well-known non-
invasive, ultra-sensitive label-free tool for detection, identification and quantification of materials
and molecular analytes.. It is now commonly accepted that SERS phenomenon is based on two
major mechanisms.*® First, a chemical effect is invoked when the polarizability of the analyte
molecule is modulated as a result of a charge transfer mechanism between a substrate and the target
molecule.*® Second and largest contribution for the enhancement factor is due to an
electromagnetic mechanism.*’ Strong Raman signal enhancements can be observed when the
energy of the laser excitation is close to the surface plasmon energy of a metallic substrate. Indeed,
under optical excitation, and at certain wavelengths, a random metal surface is the site of coherent
charge oscillations, called localized surface plasmons (LSP)’. LSP generate greatly enhanced
electromagnetic fields confined to nanoscale regions. In particular, huge enhancements of the
induced electromagnetic field can be observed at locations where narrow gaps between

nanoparticles (NPs) or surface heterogeneities® exist; these sites are called "hotspots”.

Given its sensitivity to detect the presence of very low dose of analytes in solution down to
asingle molecule®, the SERS method still attracts as much attention from the researchcommunities
on the fundamental and applied research aspects. Over the last decade, several strategies have
emerged to prepare efficient, uniform and large SERS substrates. In particular, those employing
solutions of colloidal nanoparticles are common as it is certainly the most cost-effective way to
develop solid SERS substrates. However, it is quite difficult to control the topographic properties

of the substrate on a large scale from one manufacturer to another, due to the inhomogeneity of the
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particle size and shape distributions, resulting in large variations in the Raman signal. These
disadvantages have not prevented this technique from being widely applied in many

applications.1%!t

So, one of the greatest challenges for the quantitative use of SERS remains the reproducible design
and fabrication of substrates with topographic features of high enhancement factors and hot spot
density on a large scale. Complex and/or expensive fabrication methods such as electron beam
lithography*?~*°, or ion-beam lithography ®7 are increasingly used to develop small areas, of
precisely controlled geometries and/or periodic arrangements of plasmonic nanostructures. An

alternative simple method for preparing a SERS substrate is the physical vapor deposition (PVD)
including thermal evaporation, sputtering and electron beam evaporation.'8-2? Thin films of noble
metals deposited by PVD process usually form on smooth surfaces, for reasons of poor wetting and
low surface energy, isolated particulate nanostructures. The distance between these particles can
then be reduced to dimensions below one nm, which is particularly well suited to plasmonic

activities.?324

Many experimental parameters, such as deposition rate, substrate temperature, vacuum pressure
and nominal deposited film thickness can influence the resulting surface morphology. Indeed, the
chemical nature of the support can influence the organization of the metal deposited on the surface
as well as various post-deposition treatments such as thermal annealing, solvent annealing, or
chemical functionalization. Beyond a certain thickness threshold which can vary from ~20 to 50
nm, the metallic film becomes entirely continuous®>?%, has an optical mirror appearance, and the
plasmonic activity is considerably reduced. Nevertheless, the literature reports SERS effects for

films with nominal thicknesses between 0.1 and 4 um?%2 at the cost of a reduced detection limit
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(LOD) of the analyte, i.e. detectable concentrations ranging from 10 to 10 M for molecules such

as Rhodamine 6G, Methylene blue or Cysteamine.

Considering the role played by the nanoscale film topography in Raman enhancement, it is
important to better understand how the SERS intensity correlates with both the surface density and
the intensity distribution of the hot spots. PEEM microscopy is a powerful and non-intrusive near-
field mapping technique with a minimum spatial resolution of 10 - 20 nm 2-%°, This technique may
therefore be particularly useful in studying the Raman scattering physics at a scale below the
diffraction limit near the film percolation threshold. The PEEM imaging principle is based on the
collection of electrons emitted from a surface, regardless of the mechanism involved: thermoionic,
photoelectric,... In the irradiance range of SERS, near-field plasmonic enhancements lead to strong
modulations of the photoelectric effect, the electron emission regime becomes multiphotonic in
nature, and the recorded intensities follow a nonlinear scaling law in incident electric field E>" (n
photon photoemission signal nPPE). For Au material the PEEM signal corresponds to a three
photon absorption event. The PEEM technique provides very contrasted images in intensity

reflecting the distribution of the hot spots on the sample surface at a sub-wavelength scale.

In the present paper, we propose to quantitatively study the correlation of the optical responses of
SERS substrates at different scales, in particular, from the optical near-field description as
measured by PEEM to its far-field counterpart as measured by Raman. With this objective, it is of
particular interest to study how the surface density and intensity distributions of the film hot spots
determine quantitatively the resulting Raman signal when molecules are grafted on the surface.
Our investigations will be carry out on a series of Au substrates fabricated by thermal evaporation
in order to optimize and validate the experimental fabrication conditions. For Raman studies our

substrates are at first functionalized with thiophenol (TP) molecules, as model molecules, as they
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bind easily to any Au surface (with its thiol function) to form an homogenous monolayer after
rinsing?’. Finally, the overall sensing performance of our optimized substrates are tested and
discussed with solutions of thiophenol (TP), Crystal Violet (CV) and Rhodamine B (RhB)

molecules at 108 M.

RESULTS AND DISCUSSIONS

The substrates were prepared following the procedure described in Scheme 1 in Experimental

Section. In order to directly observe the effect of an additional Au layer on the surface

morphologies, SEM images have been recorded (Figure 1) for different exposure times (surface
coverage). Note that the “0 s” substrate is the reference sample and corresponds to a pristine 100
nm thick Au layer. As expected, the gold surface of the reference sample is not flat but exhibits
spherical clusters/rounded gold mounds with relatively uniform dimensions. The lateral diameters
of the metal clusters are inthe 15 —20 nm range with a maximum in the height distribution around
16 nm. These surface protrusions are separated from each other by distances of the same order of
magnitude. Such topographies have already been reported for gold deposited on silicaand mica®:~
3, For these cases, the non-wetting nature of gold on the oxide substrate promotes the coalescence
of grains into clusters. The growth mechanism of metal layers mainly depends of both the

respective surface tensions at the interfaces crystallite—substrate, crystallite—gold vapor, and

substrate—gold vapor. During the thermal evaporation process, the Au adatoms, once deposited on
the surface, diffuse slowly on the surface, form nucleii at random locations on the surface and
evolve as charged nano-sized clusters. The presence of charge plays an important role in

maintaining on surface clusters even if the substrates are made of the same metal. For increasing



exposure times, the density of adatoms increases, which increases the phenomenon of nucleation
and the interactions between clusters. Using statistical methods such as the one developed in our
group®, itis possible to analyze the SEM images and determine the average grain size as function
of the deposition conditions. Table 1 reports the quantitative evolution of the average surface grain
size, determined by interface distribution function (IDF) method. Grain size is essentially
independent of exposure time, a significant increase of the grain diameter is only observed for a

deposition time of 150s.



Figure 1. SEM images of Au surfaces after
additional Au layer deposition for different
exposure times, respectively. The white scale bar

is 200 nm.

Deposit Gold layer Average grain Coverage Intergrain distance on
duration thickness H diameter rate simulated surfaces

(s) (nm) (nm) (nm)

0 0 30.8 +0.4 0.52 8.1 +0.2

10 1+0.2 31.4 +05 0.54 8.1 +0.2

50 8.240.2 30.6 £0.4 0.64 3.9 +0.2

70 11.440.2 33.2 404 0.69 4.3 +0.2

150 19.540.2 36.6 +0.4 0.78 4.8 +0.2

Table 1. Au film metrology. Evolution of gold layer thickness, the mean surface grain diameter and surface
coverage as calculated using the interface distribution function (IDF) method versus the gold deposition time.
The intergrain distance is estimated using the IDF method on simulated surfaces made of nanodisks with
controlled surface coverage and diameter.

Due to the small intergrain distances (< 10 nm), the resolution of the SEM images is not high
enough to allow their determination. However, during the growth process, the coverage of the metal
increases on the surface, the clusters of metal connect to each other to first create irregular shapes

with small asperities before forming a continuous film over time 26%°7_ In the theory of continuous
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two-dimensional percolation 33 statistical physics shows a direct analytical link between the
percolation threshold and the surface coverage. In the case of disc percolation, the numerical
estimate of the percolation threshold corresponds to a surface coverage of 0.676. The surface
coverage measurements reported in Table 1 show that the Au film closest to the percolation
threshold corresponds to a deposition time between 50 and 70 s, i.e. between 8.2 and 11.4 nm of

gold layer thickness as determined by atomic force microscopy (AFM) (see experimental part).

150 s

Grains

Space
between
grains

100 nm 100 nm

Figure 2: SEM images of Au surfaces with a colored mask (threshold value = 40% of the maximum
height) revealing the decreasing of the intergrain areas versus the gold deposition time. Percolation
threshold corresponds to image 50s i.e. an additional Au film deposit of 8.2 nm in thickness.

Alternatively, by extracting 300 x 300 nm?2 area from the SEM images and by performing a height-
threshold masking (i.e. threshold value = 40% of the maximum height) the intergrain regions can
be visualized (Figure 2). From these images we can observed a decrease with the deposition time
of the intergrain area (colored part of the mask). From t = 50 s random individual grains start to
enter in contact with neighboring grains to form a long-range connectivity network. The occurrence
of a long-range connectivity within the metal deposit defines the percolation threshold. From our

results thickness of 8.2 (+0.2) nm is expected for percolation threshold 4041,
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On the other hand, we can also create a model surface (Figure S1) made of nanodisks regularly
dispersed on a surface respecting the values of coverage rate and grain diameter (Table 1) to
estimate the distance between the nanoobjects. The calculated values (Figure S1), presented in the
last column of Table 1, show that the lowest distance is obtained when the deposition time is 50 s.
The intergrain distances are obviously overestimated in this approach but this result confirms

therefore that the percolation threshold is obtained for deposition times of 50 s, i.e. 8.2 (£0.2) nm.

In the following we deposited gold layer of about 1(+0.2), 8.2(+0.2) and 19.5(x0.2) nm on 100 nm
AU/Si substrate in order to investigate the optical near-field responses of the nanorough Au
surfaces. Figure 3 shows the optical near-field responses of the different Au substrates as a function
of the thickness of the deposited gold layer as determined by PEEM microscopy. The resolution of
the instrument and the non-linear three-photon absorption process make it possible to obtain very
contrasted images (the noise signal being limited) on which itis easy to discernand therefore count
the hot spots by image processing (cross correlation procedure, see experimental part). Let us note
that the PEEM resolution is directly related to the optical near field distribution and not to the size
of the excitation beam (full field excitation). It is clear that the reference sample (0 nm) and the
sample with 1 nm of gold have less than ten low intensity hot spots on a surface of 315 um?2 (pi x
10 um?). In contrast, the two other samples generate much more hot spots, homogeneously (at the

micron scale) distributed over the surface.

Analysis of the averaged PEEM signal intensity per um?2 for each substrate (calculated from the
sum of the intensities of all the hotspots divided by their number on a reference area) is also very
informative (Figure 4). The surface density of hot spots per um? is shown for the series of substrates

in Figure S2. Hot spot surface density varies with surface preparation conditions and the highest
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1 density of hot spots is achieved for the 8.2 nm coated sample with a value of 15 detectable hot
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Figure 3. 3PPE PEEM images (25 x 25 umz) of 0, 1.0, 8.2 and 19.5 nm gold layer deposited on 100 nm
AuU/Si substrate. PEEM intensities are normalized and displayed on a log scale. Laser wavelength A =633
nm, laser irradiance 2 GW/ cmz, p-polarization under grazing incidence, acquisition timet=1s.
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Figure 4. Averaged 3PPE PEEM Hot spot intensity
per um?2 as function of the thickness of the deposited
gold layer. Laser wavelength A = 633 nm, laser
irradiance P = 2 GW / cm?, P polarization under
grazing incidence.
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6  The results shown in Figure 4 and Figure S2 provide a rough estimate of the plasmonic contribution

7  tothe SERS signal exaltation. Indeed, these results unambiguously confirm that the 8.2 nm coated
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sample is the most efficient plasmonic substrate in our series and that the highest hot spot density
is reached at the film percolation threshold where the intergrain distance is the smallest*2. To go
further, a quantitative determination of field enhancement factors remains a difficult problem. A
possible way is to exploit the evolution of the cut-off energy of the electron kinetic energy
distribution curve at the transition between a nonlinear photoelectric regime and a field emission
regime. Following P. Racz et al. 43, we determined the average enhancement factor on the 8.2 nm
Au coated film to 2976. This field enhancement factor represents an average of the maximum
factors at the scale of a 1 um region. It quantifies an upper limit of the electromagnetic contribution

of the SERS phenomenon.

Accordingly, we have demonstrated that very slight modifications of the substrate processing
conditions, generating topographic modifications at the nanoscale that are difficult to quantify, can
generate quite significant changes in terms of hot spot density and plasmonic activity. However,
the experimental process used to fabricate the samples is sufficiently reproducible to be able to
repeat several series of samples and confirm our experimental results as shown in Figure 4. This is

a key advantage as we want to optimize our substrates for trace molecule detection.

In parallel to near field responses, far field SERS efficiencies of our substrates are determined. To
do this, the surfaces were functionalized by a 10® M thiophenol solution in ethanol. The treatment
is identical for all the samples of the series. After functionalization of the surfaces, 400 spectra
were recorded from a 20 x 20 pm? area mapping with a 2D map step size of 1 um. For each
substrate, three maps were systematically recorded on different areas and two series of samples
have been studied. Figure 5A highlights normalized Raman intensity mapping on the series of
substrates; note that the 8.2 nm coated surface generates higher Raman intensities. Figure 5B shows

the averaged spectra of an intensity Raman mapping for each film deposition time. It is clear that

11
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the film growth conditions strongly influence the enhancement factors observed in Raman. The
intensity of the average Raman mapping spectrum reaches a maximum for the 8.2 nm coated

substrate. This result is in good agreement with PEEM results and the increase in hot spot density.
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Figure 5. Raman measures. A) Examples of normalized Raman intensity maps of thiophenol at 10
6M based on 400 spectra recorded in 20 x 20 um? area. P=2 mW; t= 0.5s; A=633 nm. The intensity

of the Raman spectrum is calculated in the range 300 - 1800 cm'l, B) Averaged Raman spectra
calculated from the recorded maps i.e. for different gold layer thickness (0, 1, 5.4, 8.2, 11.4, 15.2
and 19.5 nm). The Raman spectra are vertically shifted for clarity.

Figure 6 shows the averaged integrated Raman intensity (based on 400 spectra recorded in 20x20
area um?2 area) for the series of substrates in the wavenumber range 300-1800 cm™. If we compare
the Raman intensity values for each substrate to the one obtained when the Au substrate was not
coated by a second gold layer, we obtain the multiplicative factor of the second axis. Figure 6
shows a strong increase in intensity from 0 to 8.2 nm and a slower decrease thereafter, in agreement
with the PEEM results (shown in Figure 4). The relative standard deviation (RSD) values of the

calculated Raman intensities in the range 300-1800 cm-1 over 2 sets of samples and three maps

12
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1 (recorded on each substrate) is about 3%. Such a result prove that the thermal evaporation process

2 allowsto obtain homogeneous surfaces on large areas with a high reproducibility rate.
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Figure 6. Average Raman intensity as function of the deposited gold layer thickness. The
multiplication factors are calculated for each sample with respect to the reference (0s) Au
substrate. P =2 mW,; t = 0.5s; A = 633 nm.

5 To evaluate the enhancement performance of our optimized substrate, the characteristic Raman
6 band intensity at 1000 cm™!' of the typical thiophenol molecule was selected to calculate the

7  analytical enhancement factor (AEF) according to formula (1) *:

ISERS/CSERS

8 AEF = —————
IRam/ CRam

9  Here, Isers and Iram are intensities of the characteristic Raman band at 1000 cm™' of thiophenol by
10 SERS and the normal Raman, respectively. Csers and Cram are the molar concentrations of 10° M
11 inthe SERS and 10 M Raman, respectively. The AEF value is then estimated to 5 x 10* which is

12 similar to values reported in literature *>*’. As expected, the AEF value is bounded by the

13
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electromagnetic contribution to SERS determined previously by photoemission microscopy (< 29*

=7x10°.

Considering the results presented in Figure 4 and in Figure 6, the hypothesis of a close
correlation between the optical responses of the exalted substrate in the near field (PEEM) (without
molecules) and in the far field (Raman, with molecules) appears “natural”. Note that the
polarization of the light is distinct in both experiments (see experimental section).  However, the
manipulated average quantities are still relevant and comparable as they describe the statistical
optical response of a random metal film. To go further, we calculated, for comparison, the intensity
histograms of the PEEM and Raman signals for each Au deposit. First, a pixel binning procedure
was applied to the high-resolution 3PPE PEEM images to obtain equivalent pixels of the size of
the Raman step. In more detail, 10 x 10 um2 PEEM fields of view were binned to normalized maps
of 10 x 10 pixels to match the RAMAN measurement step of 1 um. Signal intensity histograms
were then computed. As an example, Figure S3 presents the distribution of PEEM and Raman
intensities for 8.2 and 19.5 nm coated samples. For both data sets, the full widths at half maximum
(FWHM) of the intensity distributions are larger for 8.2 nm than for 19.5 nm. Ratios of the average
intensities for these two exposure times give approximatively Ireem(8.2nm)/lpeem(19.5nm)= 6.25
for Rpeem and Iraman(8.2nm)/1raman(19.5nm) = 3.9 for Rraman. Let us remind that, for a Au surface,
the PEEM signal intensity scales with the amplitude of the incident electric field as E® whereas the
Raman intensity is proportional to E*“, Thus, the conversion of Reeem to a E* field scaling leads
to a value of 3.4 in close agreement to the one found for Raman. Again, such a result reflects a
clear correlation between experimental signal intensities recorded in PEEM and Raman. Using the

same analysis procedure (PEEM data binning to a matrix of 10 pixels by 10 pixels) we studied the

14
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full series of substrates. Figure 7 (insets) shows the evolution of the PEEM and Raman intensity
distributions as a function of treatment time. It can be clearly observed that the higher the intensity,
the larger the distribution. The substrate with an additional gold layer of about 8.2 nm remains the
one which produces the highest PEEM and Raman intensities. Experimental data sets evolve
consistently in terms of relative maxima and FWHMSs. Let us remind that it is the process of binning

that leads to the PEEM distribution presented in Figure 7; the near-field optical response of our
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Figure 7. Averaged Raman intensity versus the averaged PEEM intensity. The two data sets show a
clear linear correlation. Insets: Raman and PEEM intensity distributions function of treatment time,
respectively top and bottom.

random metallic film has, as expected 33, a Log Normal distribution (Figure S4).

Moreover, by taking advantage of these binned PEEM data, one can plot the averaged Raman
intensity versus the averaged PEEM intensity. As the PEEM signal intensity is proportional to the

amplitude of the incident electric field as E® whereas the Raman intensity is proportional to E*, a

15
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nonlinear evolution is expected. Figure 7 shows that the relationship between both experimental
data can reasonably be well approximated. If the PEEM intensities are modified to a E* field
scaling, a linear regression is clearly obtained and the high value of the regression coefficient R?
(0.987) confirms the proportionality between the Raman and PEEM intensities. A similar result
can also be found (Figure S5) if we plot directly the averaged Raman intensity versus the averaged
PEEM hot spots intensity per um? presented previously in Figure 4, thus confirming that the
binning approach does not affect the analysis of the correlations that exist between the near and far

field optical responses.

Finally, to testthe performance of our optimized sample (8.2nm), SERS measurements have
been performed from solutions of thiophenol (TP), Crystal Violet (CV) and rhodamine B (RhB)
molecules at 108 M (trace level). The experimental conditions are identical for all the samples; the
surfaces were immersed in the solutions for 10 minutes, rinsed with ethanol and water, air-dried
and then analyzed under a microscope. 400 spectra were recorded from a 20 x 20 pum? area mapping
with a 2D map step size of 1 um and then an average spectrum is calculated. Figure 8 shows the
Raman spectra of thiophenol, Violet Crystal and rhodamine B at 10 and 10 M. The characteristic
vibrational modes of the analytes can be easily identified with well-defined bands, even at 108 M
and for molecules that do not graft to the gold surface. Let us also note that no additional band
(possible environmental molecules captured after elaboration or during the analysis) is juxtaposed
to the Raman spectrum of the molecule to detect as can happen with some commercial substrates
with pronounced 3D architectures*. This is an essential and indispensable specificity to be verified
on any support which would be used for applications as a sensor of molecules in the trace state.

According to the high spectral quality (high signal to noise ratio of spectra recorded in less than 7

16
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min), we demonstrated that our optimized SERS-active substrates have sufficient strong

performance and sensitivity for molecular detection.

Rhodamine B

108 M
10 M

100 4

;:“ Violet Crystal
2 x 30
£
g
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x 10
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Raman shift (cm‘l)
Figure 8. Averaged Raman spectra calculated from the recorded maps of

rhodamine B, Violet Crystal and thiophenol at 10° (red curve) and 10°M (blue
curve), respectively. P=1 mW; t=1; L = 633 nm. The Raman spectra are
vertically shifted and amplified by various factors (x33, x30 and x10) for clarity.

In summary, we have demonstrated that the non-invasive optical near field (PEEM) and far field
(Raman) responses of Au random surfaces are closely correlated. In particular, we have shown that
the intrinsic performance of SERS substrates depends quantitatively on both the surface density
and the intensity distribution of hot spots measured by photoemitted electrons. In addition,
thiophenol molecule detection at 10°® M by Raman imaging on optimized nanorough gold
substrates proves that simple thermal evaporation technique can be used to prepare large area

homogeneous and efficient SERS-active substrates with an excellent spatial reproducibility. We

17
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believe therefore the reported results will be of interest to many research groups wishing to develop
their own SERS substrates for various applications including detection and identification of trace

and bio or molecular sensing since such substrate can detect molecules from 10 and 10 M.

18
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EXPERIMENTAL SECTION

Substrate fabrication. Samples were prepared by cleaning a silicon wafer (@ = 10cm, BT
Electronics, Intrinsic-SSP, thickness = 500-550 pm) in HCI/MeOH (1:1) solution, then
deionized water and dried under normal air conditions. The cleaned Si substrate was then placed
into a thermal evaporator (Plassys ME300, France) and a 100 nm thick gold layer ( atom flux
controlled by a quartz microbalance system) was deposited with a rate of 0.1 nm/s at a pressure
of 5.10% mbar (Scheme 1). Our reference substrate made of 100 nm of gold on silicon wafer
has been chosen to avoid any Raman signals from the silicon wafer (first and second order at
520 cm* and 1000 cm™ respectively) during SERS measurements. The silicon/gold reference
substrate was then cut into small pieces of about 8 x 8 mmz2. On each small piece, an additional
gold deposition was made by thermal evaporation with different exposure times (1-150 s) in
order to study the relative influence of the surface topography on hot spot density and thus on

SERS intensity. The fabrication process is summarized in Scheme 1.

Scheme 1. Schematic representation of the fabrication of the SERS substrates. Two steps
preparation method: (i) Deposit of 100 nm of gold by PVD on silicon wafer and (ii) additional

gold depositions of increasing thickness (0 to 19.5 nm).

19
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Surface functionalization. Thiophenol (97%, ACROS Organics), Crystal violet (ACS reagent,
>90% anhydrous basis, Sigma-Aldrich) and Rhodamine B (Sigma-Aldrich) were each diluted
with ethanol (99.8%, Sigma-Aldrich) to obtain a 10® M and 10 M of respective solutions. The
different substrates (gold-treated silicon/gold wafer) were immersed in 2 ml of solutions for 10
minutes, then rinsed into ethanol (30 s) and ultrapure water (30s) to remove non-specific
binding molecules. The functionalized substrates were then studied by Raman imaging without

any additional cleaning.

Instrumentation

Scanning Electron Microscopy (SEM). SEM images were recorded using a ZEISS SUPRA 55
SAPPHIRE (Carl Zeiss, Jena, Germany) scanning electron microscope under a dynamic high
vacuum of the order of 8.10° Pa. The SEM is equipped with a field emission electron gun

(FEG). The measurements were done at 3 kV.

Statistical analysis of surface morphology. To calculate the average grain size from the SEM
images we used the Interface Distribution Function (IDF) method.** This function is the second
derivative of the height autocorrelation function (ACF) which can be calculated from any 2D
images. It represents the probability distribution of finding two interfaces at a distance r. The
first negative minimum of this function corresponds to the long period of the surface and the
first positive maxima to the grain sizes and the inter-grain distances. For the calculation of IDF,
radial-ACF function was extracted from the SEM images using Gwyddion freeware. Origin®

software was used to calculate the IDF function from the radial-ACF.
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Atomic force microscopy (AFM). Film-thickness measurements were carried out using an
Agilent 5500 AFM in intermittent-contact mode. To determine the thickness of the additional
gold layer, bare silicon wafers were systematically added to the sample holder during the gold
deposition. The gold layer was then scratched to reveal the underlying silicon substrate and an
AFM image of the scratched region was performed. Film thickness can then be calculated from

the distance between the two maxima of the height distribution function.

PEEM Microscopy. An Elmitec SPELEEM 111 photoemission electron (PEEM) microscope
working under UHV pressure was used. PEEM fields of view vary from 1 to 120 pm, with a
spatial resolution better than 20 nm. Surface illumination was carried out at the visible
wavelength of 633 nm to match the Raman excitation wavelength. A Ti:Al2O3 pulsed laser
source (Chameleon Ultra Il Coherent Inc. 150 fs pulse duration) was used to pump an optical
parametric oscillator (Mira OPO APE GmbH) delivering 295 fs light pulse at 633 nm.
Polarisation is transverse magnetic (P). Laser irradiance is in the range 1-3 GW/cm2. The angle

of incidence is fixed to 13° (grazing incidence).

PEEM image processing. Hot pots are counted by image processing. Specifically, PEEM
images are cross-correlated with a representative signature of the hot spots (pattern
recognition). Thresholding is then applied to the correlation product to extract the positions of
the hot spots within the image. Knowing the position of hot spots in an image gives access to
their respective maximum intensities and allows the construction of histograms. Image
processing is performed using a homemade software (ImaGo L. Douillard CEA IRAMIS

SPEC). Gwyddion was also used for additional data processing.
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Raman analysis. Raman measurements were performed using a Witec Alpha 300R confocal
Raman spectrometer. The spectrometer is equipped with both a 633 nm (He-Ne laser), and 600
tr/mm grating which results in 2 cm™ spectral resolution. The Raman spectra were recorded in
air using a Zeiss x100 magnification objective (N.A. = 0.9), spot size around 1 pm, in
backscattering configuration. The laser power at the sample and time integration were fixed
respectively at P =2 mW and 0.5s to avoid unintended surface modification or degradation. For
each condition, 4 substrates were systematically elaborated and 3 different area mappings (20
x 20 um2 witha X and Y step 1 um) were acquired on each substrate. Data processing was done
using the Witec Project Five software (version 5.1) including the cosmic ray removal correction

function and a shape function for the background subtraction.
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