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Abstract: Herein, we investigate the chemical sensing by surface-enhanced Raman scattering regarding
two templates of gold nanocolumns (vertical and tilted) manufactured by glancing angle deposition
with magnetron sputtering. We selected this fabrication technique due to its advantages in terms of
low-cost production and ease of implementation. These gold nanocolumnar structures allow producing
a high density of strongly confined electric field spots within the nanogaps between the neighboring
nanocolumns. Thiophenol molecules were used as model analytes since they have the principal property
to adsorb well on gold surfaces. Regarding chemical sensing, the vertical (tilted) nanocolumnar templates
showed a detection threshold limit of 10 nM (20 nM), an enhancement factor of 9.8 × 108 (4.8 × 108),
and a high quality of adsorption with an adsorption constant Kads of 2.0 × 106 M−1 (1.8 × 106 M−1) for
thiophenol molecules.

Keywords: SERS; sensing; gold; plasmonics; adsorption; thiophenol; GLAD

1. Introduction

Surface-enhanced Raman scattering (SERS) is a mighty and responsive spectroscopic in-
strument with regard to the identification and sensing of chemical and biological analytes [1–7].
Nanostructured metallic surfaces exhibiting plasmonic properties can enhance the Raman signal
thanks to strong confined electric fields (hotspots) generated by the plasmons resonating gener-
ally close to the excitation wavelength used for Raman measurements. These confined electric
fields may be tailored by tuning the size, shape, and composition of metallic nanosystems [8–12].
A great number of fabrication methods exist to develop plasmonic nanostructures and thus
tune these hotspots, such as lithographic techniques [13–20], self-assembly processes [21–24],
and technologies of physical vapor deposition (PVD) [25–29]. However, some lithographic
technologies are expensive and their manufacturing time is long. Moreover, in the self-assembly
method, several complex steps of chemical processes are implied. Regarding PVD methods,
oblique angle deposition (OAD) is a smart strategy for obtaining purely metallic or alloyed
nanostructured surfaces that can be employed as SERS substrates [30]. Among PVD methods,
magnetron sputtering is the most interesting for industrial applications due to its low-cost
and its ease of implementation, thus allowing scaled-up manufacturing on large surfaces [31].
Various metallic nanosystems can be obtained with OAD deposition such as porous nanos-
tructured films [32–35]. In particular, nanocolumnar films are obtained if the tilt angle (angle
between the atomic flux and the normal to the substrate) is above 70◦, and in this case, the
expression glancing angle deposition (GLAD) is commonly used. Such nanocolumnar films are
of special interest for SERS due to the confinement and enhancement of the electric field within
the nanogaps between neighboring nanocolumns [36]. Various works also used the GLAD or
OAD techniques sometimes coupled to other techniques for the fabrication of SERS templates
with a plethora of nanosystem geometries such as tilted silver nanorods, armrest Ag nanorods,
gold trimers and dimers, metal–insulator–metal nanoparticles, and Ag@Au nanorods, achieving
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enhancement factors (EFs) of 8 × 105 to 108 [36–44]. In addition, a large number of research
groups have already investigated thiophenol detection by SERS, reaching EFs of 102 to 106, and
using other manufacturing technologies of plasmonic nanosystems [45–47]. Nonetheless, these
research groups did not consider in their works the constant of adsorption for obtaining a SERS
spectrum. This adsorption constant KAds is a key parameter corresponding to the efficiency
of analyte adsorption on the metallic nanostructured surfaces. KAds can be determined and
extracted from a Langmuir model [48–52].

The goal of this work was to address the efficient detection scheme of thiophenol
molecules by SERS through two designs of gold nanocolumnar structures (vertical and
tilted) manufactured by GLAD magnetron sputtering (low-cost technique). These templates
provide: (i) a high density of strongly confined electric fields within the nanogaps between
the neighboring nanocolumns on large surfaces; (ii) large enhancement factors of the SERS
signal superior to those obtained in the scientific literature with low-cost manufacturing
methods on large areas; and (iii) a high adsorption efficiency of thiophenol molecules on
these gold nanocolumnar structures.

2. Experimental Methods
2.1. Fabrication of the Gold Vertical and Tilted Nanocolumnar Templates

The nanocolumnar films have been fabricated by GLAD with magnetron sputtering in
a UHV chamber (base pressure in the 10−10 mbar range) using a magnetron source supplied
by AJA (North Scituate, MA, USA) with a circular gold target of 3.8 cm diameter. The
geometrical configuration and the deposition parameters were chosen to guarantee that
the deposition occurs in the “low-pressure, long-throw” regime that maximizes the ratio
of ballistic/thermalized atoms, therefore improving the definition of the nanocolumnar
shape [53,54]. The substrate–target distance was 19 cm and a 4.5 cm long cylindrical metallic
chimney was put on the target top to increase the collimation of the sputtered atomic flux
and trap a huge amount of the thermalized atoms [55]. The sputter gas was Argon. The
pressure during the deposition was 1.5 × 10−3 mbar, the lowest value permitting the
formation of stable plasma, therefore minimizing the collisions between sputtered atoms
and Ar+ ions that may lead to thermalization [56]. Direct current excitation was used at
a constant power of 100 W, a value that produced a visible plasma glow that remained
more than 10 cm away from the substrate, which is an indication that the deposition was
performed in the so-called weak plasma regime [57]. The substrate was initially placed
in front of the target (i.e., parallel configuration) and then slanted at an angle of 84◦ to
reach the GLAD condition before deposition was initiated. Glass substrates with 0.75 mm
thickness and 8 × 8 mm2 square shape from Präzisions Glas & Optik GmbH (Iserlohn,
Germany) were cleaned with acetone, isopropanol, and deionized water, then used. For
the sake of obtaining cross-section images, silicon substrates were also used, which were
subsequently cut by cleavage. Films with tilted or vertical nanocolumns were fabricated in
both cases with the same aforementioned conditions and a deposition time of 20 min. The
only additional parameter to achieve vertical nanocolumns was substrate rotation at an
angular speed of 3 rpm [58]. Finally, it has to be mentioned that all of the samples have
an adhesion layer of Ti (5 nm thick) deposited by magnetron sputtering employing the
standard parallel configuration (i.e., without tilt angle between substrate and target) with
100 W during 192 s.

2.2. Thiophenol Grafting on Au Vertical and Tilted Nanocolumnar Templates

For measuring the detection threshold limit of Au vertical and tilted nanocolumnar
templates, we used thiophenol molecules as a marker because of their adsorption quality
on the gold surface [59,60]. In the first place, thiophenol solutions (in ethanol) with con-
centrations from 10 nM to 1 mM were prepared. Afterwards, Au nanocolumnar templates
were plunged in the solution for a period of 24 h accompanied by rinsing with pure ethanol
and subsequent drying with nitrogen. For experiments on a glass substrate without any
gold nanocolumns (serving as reference), a 1 M concentration of thiophenol was employed.
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2.3. Extinction and Raman Spectroscopies

To record extinction spectra, a spectrophotometer from Agilent (Cary-5000) configured
in normal transmission was used. The extinction (E) spectrum was obtained by taking
the following formula E(λ) = log10 (I0/I), where I0 and I are the transmitted intensities
through the glass substrate (reference) and the gold nanocolumnar templates, respectively.
Regarding the SERS measurements, we used a spectrophotometer (Labram) from Horiba
Scientific (Kyoto, Japan) whose the spectral resolution is 1 cm−1, and two excitation wave-
lengths (λexc) at 532 nm (power = 2.3 mW) and 633 nm (power = 1.1 mW). The acquisition
times have been set at 5 s and 10 s, respectively. We concentrated each excitation laser on
the gold nanocolumnar templates via a microscope objective (N.A. = 0.9; ×100). This latter
also allowed the collection of SERS signals from these templates. For experiments on glass
substrate without any gold nanocolumns (serving as reference), the same parameters of
excitation were implemented. All the SERS and Raman spectra were divided by the laser
power and the acquisition time for comparative uses.

3. Results and Discussion

Regarding our sensing study, we compared two types of gold nanocolumnar templates:
(i) with tilted and (ii) with vertical nanocolumns. The templates were fabricated using
GLAD with magnetron sputtering, as described in Section 2.1, adding substrate rotation in
the latter case. Figure 1 shows the representative SEM images of both templates. Besides
the slanted or vertical orientation of the nanopillars that are randomly placed onto the glass
substrate, another important difference can be observed. The atomic shadowing effect that
is responsible for the development of nanocolumns in the GLAD configuration only takes
place in the direction of the incoming atomic flux. As a result, when the substrate is fixed,
coalescence may appear in the perpendicular direction to such flux when the nanocolumns
grow. This is the case of the template with tilted nanocolumns, as shown in Figure 1a,
where some nanocolumns coalesce in the direction perpendicular to their axis, the axis
being defined by the atomic flux direction that is marked by the yellow dotted arrow. In
clear contrast, when the substrate rotates during the deposition, the shadowing effect is
isotropic and the coalescence is reduced, giving rise to much better defined individual
nanostructures with vertical orientation (see Figure 1b).

Figure 1. SEM characterization of the fabricated nanocolumnar templates: top-view images with
(a) tilted and (b) vertical nanocolumns, and cross-section micrographs with (c) tilted and (d) vertical
nanocolumns. For all SEM images, the white scale line is 250 nm. The yellow-dotted arrow in
(a,c) indicates the direction of the atomic flux during gold deposition.
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3.1. Plasmonic Properties of the Gold Vertical and Tilted Nanocolumnar Templates

To find the plasmon resonances of Au vertical and tilted nanocolumnar templates,
we recorded their extinction spectra (see Figure 2). For the tilted gold nanocolumns, we
found two plasmonic resonances at 605 nm and 655 nm. The second plasmon resonance
is relatively near to λexc of 633 nm (Figure 2a). For the vertical gold ones, we found a
plasmonic resonance around 534 nm close to λexc of 532 nm (see Figure 2b). Moreover, the
shape of the extinction curves for the tilted and vertical nanocolumnar templates are clearly
different, and this fact can be related to their respective morphologies. On the one hand,
the clear peak at 534 nm exhibited in Figure 2b by the template with vertical nanocolumns
can be ascribed to the excitation of a well-defined localized surface plasmon of individual
nanostructures. On the other hand, the optical response of tilted nanocolumns shows
the same trend as a continuous gold film [58] but with two small peaks superimposed
(Figure 2a). It can be said that this tilted nanocolumnar template, due to the strong
coalescence of neighboring columns, behaves as a nanocorrugated gold film, and those
small peaks can be associated with plasmonic resonances of the nanoscale roughness.

Figure 2. Extinction spectroscopy measurements for (a) tilted and (b) vertical gold nanocolumnar
templates. The green- and red-dashed lines coincide with λexc of 532 nm and 633 nm, respectively,
used in the subsequent SERS experiments. The black arrows mark the resonance positions.

3.2. SERS Performance of the Gold Vertical and Tilted Nanocolumnar Templates

To measure the detection capability of Au vertical and tilted nanocolumnar templates,
we functionalized them with thiophenol by using the protocol depicted in Section 2.2. Then,
we recorded SERS spectra at two excitation wavelengths, 532 nm and 633 nm. From the
SERS spectra at the concentration of 1 mM displayed in Figure 3, three Raman peaks are
well distinguished, which are characteristic of thiophenol molecules [61,62] (see Table 1).

Table 1. Raman peaks of the thiophenol molecule.

Raman Shift (cm−1) Vibration Modes

999 C–H out-of-plane bending, ring out-of-plane deformation
1022 Ring in-plane deformation, C–C symmetric stretching
1073 C–C symmetric stretching, C–S stretching

For the SERS template composed of tilted Au nanocolumns (see Figure 3a,c), we
observed 5 times higher SERS intensities for the three Raman peaks recorded with the λexc
of 633 nm than for those excited at 532 nm due to the fact that one plasmon resonance is very
close to the λexc of 633 nm. On the contrary, for vertical Au nanocolumns (see Figure 3b,d),
the SERS intensities obtained with the excitation wavelength of 532 nm are 10-fold higher
compared to those at 633 nm owing to the fact the plasmon resonance is close to the λexc
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of 532 nm. It is worth mentioning that, in a previous work combining scanning near-field
optical microscopy with finite-difference time–domain simulations, it has been shown
that the enhanced response of these nanocolumnar templates was due to the existence of
hotspots that are localized in the gaps between neighboring nanocolumns [36]. Considering
that the SERS signal increases in each kind of template when the excitation wavelength is
closer to its plasmonic resonance, we can deduce that these hotspots are associated with
the resonances, with their intensity being stronger when we are closer to them.

Figure 3. SERS spectra of thiophenol (1 mM) obtained with the tilted (left panels) and vertical
(right panels) gold nanocolumnar templates for the two excitation wavelengths: (a,b) at 532 nm and
(c,d) at 633 nm.

In order to fix the detection threshold limit of thiophenol molecules, we chose the
most intense Raman peak (1073 cm−1), the excitation wavelength of 532 nm for vertical
gold nanocolumns and 633 nm for tilted gold nanocolumns. We measured SERS spectra
for thiophenol concentrations ranging from 10 nM to 1 mM (see Figure 4a,b). Then, we
displayed the SERS intensity at the selected peak in each case versus the thiophenol
concentration (see Figure 4c, wherein blue and red colors correspond to vertical and
tilted gold nanocolumns, respectively). Detection threshold limits (LODs) of 10 nM and
20 nM were reached for vertical and tilted gold nanocolumns, respectively. Moreover, we
evaluated the uniformity of the SERS signal for Au nanocolumnar templates by acquiring
the intensity of the SERS signal at 1073 cm−1 on 12 random locations of the template. Thus,
we calculated the relative standard deviation (RSD; see error bars in Figure 4c), and we
reached a uniform SERS signal with an average RSD inferior to 18% for all experimental
data. We also calculated the enhancement factor (EF) for tilted and vertical nanocolumns at
LOD with this expression [63]:

EF =
ISERS
IRaman

× CRaman
CSERS

(1)

where CSERS (10 or 20 nM) and CRaman (1 M) are, respectively, the concentrations of thiophenol
at LOD for gold nanocolumns and glass substrate without any gold nanocolumns. ISERS
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and IRaman are, respectively, the intensities of the SERS and Raman signals at each excitation
wavelength (see the SERS spectra in Figure 4a,b and Raman spectra displayed in Figure S1 in
Supplementary Materials). We achieved EF values of 4.8 × 108 for tilted nanocolumns and
9.8 × 108 for vertical nanocolumns, which are larger than those recorded with other plasmonic
nanosystems for thiophenol detection in the scientific literature (Table 2).

Table 2. Values of the enhancement factor (EF) obtained with our SERS templates (NCs = nanocolumns;
AuNPs = gold nanoparticles) compared to other plasmonic substrates for thiophenol detection.

SERS Template Enhancement
Factor (EF) References

Vertical Au NCs 9.8 × 108 This work
Tilted Au NCs 4.8 × 108 This work

Au nanostar array on silver film 1.9 × 108 [64]
Au nanogap arrays 1.5 × 106 [46]

Au nanogap between AuNPs and Au layer 8.5 × 102 [47]
AuNPs on single-layer porous silicon film ∼102 [65]

Figure 4. SERS spectra of thiophenol on the gold nanocolumnar templates with (a) tilted and
(b) vertical nanocolumns for concentrations ranging from 10 nM to 1 mM. (c) Intensity of SERS signal
versus thiophenol concentration (CThiophenol) for vertical (blue points) and tilted (red diamonds)
nanocolumns. The blue and red curves represent the Langmuir fits for vertical (R2 = 0.984) and
tilted (R2 = 0.995) nanocolumns, respectively. (d) Intensity of SERS signal versus the number
of detected molecules Ndet (thiophenol) for vertical (blue points) and tilted (red diamonds) gold
nanocolumnar templates. The blue and red lines correspond to the linear fits whose linear equations
are y = 0.00098x + 37.95 (R2 = 0.995) and y = 0.00059x + 15.69 (R2 = 0.996), respectively.
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3.3. Adsorption of Thiophenol on the Gold Vertical and Tilted Nanocolumnar Templates

To determine the adsorption properties of Au vertical and tilted nanocolumns, we
treated the experimental data with the following Langmuir model [48–50]:

I = Imax
KadsCTh

1 + KadsCTh
(2)

where I is the intensity of the SERS signal at the thiophenol concentration CTh. Imax is the
maximum intensity of the SERS signal corresponding to the deposition of a thiophenol
monolayer. Lastly, Kads is the adsorption constant. We found good agreements between
experimental data and Langmuir fits (see the red and blue Langmuir fits in Figure 4c).
From these Langmuir fits, we extracted the values of Kads (see Table 3). These latter are
higher than those observed with commercial templates composed of gold-inverted pyramid
structures, which are benchmark SERS templates called Klarite substrates (see Table 3) [49].
Moreover, from previously determined values of Kads, we also calculated the free energy of
adsorption, ∆Gads, by employing this formula [48,66]:

∆Gads = −RT × ln(Kads) (3)

where R and T represent the ideal gas constant and the temperature, respectively. We
observed a higher free energy of adsorption for our SERS templates compared to the Klarite
substrates for thiophenol detection (see Table 3). These values of Kads and ∆Gads denoted a
higher adsorption of thiophenol (benzenethiol) towards Au nanocolumnar templates than
for the commercial Klarite substrates. Furthermore, these values of Kads and ∆Gads also
proved that the benzenethiolate–gold system was an equilibrium system.

Table 3. Values of Kads and ∆Gads obtained with our SERS templates (NCs = Nanocolumns) compared
to commercial Klarite substrates, at the same temperature of 300 K.

SERS Template Adsorption Constant (Kads) Free Energy of Adsorption (∆Gads)

Vertical Au NCs 2.0 × 106 M−1 −36.2 kJ/mol
Tilted Au NCs 1.8 × 106 M−1 −35.9 kJ/mol

Klarite 1.1 × 106 M−1 −34.7 kJ/mol

To complete this investigation, we displayed the intensity of the SERS signal at
1073 cm−1 versus the number of detected molecules (see Figure 4d). We calculated the
number of detected molecules Ndet (here, thiophenol) with the following formula:

Ndet = NAvo × σsur f ace × Sillu (4)

where NAvo depicts the Avogadro number equal to 6.022 × 1023 mol−1. Sillu here describes
the surface illuminated by the laser spot whose diameter is around 720 nm at λexc of 532 nm,
and 860 nm at λexc of 633 nm [67] (Sillu = 4.1 × 105 nm2 and 5.8 × 105 nm2 at λexc of 532 nm
and 633 nm, respectively). Lastly, σsur f ace corresponds to the surface coverage of thiophenol
calculated with this formula [48]:

σsur f ace = σmax
KadsCTh

1 + KadsCTh
(5)

where σmax represents the surface coverage for a monolayer of benzenethiol
(σmax ≈ 5.44 × 10−10 mol/cm2 [68]). Kads and CTh have been defined previously, and
each Kads value was calculated from Figure 4c and is shown in Table 3. From Figure 4d,
we observed a linear variation of the SERS intensity when Ndet increases for each gold
nanocolumnar template. Moreover, the slope (related to the sensitivity) is higher for the
gold vertical nanocolumnar template. We associate this behavior with the fact that the
plasmonic resonance present in the vertical nanocolumns is more intense and better defined,
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as discussed above (Section 3.1), which therefore gives rise to better localized and more
intense electric field hotspots in the nanocolumn gaps.

4. Conclusions

Herein, we have evidenced an excellent SERS detection of thiophenol molecules using
vertical and tilted gold nanocolumns fabricated with a low-cost technique, namely GLAD
with magnetron sputtering. We focused on thiophenol analyte due to its strong adsorption
affinity on metals. We achieved values of the adsorption constant Kads from 1.8 × 106 M−1

to 2.0 × 106 M−1 as well as values of adsorption free energy ∆Gads from −35.9 kJ/mol to
−36.2 kJ/mol for thiophenol on our gold nanocolumnar templates. Moreover, enhancement
factors of 4.8 × 108 and 9.8 × 108 were obtained for tilted and vertical gold nanocolumns,
respectively. All of these values are greater than those exhibited by the different SERS templates
in the scientific literature cited in this work. Detection threshold limits of 10 nM and 20 nM were
attained for vertical and tilted gold nanocolumns, respectively. Furthermore, we evidenced
a uniform SERS signal regarding gold nanocolumnar templates with an average RSD < 18%.
Henceforward, this work can open the way to a commercial production of these SERS templates,
as happens nowadays with Klarite ones, with a low-cost and quick method of manufacturing
on large surfaces.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/nano12234157/s1, Figure S1: Raman spectra of thiophenol molecules at the concentration
of 1 M recorded on a glass substrate without any gold nanocolumns at excitation wavelengths of
532 nm and 633 nm.
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