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Exploring plasmonic hotspots of Au tilted nanocolumns and their application to the uracil detection by surface-enhanced
Raman scattering

Grégory Barbillon, Mathilde Faure, Ludovic Douillard, Eric Caudron, Christophe Humbert, José Miguel Garcia-Martin

« Statistics on distribution of plasmonic hotspots (density
and intensity) in the spectral range from 680 nm to 1080
nm.

 Correlation between SERS intensity and density/intensity
of plasmonic hotspots.

¢ Sensitive detection of the uracil molecule at the concentra-
tion level of 6 nM.
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Abstract

In this work, an investigation on plasmonic hotspots of Au tilted nanocolumns and their application to the uracil detection by
surface-enhanced Raman scattering (SERS) is addressed. These Au tilted nanocolumns are fabricated by employing a low-cost and
easy-to-implement fabrication technique, which is the glancing angle deposition with magnetron sputtering. Moreover, these Au
nanocolumns can generate a great density of highly confined electric field zones, called hotspots, located in the nanogaps between
the nearest nanocolumns. The photoemission electron microscopy is employed to obtain the statistics on the distribution of these
plasmonic hotspots with a high accuracy (spatial resolution of 10-20 nm) in the spectral range from 680 nm to 1080 nm. Thus, the
SERS intensity can be correlated with the density and the intensity distribution of these plasmonic hotspots. Finally, the plasmonic
hotspots of the Au nanocolumns are used to assess the limit of detection (LOD) of the uracil molecule by SERS. This LOD is

determined at 6 nM demonstrating the good sensitivity of our Au nanocolumns compared to the existing literature.

Keywords: Surface-enhanced Raman scattering, Plasmonics, Photoemission electron microscopy, Glancing angle deposition,

Hotspots, Uracil

1. Introduction

Over the last twenty years, the interest for the development
of sensitive plasmonic substrates for the surface-enhanced Ra-
man scattering (SERS) nanosensing has greatly grown owing
to their localized surface plasmon resonance (LSPR) adapt-
able in the spectral range from visible to near-infrared domains
[L, 2 3L 14]. These localized plasmons can produce high con-
fined electric fields (hotspots), thus inducing an improvement of
the Raman signal when their LSPR are very close to the excita-
tion wavelength employed for Raman experiments. Moreover,
the plasmonic hotspots (HS) can be set by adjusting the nature,
shape, and size of metallic nanostructures [, 6, [7, [8 9} [10]. To
obtain these plasmonic nanosystems, several fabrication tech-
niques are available as self-assembly methods [11} 12} [13} [14],
lithographic technologies [[15} 116} [17, [18} [19, 20, 21]] some
of which are used in the microelectronic industry for in-
stance, and the methods of physical vapor deposition (PVD)
220 23| 24, 25| 26]. Alternative SERS substrates emerged
as the flexible SERS substrates produced with different tech-
niques of fabrication [27} 28| [29]. For example, Zhou’s group
demonstrated the fabrication of flexible SERS substrates ob-
tained by dispersing a solution of Au nanoparticles and ex-
panded graphite on filter papers [30]. In another work, Lin’s
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group produced this type of SERS substrates consisting of a
PDMS film covered by Au nanosphere-coated polystyrene mi-
crospheres obtained by the method of layer-by-layer transfer
[31]. Nevertheless, lithographic processes require long time
and a high cost. Furthermore, different complex steps of
chemical processes can be involved in the technology of self-
assembly. Concerning PVD techniques, a smart technology is
the oblique angle deposition (OAD) allowing the realization of
alloy or only metal nanostructures serving as SERS substrates
[32], for instance. Among PVD methods, the most suitable
technique for industry is the magnetron sputtering, which is
a low-cost and easy-to-implement fabrication technique, thus
permitting a large-scale production on huge surfaces. For in-
stance, Wang’s group used the magnetron sputtering associated
to a technique of surface-wrinkling for the production of 3D
flexible SERS substrates composed of a film of wrinkled poly-
dimethylsiloxane (PDMS) covered by silver nanoparticles [33l].
Several metallic nanostructures can be realized with the OAD
technique [34,135,136} 137]] as nanocolumnar films, which are re-
alized when the tilt angle (angle between the normal to the sub-
strate and the atoms flux) is above 70° that is commonly called
glancing angle deposition (GLAD). The obtained nanocolumns
are very interesting for the SERS nanosensing, because they
present confinements and enhancements of the electric field lo-
cated in the nanogaps between the nearest nanocolumns (gap
plasmons) [38l [39]. A great number of groups also demon-
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strated the fabrication of SERS substrates by employing the
GLAD or OAD techniques. The geometries obtained with these
techniques are numerous, for instance, tilted Ag and Ag@Au
nanorods, Au multimers, and nanoparticles composed of metal—
insulator—metal, reaching enhancement factors (EFs) of around
10° — 10® for the Raman signal [40, 41} 142|143} 144|145, 46| 147]).

Nonetheless, all these research groups did not necessarily
consider the correlation between the SERS intensity and the in-
tensity distribution/density of the plasmonic hotspots. In or-
der to have a complete description of the phenomenon, the
near-field distribution of the plasmonic nanosystems must be
obtained. In general, the studies of the near-field distribu-
tions of these plasmonic nanosystems are obtained by using
numerical simulations [48] 49, [50]. From an experimental
point of view, the near-field can be observed by means of sev-
eral techniques [S1] such as scanning near-field optical mi-
croscopy (SNOM) [521153} 154,155} 156], near-field ablation tech-
nique of a substrate (NFA) [57, 58]], nonlinear fluorescence mi-
croscopy (NFM) [59, 160] and nonlinear photopolymerization
(NPh) [61} 62]. Nevertheless, these techniques present limi-
tations such as a possible perturbation of the evanescent field
due to excitation of localized surface plasmon and lightning-
rod geometric effects at the tip-surface junction (intrusive tech-
nique) and a low reproducibility of the tip for SNOM technique,
permanent damages on samples for NFA technique, and a spe-
cific coating of the plasmonic nanosystems with a layer of pho-
topolymers (or dyes) for NFM and NPh techniques, which al-
ters the LSPR properties. Thereby, experimentally obtaining
near-field images of plasmonic nanosystems with a very good
spatial resolution stays a challenge. A non-intrusive experimen-
tal technique exists to obtain near-field pictures with a spatial
resolution of 10-20 nm, it is the photoemission electron mi-
croscopy (PEEM) [63} 164} 65} 166]. The principle of the PEEM
technique is related to the collection of electrons emitted from
near-field hotspots. For Au nanostructures, the PEEM signal
corresponds to collected electrons after a three-photon absorp-
tion process [67, [68]], thus allowing to produce images in in-
tensity with an excellent contrast. These PEEM images per-
mit to distinguish the hotspot distribution on the surface of our
SERS substrates. Therewith, numerous research groups have
employed PEEM microscopy to investigate the near-field dis-
tribution and dynamics of plasmons on particles and substrates
at the nanoscale [69, [70, (71} 72}, {73\ [74]].

Herein, we present an investigation on the plasmonic
hotspots of Au tilted nanocolumns realized by glancing angle
deposition (magnetron sputtering). In previous works [38] 39],
we have shown that such tilted nanocolumns exhibit good per-
formance as SERS substrates due to the existence of hotspots,
which had been experimentally determined in a small area mea-
suring 500x500 nm? and at an excitation wavelength of 633
nm using near-field scanning optical microscopy. In this work,
by using the photoemission electron microscopy, statistics on
the intensity distribution and density of plasmonic hotspots are
obtained on a wide spectral range from 680 nm to 1080 nm.
Next, these plasmonic hotspots are used to detect the uracil
molecule in order to assess the detection sensitivity of our Au
nanocolumns. We choose here the uracil molecule because this

biomolecule is involved in various biological processes ranging
from the RNA formation to metabolic pathways in certain bac-
teria [[75} [76]], and through the generation of a certain number
of DNA mutations [77]. Even so, its detection is relatively little
studied in the literature [78, 179} 180, 81, 82]]. Indeed, a large part
of studies concerns the orientation taken by the uracil molecule
during its adsorption on a metallic surface [83 8485/ 86].

2. Experimental Methods

2.1. Fabrication of the Au tilted nanocolumns

The nanocolumn film was prepared with magnetron sputter-
ing in an UHV chamber (base pressure in the 10~!9 mbar range)
on a Si (110) substrate from Si-Mat (Kaufering, Germany) fol-
lowing the same process than in reference [39]]. The magnetron
source was supplied by AJA (North Scituate, MA, USA), a cir-
cular Au target of 3.8 cm in diameter was used, and the distance
between substrate and target was 19 cm. An Ar plasma with 1.5
x 1073 mbar base pressure was used for the sputtering. First,
in the standard configuration with substrate parallel to the tar-
get, an initial bonding layer of Ti was deposited to improve the
adhesion between the substrate and the subsequent Au layer.
Direct current (DC) excitation at 100 W constant power was
applied during 192 seconds to obtain a 5 nm thick Ti contin-
uous film. Then, the substrate was tilted 84° to sputter Au in
glancing angle deposition (GLAD) configuration and promote
nanocolumn growth due to atomic shadowing mainly [87]. For
Au, the DC power was 100 W and the deposition time was 20
minutes. After fabrication, the samples were kept in fluoroware
wafer boxes in ambient conditions.

2.2. SEM Characterization

Scanning electron microscopy (SEM) with a FEI Verios
460 field emission microscope (FEI Europe B.V., Eindhoven,
Netherlands) was used to determine the morphology and thick-
ness of the Au nanocolumn film. The images were obtained
with 2 kV acceleration voltage (i.e., low voltage) and 25 pA
electron beam current in order to get a detailed definition of the
surface. In the case of cross-section imaging, the sample was
cut by cleavage.

2.3. Photoemission electron microscopy

Surface illumination is achieved using a pulsed mode-locked
Ti:Al,O3 laser system (Chameleon Ultra II laser source, Co-
herent Inc.) delivering tunable photons in the wavelength range
(680, 1080 nm), i.e., the energy range (1.15, 1.82 eV). The
pulse repetition rate is fixed at 80 MHz. Each pulse exhibits
a profile of 155 femtosecond (fs) duration. The excitation light
beam is focused at grazing incidence (16° off surface plane)
on the sample surface using a 150.5 mm focal length lens
(Thorlabs LA4904). The polarization is transverse magnetic
(i.e., p-polarized). The laser irradiance is in the range 0.15-
0.3 GW/cm?. Near-field images are acquired using a photoe-
mission electron microscope (spectrometric LEEM/PEEM III,
Elmitec GmbH) operating in ultrahigh vacuum at a pressure in
the low range of 107! mbar. The PEEM fields of view range



from 1 to 120 ym, with a final spatial resolution better than 20
nm. The instrument operates in total electron yield (no energy
filtering).

2.4. Processing of PEEM images

In PEEM imaging mode, the brightness measured in a given
image area is proportional to the electron emission from that
area. The collected electron emission reflects the optical near-
field at the substrate surface. For a nanostructured surface made
of Au, the photoemission signal scales as the sixth power of
the local field o< (Ejpeq)® [67]. Near-field hotspots are counted
by image processing. Specifically, PEEM near-field images are
cross-correlated with a representative hotspot signature (pattern
recognition). Thresholding is then applied to the correlation
product to extract the positions of the hotspots within the image.
Knowing the positions of hotspots in an image provides access
to various near-field characteristics such as hotspot surface den-
sity, averaged intensity, and intensity histograms, for instance.
Image processing is performed using a homemade software
(ImaGo developed by L. Douillard CEA IRAMIS SPEC, see
Appendix for more details in the processing of PEEM images).

2.5. Uracil Deposition

To do the aqueous solutions of uracil (>99%, ThermoFisher)
at neutral pH, the uracil powder is diluted to a concentration
of 1073 M by using deionized water (18.2 MQ), then soni-
cated during around 30 min up to the complete dissolution of
the powder. Next, this solution is diluted with deionized wa-
ter at concentrations ranging from 1074 M to 10~° M. 60 uL
of each uracil solution are deposited on Au nanocolumns, next
dried at room temperature.

2.6. Reflectance and Raman Spectroscopies

Differential reflectance spectroscopy is performed using a
Cary-5000 spectrophotometer (Agilent) in reflection configura-
tion of unpolarized light reaching the sample with an incidence
angle of 7° with respect to the normal direction to the sample
surface. The reference spectrum is bare silicon prior nanocol-
umn deposition. The reflectance is obtained from the following
definition: Reflectance = logjo(Ro/R) where Ry and R are the
reflectivity measurements of the silicon substrate without and
with Au nanocolumns, respectively [881[89]]. SERS spectra are
acquired using a commercial spectrometer from Horiba Scien-
tific. The employed model is a Labram HR with an excellent
spectral resolution (< 3 cm™!). The chosen wavelength of ex-
citation is 785 nm with a laser power of 2.2 mW, a wavelength
in the spectral range (680-1080 nm) of our PEEM study. The
acquisition time is adjusted at 2 s. The focus of the excitation
laser on Au nanocolumns is realized through a microscope ob-
jective (N.A. = 0.75; x80). By this objective, we also collect
SERS signals coming from our samples. The mean of SERS in-
tensities and relative standard deviations (RSD) are determined
with the acquisition of 10 SERS spectra at different positions
taken randomly on Au nanocolumns. All SERS experiments
have been obtained at least two weeks after the substrate fabri-
cation, some of them were even used after several months, and
no difference was observed.

3. RESULTS AND DISCUSSION

In the first place, the Au nanocolumns are fabricated by us-
ing the process described in section 2.1} then characterized
by SEM. The figure [Th,b shows representative SEM images
of the Au nanocolumns, from the top and in cross-section.
Nanocolumns can be observed tilted towards the direction of
atomic flow during deposition (yellow arrow in the figure[Th,b),
and the tilt angle of the nanocolumns with respect to the sub-
strate normal is § = 60°, in excellent agreement with previous
results for Au [90]. From cross-section images, the thickness
of the nanocolumnar film is about 75 nm and the average diam-
eter of the nanocolumns is 26 = 4 nm. However, as it can be
seen in the top view images, some nanocolumns coalesce in the
direction transverse to their axis, since the atomic shadowing
mechanism that induces the development of the nanocolumn
morphology in the GLAD configuration only acts in the direc-
tion of the incoming atomic flux, and thus does not limit the
growth in that transverse direction. In addition, the reflectance
spectrum of Au tilted nanocolumns is performed and displayed
in the figure[Tk.

Reflectance (Arb. units)

-0,10!

5 T T T T T T T T T
600 650 700 750 800 850 900 950 100010501100
Wavelength (nm)

Figure 1: Representative SEM pictures of Au nanocolumnar thin films: (a) top-
view and (b) cross-section. The white scale bar is 200 nm in both pictures. The
yellow dotted arrow indicates the projection of the atomic flux direction during
the Au deposition, and f is the tilt angle of the nanocolumns. (c) Reflectance
spectrum of Au tilted nanocolumns.
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Figure 2: (a) HS surface density, (b) average HS intensity, and (c) mean effective surface of one hotspot (S,yy) versus excitation wavelength on the spectral range
of 680-1080 nm. PEEM images of Au nanocolumnar thin film (field of view = 16.7 um in diameter) recorded at different excitation wavelengths (A.y.): (d) 698 nm
(Pt A), (e) 785 nm (Pt B), (f) 1004 nm (Pt C) and (g) 1044 nm (Pt D), and their respective histograms of the integrated intensity distribution of hotspots: (h) 698 nm,
(i) 785 nm, (j) 1004 nm and (k) 1044 nm, where D1 to D10 represent the deciles from the first to the tenth for the integrated intensity of hotspots.

From this latter, several more or less pronounced "dips"
can be distinguished corresponding to plasmonic resonances
[81l due to the coupling of the localized surface plas-
mon resonance (LSPR) of the individual nanocolumns, thus
broadening and redshifting the LSPR band. Next, the Au
nanocolumns are characterized by PEEM to obtain hotspot im-
ages as well as their distribution statistics on the surface of Au
nanocolumns in the spectral range of 680-1080 nm. Figure
[Zh,b,c represents the hotspot surface density as a function of
excitation wavelength as well as the average intensity of the
hotspots and the mean effective surface of one hotspot (S.z¢).
Figure 2h shows that the surface density of hotspots decreases
linearly with the excitation wavelength. This behaviour is con-
sistent with the scaling law predicted in the infrared domain for
o, > o [67,92,93], where o, is the Au plasma frequency (®,
= 8.45 eV (146 nm) for a thin film of Au [94])). In the figure
[Zb, we note high values of average HS intensity located around
700 nm and in the IR region (980-1080 nm). Next, we observe
high values of S, s located in these same regions, as displayed

in the figure 2.

In addition, the figure 2ld.e.f,g displays four representa-
tive images of hotspots distributed on the surface of the Au
nanocolumnar film. Three of these images are recorded at max-
imum values of the average HS intensity (named A, C, and D,
see figure 2b), and the remaining one (named B in figure Zp)
is recorded at the excitation wavelength (785 nm) that is used
for the SERS experiments. Moreover, these maximum values
of the average HS intensity are rather in good agreement with
the plasmonic resonances ("dips") observed in the reflectance
spectrum (see figure [Tk), and for the value of the average HS
intensity recorded at 785 nm, this latter is close to a plasmonic
resonance around 812 nm (see this less pronounced "dip" in fig-
ure[Tk). Furthermore, the respective histograms of the hotspot
intensity distribution associated to these four images are dis-
played in figure 2h,i,j,k. Examination of the histograms shows
a large number of low-intensity hotspots. Whatever the excita-
tion wavelength, the number of hotspots in the first decile repre-
sents a fraction in excess of 75%, this fraction becomes 97.5%
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Figure 3: (a) SERS spectra recorded at the excitation wavelength of 785 nm for uracil concentration ranging from 1 mM to 6 nM. The numbers from I to XII
correspond to the characteristic Raman peaks of the uracil molecule. The inset depicts the orientation scheme of the uracil molecule on Au nanocolumns. (b) SERS
intensity as a function of the uracil concentration (M), and the blue dots and the blue line correspond to experimental data and the fit with the Langmuir-type model
(R? = 0.981), respectively. The red circle corresponds to the detection limit (LOD), and the orange rectangle represents the zone of noise level.

below the median class. Statistically, the relative fraction of in-
tense hotspots increases with wavelength. For example, if we
consider the population of hotspots above the first decile (D1),
i.e., the 9/10 of the hotspot population above the 1/10 least in-
tense hotspots, its evolution increases with wavelength: hotspot
population fraction (> D1, in %) is 17% at 698 nm, 5% at 785
nm, 22% at 1004 nm, and 25% at 1044 nm. Overall, com-
bined with the linear decrease of the hotspot surface density
with the excitation wavelength, the average number of intense
hotspots (> D1) presents a minimum in the middle part of the
probed wavelength interval, as suggested by the average value
of hotspot intensity (see figure Zb). The average number of in-
tense hotspots (> D1) within a circular field of view of radius
8.3 um (218 pm?) is 320 HS at 698 nm, 76 HS at 785 nm,
143 HS at 1004 nm, and 110 HS at 1044 nm. In summary, the
points A, C, and D would be very interesting to use for SERS
experiments, but we have a unique excitation wavelength (here
785 nm corresponding to the point B) included in the spectral
range (680-1080 nm) of our PEEM study. Nevertheless, the
point B remains interesting because the number of hotspots is
important even with a lower average HS intensity. Moreover,
we demonstrated by using finite-difference time-domain simu-
lation in a previous work [38] that the enhancement factor of
the electric field IEI/IEq| reached a value of up to 30 at the exci-
tation wavelength of 785 nm due to the LSPR coupling of the
individual nanocolumns, broadening and redshifting the LSPR
band, confirmed here by the reflectance spectrum of the Au
tilted nanocolumns. This high HS number allows for reaching
a good sensitivity of detection, and therefore, we apply it for
determining this latter regarding the uracil molecule, by SERS.

To assess the detection sensitivity of our Au tilted
nanocolumns, we functionalize them with uracil by employing
the method described in section 2.3] Next, SERS spectra are

Table 1: Characteristic Raman peaks of the uracil molecule (6 = in-plane bend-
ing, v = stretching, see also the inset of the ﬁgureEh for C2, C4, C5, C6, and
N1).

Ref. Raman shift (cm™1) Vibration modes

I 439 4(C2=0, C4=0)

I 558 Ring deformation

1 593 Ring deformation

v 800 Ring breathing

\Y 1027 v(ring), 6(C6-H)

VI 1045 Ring deformation
VII 1216 v(C6-N), §(N1-H, C5-H, C6-H)
VIII 1251 v(C4-N), §(N1-H, C5-H, C6-H)
X 1364 v(C4=0), 6(N1-H, C6-H)

X 1395 6(N1-H, C5-H, C6-H)

XI 1584 v(C4=0), 6(N1-H, C6-H)
XII 1630 v(C2=0) + v(C4=0), §(N1-H)

acquired at the excitation wavelength of 785 nm. On the SERS
spectrum recorded at the 1 mM concentration shown in Figure
Bh., twelve Raman peaks characteristic of the uracil molecule
are well discerned [83! 84! |95]](see Table ED The appearance of
these Raman peaks indicates that the adsorption structure of the
uracil molecule is in its form tautomer II (i.e., the bond Au—N is
on the atom N3, see the inset of the figure[Bp) and perpendicular
to the surface of Au nanocolumns [83)84].

In order to establish the limit of detection threshold for uracil
molecules, we opt for the most intense Raman peak located at
800 cm~!. SERS spectra are acquired for uracil concentrations
ranging from 6 nM to 1 mM (see Figure[3p). Next, we plot the
SERS intensity of the chosen peak as a function of the uracil
concentration (see Figure[3b). The uniformity of the SERS sig-
nal on Au nanocolumns is assessed by recording its intensity



at 800 cm~! on 10 different locations of the sample taken ran-
domly. The relative standard deviation (RSD) is determined
(see error bars in Figure Bp) with a mean value of RSD infe-
rior or equal to 15% for all experimental values. A limit of the
detection threshold (LOD) of 6 nM is achieved for Au tilted
nanocolumns, defined as a SERS signal significantly above the
noise level. More precisely, the latter is determined with the
following definition in [96]: minimum intensity level = I x +
kOpiank, where Ipjqqi 1s the average value of the SERS intensity
of blank (i.e., without uracil) at Raman peak of 800 ecm ! (in
our case), Opjqnk 1S the associated standard deviation and & is a
factor chosen with a confidence level of 95% (here k = 3). From
the SERS spectra displayed in Figure B, we determine that the
minimum intensity level is 104 Counts.mW ™' .s™! (I = 68
Counts.mW~!.s7!, 6y = 12 Counts.mW~!.s~1). This min-
imum intensity level is represented by the orange rectangle in
Figure[Bp. Note also that the determined LOD doesn’t take into
account potential interference from molecules structurally sim-
ilar to the target uracil molecule like urea and/or uric acid or
even other nucleobases (e.g., adenine, guanine). We assume
that this LOD is due to the important number of hotspots present
on Au nanocolumns sample at this excitation wavelength of
785 nm rather than to their average intensity. Furthermore, this
LOD is better than those obtained with polymethylmethacry-
late optical fibers covered by a layer of polyvinylidene fluoride
and Ag nanoparticles (LOD = 384 nM, [78]]), plasmonic hier-
archical nanoaggregates in form of raspberry (LOD = 300 nM,
[[79]]), hybrid plasmonic nanojunctions (LOD = 27 nM, [I80)),
plasmonic aluminum nanohole arrays (LOD = 1 nm of uracil
molecule thickness, [81]), and of the same magnitude order
than that of aligned diphenylalanine nanotubes coated with Ag
nanoparticles (LOD ~ 1 nM, [82]). Next, ﬁgureEb shows a fit
of the SERS experimental data using a Langmuir-type model,
as follows [97, 198, 99]:

I=1 Kadcura

_— 1
e 1+ Kudcum ( )

where C,,, represents the investigated concentration of uracil,
and K, is the adsorption constant. I describes the SERS inten-
sity at the concentration C,,,. I, corresponds to the highest
value of the SERS intensity corresponding to the complete for-
mation of an uracil monolayer. Therewith, we report a good
agreement between the experimental values and the Langmuir
model depicted in Figure Eb (see the blue line). K,; is deter-
mined from this model and K, is 1.9 x 10° M~!. This value
highlights a good affinity of adsorption for the uracil molecule
on the Au nanocolumns. By analogy, the Langmuir-type model
also allows to determine the coverage rate of the uracil molecule
Omol as a function of its concentration in the aqueous solution
using the equation [100]], where Gpgx = 7.79 x 1019 mol/cm?
represents the surface coverage of an uracil monolayer (vertical
position) on an Au surface [101]]. At the limit of detection, we
obtain a coverage rate Gy, / Opax = 0.0113.
Kadcura

(o] =Onmax——————— 2
'mol max 1+ K,y Cum ( )

As an illustration, this coverage rate can be easily translated
into the number of molecules probed in the Raman experiment,
based on knowledge of the active SERS surface area. As a first
approximation, the active SERS surface (Sgy) inside the laser
focus corresponds to the cumulative sum of the effective ar-
eas of the numerous individual hotspots: Sgs = Srocus X Drs X
Serf, where Srocys 1 the laser spot area (Sppcus = 1.28 pmz
[LO2]]), Dgs is the surface density of the hotspots at the work-
ing wavelength whatever the hotspot intensity. Dgg is extracted
from figure , Dyg=6.5 hotspots/pm2 (at 785 nm). S, 7y corre-
sponds to the average effective area of one single hotspot. This
effective area can be estimated from the PEEM near-field maps
and corresponds to an average value of 5.304 x 107> um? at
Aexe = 785 nm (see figure ). Note that this (over)estimate is
an approximate value, uncorrected for the point spread function
(PSF) of the electron optics of the photoemission microscope,
and also that the mean effective area determined by PEEM is
assumed to be valid for SERS measurements (S,rpeepm) =
Serf(sers))- This point is valid only as a first approximation,
since the illumination regimes are distinct between the two ex-
periments. This gives an active surface Sy = 4.41 x 1072 um?
within the laser focus. The number of probed molecules N,
is the product of the molecular coverage rate G,,, extracted at
the detection limit (Langmuir-type model) by the calculated ac-
tive SERS surface Sys: Nyor = Navo X Omor X Sus, where Nay,
is the Avogadro number. We obtain a total number of probed
molecules of 2334 at the limit of detection, i.e., an average of
281 probed molecules per hotspot, whatever its intensity at 785
nm excitation wavelength. Figure 4 illustrates the SERS signal
intensity vs number of probed molecules for both population
sets.
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Figure 4: SERS intensity as a function of N, where red triangles and blue
dots represent the experimental results for the number of uracil molecules de-
tected per hotspot and on hotspots present in the laser spot area, respectively.
The dashed red and solid blue curves are the linear fits of which equations are
y=0.114x+34.13 (R* = 0.993) and y = 0.0137x+ 34.15 (R? = 0.993), respec-
tively.



4. CONCLUSION

In this investigation, we obtained distribution statistics of
hotspots for Au tilted nanocolumns by using the photoemis-
sion electron microscopy in the spectral range from 680 nm
to 1080 nm by step of 10 nm with a spatial resolution down
to 20 nm. PEEM data confirmed the linear decay law of the
hotspot surface density as a function of wavelength in the near
infrared wavelength range. Next, a sensitive SERS detection
of uracil molecules was realized by employing these Au tilted
nanocolumns fabricated with magnetron sputtering in glancing
angle deposition configuration (low-cost technique). A limit
of detection threshold of 6 nM was achieved for Au tilted
nanocolumns close to those reached with the different SERS
substrates published in literature. We reported that this detec-
tion limit was due to the important number of hotspots present
on Au nanocolumns sample rather than to their average inten-
sity, recorded at the excitation wavelength of this investigation.
Furthermore, a uniform SERS signal for Au tilted nanocolumns
with an average RSD < 15% was evidenced as well as a value
of the adsorption coefficient K,y of 1.9 x 10° M~! for uracil
molecules on our Au tilted nanocolumns, indicating a good
affinity of adsorption between them. Henceforth, this investi-
gation can offer the possibility of a commercial/industrial pro-
duction of these SERS substrates with an easy-to-implement
and low-cost technique of manufacturing on wide surfaces af-
ter supplementary studies on their selectivity, batch-to-batch re-
producibility, and stability.
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Appendix. Details on PEEM image processing

The starting point of the statistical analysis is an image of
hotspots obtained by photoemission electron microscopy at a
given wavelength and irradiance of the laser light source (see
figure[2]d.e.f,g). Each image contains several hundred hotspots
of various intensities Int;. The aim of image processing is to
extract from such an image a list of hotspots in the form of a list
of triplets (x;, y;, Int;), where (x;, y;) correspond to the hotspot
coordinates (in pixels) of the point of index i in the large image
and Int; represents its PEEM intensity in arbitrary units. This
list is the entry point for more advanced statistical processing
aimed at obtaining important statistical quantities of the point
distribution, such as the average distance between points, the
histograms of intensities, and the surface density, for instance.

The (x;, y;, Int;) list of hotspots is obtained in two steps: the
first step is to obtain a binary image (two-level coding depth
= (black, white) = (0, 1)) of the hotspot positions, the second
step is to multiply this two-level image with the original source
image and extract the maxima in the form of a list (x;, y;, Int;).

Extraction of the hotspot positions is based on the detection
of a generic hotspot feature via a normalized cross-correlation
(NCC) routine. The home-made image processing software
ImaGo implements the normalized cross-correlation as de-
scribed in [T03]]. The first step is to select a generic hotspot, a
template window of size (21 + 1) x (2n + 1) pixels”. The objec-
tive of the recognition procedure is to find instances of the refer-
ence template in a large image by shifting the template window
in a pixel-by-pixel basis and computing the normalized correla-
tion between them at each (x,y) position. The normalized cross-
correlation function is bounded on the interval [—1,1], a value
close to unity indicating a good match between the reference
template window and the processed image feature. The normal-
ized cross-correlation image is then thresholded to retain only
the most intense hotspots close in shape to the reference mask
(i.e., the background noise is eliminated). Hotspot positions are
obtained by extracting the maxima of the thresholded distribu-
tion of the normalized cross-correlation values. Note that the
same reference template window (generic hotspot) is kept for
wavelength image series analysis.

In the home-made image processing software ImaGo, the
NCC is conducted with a template window 9 x 9 pixels? in size
(n =4, user selection). This size is chosen so as to detect close
pairs of hotspots (without overlap). The NCC threshold is fixed
so as to retain a normalized cross-correlation value > 0.9. The
other classic image processing routines (kernel filtering, simple
operations on image), in particular the maxima extraction rou-
tine, are implemented in accordance with the procedures pre-
sented in [L04]).

Data availability

Data will be made available on request.
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