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Abstract: Detection of a single molecule is a highly fluctuating event in surface-enhanced
Raman scattering (SERS) measurements. Explaining these dynamic blinking events remains
a challenge. To investigate this fluctuating behavior, we manufactured Au nanocylinder arrays.
A monolayer of nicotinamide adenine dinucleotide (NAD) on the nanocylinder array exhibited
intense and fluctuating Raman lines. Persistent Raman lines were not observed over time. These
fluctuations were discussed within the dynamic back-action parametric interaction between the
plasmon mode and vibrational modes. The results suggest that the highly efficient SERS structure
promotes the formation and destruction of protuberances smaller than 2 nm at random on the
nanocylinder surface.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Surface-enhanced Raman scattering (SERS) has been widely studied [1-6]. The origin of
this effect is attributed to the local evanescent electric field enhancement induced by localized
resonant plasmon known as hot spot [5,6]. The excitation of these plasmons depends on the
metals used, which are normally Au and Ag. The plasmons are excited because, within the
visible spectral range, the real and imaginary parts of their dielectric permittivity of these metals
have high negative and low values, respectively. [7,8]. Furthermore, plasmon excitation depends
on the geometry of the nanoantennas. These geometries consist of spherical nanoparticles [9,10],
nanoshells [11], nanorings [12], nanorods [13,14], nanostars [15,16] dimers [17,18], and particle
oligomers [19,20]. Raman enhancement by this mechanism has shown high values of about ten
orders of magnitude [5]. This large enhancement has potential for use in many applications, such
as high-sensitivity analytical and bioanalytical detection systems also showing promising results
in the intensification of catalytic effects [10-14,21,22].

The Raman enhancement sensitivity reaches the single-molecule level [10-12]. However,
single-molecule detection by SERS is challenging. This is because it has been achieved only at
high local electric field enhancements confined within a tiny spatial volume, which is of the order
of the sub-nm? scale [13,14]. Highly efficient SERS structures for single-molecule detection
require sophisticated fabrication processes. For example, dimer nanoantennas separated by a
distance of only a few nanometers [18—20] or nanoparticle-on-mirror [23—-26] have been reported.

Single-molecule events have been shown to be highly fluctuating phenomena [13—17]. Despite
the well-controlled fabrication of SERS structures, the fluctuations in the SERS spectra have
proved problematic for some applications. For example, problems can occur when these structures
are applied to analytical systems for detecting molecular moieties [27,28]. The dynamics of the
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SERS fluctuation at room temperature depend on different uncontrolled variables. These variables
include the nanoparticle structure, molecular structure, and interaction between nanoparticles
and molecules. The interaction, in turn, may involve electron transfer, diffusion, change in the
nanoparticle structure, or in the molecule structure [29,30]. In addition, the SERS fluctuation
provides different opportunities for the study and analysis of the dynamics involved in this
phenomenon. SERS fluctuations also depend on the structure of the molecules. Thus, simple
molecules with few vibrational normal modes could promote different fluctuation events compared
to molecules with a high number of vibrational normal modes.

In this study, nicotinamide adenine dinucleotide(NAD) was chosen as the target molecule
because (i) it is a complex molecule with a high number of vibrational modes and (ii) it is
essential in all biological systems. NAD consists of two nucleotides, ribose rings with adenine,
and nicotinamide; a diphosphate bond keeps all these parts joined [31]. NAD exists in an oxidized
(NAD™") or reduced (NADH) form, which acts as a hydrogen acceptor or donor, respectively.
Normally, the NAD redox reaction is catalyzed by enzymes. Inside cells, the fragile equilibrium of
the intracellular redox state is maintained by the concentrations of oxidized and reduced forms of
NAD [32-35]. Therefore, owing to its redox characteristics, NAD plays various roles in biological
systems. NAD is a substrate, coenzyme, redox partner, neurotransmitter, and neuromodulator
that participates in the post-translational modifications of proteins, signal transduction, regulation
of energy metabolism, cell death, aging, extracellular cell-to-cell communications, transcription
and gene expression, and DNA repair [36—45]. Under stress conditions, the levels of NAD
in mitochondria also determine cell survival [46]. At mitochondrial cristac, NADH donates
electrons that are used to synthesize adenosine triphosphate (ATP). ATP is used in the formation of
human DNA phosphodiester bonds [47]. NAD also shows potential for use in many applications
in medicine and in the drug industry. Some of these applications include anticancer, antibiotic,
antiviral, immunosuppressant, rosacea atopic dermatitis, and Alzheimer’s disease treatments
[47-49]. Thus, studying NAD dynamics associated with redox reactions is important for
understanding the metabolism of any biological system. The most important technique used to
study the NAD dynamics related to its vibrational modes has been the SERS technique [50-52].
To the best of our knowledge, the majority of SERS results of NAD* published so far have not
reported any fluctuation events.

In this paper, we report the fabrication of Au nanocylinder arrays through a one-step Au
deposition process and two-step deposition process. For this purpose, organized porous alumina
structures were used as masks. The nanoarray fabricated by two-step deposition showed a high
SERS intensity for the Raman lines of NAD. This structure also showed fluctuation events that
were similar to single-molecule events. The system was studied as a function of laser source
excitation and laser power. The results indicated a highly uncorrelated event over time and over
frequencies of NAD vibrational modes. These results were discussed in terms of the dynamic
back-action parametric interaction between the plasmon mode and vibrational modes. The results
suggest that the highly efficient SERS and fluctuation phenomena were induced by random
protuberance formation and destruction on the nanocylinder surface. These protuberances would
be smaller than 2 nm.

2. Materials and methods

Au nanocylinder arrays were obtained after the deposition of metal (Ti, Au) on a silicon substrate.
This substrate was thermally oxidized so that a thin film of thermal silicon oxide (SiO;) could
form on its surface. Then, metal deposition was carried out on the SiO; surface to prevent direct
contact between the metal structures and the Si substrate. The nanoarray features were obtained
using ordered porous alumina as a mask.

First, Si with a type P (100) orientation and 10 Q-cm were cleaned using a traditional
microelectronic procedure. Second, the Si was oxidized in dry oxygen at 1150 °C, resulting



Research Article Vol. 11, No. 9/1 Sep 2021/ Optical Materials Express 3156

il =
ENAdISSEXPRESS

in the formation of a thin SiO, film with a thickness of 75 nm. A porous alumina mask was
attached to the SiO, surface. The oxide surface was made hydrophilic using the traditional
microelectronic cleaning method. The cleaning consisted of immersion in a mixed solution of
H,S04 [98%]:H20; [38%] (3:1) at 105 °C for 1 h, followed by washing in deionized water.
Then, the substrate was kept in a solution of HyO:NH4OH [36%]:H,0; [38%] (5:1:1) at 75 °C
for 15 min. Afterwards, the substrate was washed with deionized water several times, followed
by drying under an N, gas jet.

The anodized aluminum oxide membranes (Topmembranes Co. Ltd.) were attached to the
pre-treated SiO; surface according to the procedure indicated by the manufacturer of the porous
alumina. Membranes with pore diameters of 30 nm, 60 nm, 80 nm, and 100 nm were used. Four
cleaned acetone recipients were prepared, and then the membrane on the PMMA film and silicon
substrate were held together using a clamp. The silicon substrate with the membrane was then
partially immersed in the first acetone recipient for 30 min. In this step, the PMMA supporting
substrate was dissolved, and the floating bare porous alumina film was attached to the Si/SiO;
substrate. The substrate was dried at room temperature, rotated 180 degrees, and immersed
again for another 30 min, followed by drying in the same way. Then, the Si substrate with the
aluminum oxide membrane was dried and completely immersed in a second cleaned acetone
recipient for 15 min, followed by drying at room temperature. This process was repeated for the
third and fourth recipients. Finally, the stuck structure was immersed in isopropanol at 70 °C
for 15 min. This step was introduced to eliminate acetone residues in the stuck structure. The
samples were then completely dried under a vacuum. The aluminum oxide membrane stuck on
the SiO; substrate served as a mask for obtaining an organized array of Au nanocylinders.

Metal deposition on the exposed areas (pores) was performed using the electron beam technique.
The vacuum chamber was maintained at a pressure of 5.3 x 10~ mBar during the deposition
of 5 nm of Ti. The pressure was maintained at 6.1 x 10~ mBar during the deposition of 20
nm of Au. An additional deposition of 2 nm of Au was made on the sample with a membrane
with a pore diameter of 60 nm. Au thickness was monitored by a quartz cristal in the vacuum
chamber during deposition. The role of titanium was to increase the adhesion between the gold
and silicon oxide surfaces. In the final step, the alumina membrane was removed using a glue
film, resulting in an Au nanocylinder array over the SiO, structure. Figure 1 shows a schematic
of the Au nanocylinder array fabrication process.

Fig. 1. Schematic of the process employed to prepare nanocylinders on the SiO; substrate.
(a) cleaned Si, (b) thermally grown SiO,, (c) membrane deposition, Ti, (d) membrane
deposition, Au, (e) deposition by electron beam, and (f) nanocylinder organized after removal
of the membrane.

The adsorption of NAD molecules on the Au nanocylinder arrays occurred through the
following process: (i) A 1073 M aqueous solution of NAD was prepared using NAD powder
(Sigma Aldrich); (ii) the Au nanocylinder arrays (on Si/SiO, substrate) were immersed in this
solution and incubated at room temperature for 24 h; and (iii) the samples were washed with
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distilled water to ensure the deposition of only one monolayer or less of the NAD molecules in
order to observe the Raman intensification effect due to the localized plasmons. Thus, avoiding
Raman scattering contributions from NAD molecules clusters which may have high-density NAD
molecules; (iv) the samples were dried using an N, gas jet. The micro-Raman spectra of the
samples were obtained using a Renishaw InVia-2000 Raman spectrometer. Laser sources of 532
nm, 633 nm, and 785 nm were used at different powers, as described in the results and discussion
section. The laser beam was focused on the sample using an objective lens of 50x and an NA of
0.75. Raman spectra were acquired using the scan mode. Some samples without NAD were
used for optical and structural characterization. Optical characterization was performed by the
reflectance technique using the Ocean Optic USB-4000 spectrometer. Structural characterization
was performed using scanning electron microscopy (SEM) Inspect-F50 FEI Co. The electron
energy used was 20 kV in all the SEM images at different magnifications.

3. Results and discussion
3.1. Structural characterization of Au nanoarrays

Figures 2(a)—(e) depict the SEM images of the arrays of nanocylinders with diameters of 30 nm,
60 nm, 80 nm, and 100 nm.

Figures 2(a)—2(e) show that the metallic nanostructures have bidimensional compact hexagonal
unitary cells. In addition, the unitary cells extend over the large surface area, even though
some punctual defects can be observed in some samples. These results revealed that the porous
alumina patterns were successfully transferred after Ti and Au deposition by the electron beam
technique. As a result, Au nanocylinder periodic arrays were fabricated. From these SEM
images, the geometrical parameters of the arrays were obtained. The results exhibited good
correspondence with the nominal parameters provided by the porous alumina manufacturer
(Table 1). The experimental parameters were used to obtain different theoretical results, such as
the reflectance spectra and near-field enhancement of the arrays. These results were obtained
using the Lumerical FDTD platform.

Table 1. Nominal parameters of the porous alumina mask used for gold nanoarrays
fabrication and experimental parameters of the nanoarrays obtained.

Nominal pore diameter of the alumina mask 30 nm 60 nm 80 nm 100 nm
Effective diameter of the Au nanoarrays 30nm+29nm | 63nm+5 | 78+ 10nm | 98 +7nm
Nominal pore periods in the alumina mask 65 nm 125 nm 100 nm 125 nm

3.2. Optical reflectance characterization

Figure 3(a) shows the reflectance spectra of the arrays corresponding to nanocylinder samples
with diameters of 30 nm, 60 nm, 80 nm, and 100 nm. The 80 nm and 100 nm arrays showed
almost the same minimum of approximately 500 nm; for the 30 and 60 nm samples, the minimum
redshifted. This minimum reflectance is related to the plasmon polaron grating behavior of the
sample. The theoretical spectra follow the same trend, as shown in Fig. 3(b). However, in the
700 nm region , the experimental spectra of the 80 nm and 100 nm samples diverged from the
theoretical spectra. These differences could be attributed to the different techniques used to
obtain the experimental and theoretical spectra: the experimental results were obtained with
diffuse reflectance techniques, whereas the theoretical reflectance was obtained using a specular
setup. Hence, no scattering effect was considered in the theoretical results. In Figs. 3(a)—(b), all
experimental and theoretical spectra indicate the grating feature of all the sample arrays.
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Fig. 2. SEM characterization of the nanocylinders. (a) Nanostructure perspective image at
20° showing the organized nanocylinders, SiO; layer, and Si substrate. (b—e) Top views of
the organized nanocylinders with diameters and periodicities of (b) 30 nm and 65 nm, (c¢) 60
nm and 125 nm, (d) 80 nm and 100 nm, and (e) 100 nm and 125 nm, respectively.
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Fig. 3. (a) Experimental Reflectance spectra of nanocylinder arrays with diameters of
30 nm, 60 nm, 80 nm, and 100 nm. (b) Theoretical reflectance spectra obtained using
the experimental parameters from SEM images. These spectra were calculated by using
Lumerical FDTD (finite-difference time-domain) platform

3.3. Raman spectra
3.3.1. Raman spectra as a function of the excitation laser and array structures

As described in the experimental procedure, the samples were rinsed with distilled water after
immersion in the NAD solution. We ensured that only a monolayer of NAD molecules remained
adsorbed on the sample surfaces. SERS spectra corresponding to arrays of 30, 60, 80, and 100
nm (diameter of nanocylinders) were obtained. The spectra were obtained after excitation with a
785 nm laser light at a constant power of 3.5 mW.

It is well known that NAD molecules exhibit a high number of active Raman modes that
can also depend on the oxidation state of NAD [50-54]. The powdered NAD exhibited some
principal Raman lines (Supplement 1): the line at 730 cm™! corresponds to the stretching mode
of the adenine ring [49-53]; the line at 1030 cm™! is related to a nicotinamide ring vibration
[50—54]; the line at 1113 cm™! is related to the vibration of the ribose close to the nicotinamide
part; the line at 1324 cm~! is related to the adenine ring vibration or to the NH, rock mode; the
line at 1407 cm™! is related to the adenine ring vibration; and the line at 1510 cm~ ! is also related
to another vibration mode of the adenine ring [S0-54]. In the powdered NAD, the 1030 cm™!
Raman line showed the highest intensity, followed by the line at 730 cm™!. This indicates that the
Raman cross section of the nicotinamide ring vibration has the highest value for NAD molecules.
From the SERS spectra depicted in Fig. 4(a), the Raman enhancement is related to the structural
features of the arrays. The arrays of nanocylinders with diameters of 30, 80, and 100 nm showed
very low Raman intensities for some vibrational modes of NAD. The samples with diameters of
80 and 100 nm showed a low Raman line at 736 cm™!, corresponding to the stretching mode
of the adenine ring vibration. This suggests that NAD molecules are preferentially adsorbed
throughout the adenine moiety in these samples. The sample with a nanocyclinder diameter of
30 nm showed an extremely low Raman line at 1490 cm~!, which is also related to the adenine
ring vibration, as mentioned above. Note that a smooth thin film of Au was used as a reference
(with the same thickness and composition as the nanocylinder). In this study, no Raman lines of
NAD were observed. Therefore, the low-intensity Raman lines for the samples with diameters of
30, 80, and 100 nm are effectively related to SERS phenomena. The broad Raman band (932
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em~! =990 cm™) in this sample corresponds to the second-order transverse optical (TO) phonon
of Si. This band was expected because the Au nanostructures were fabricated on the Si substrate.

8atcm™ The excitation Laser:

2x10% ——532 nm
*1077 ——633 nm
4x10%4 gg o ——785 nm

. ——80 nm "
2 ——100 nm Z 1x10%
S 3x10* 5
= e =
E 736em™| | 932 1a506m™ g
s ) 3 ]
> 2x10*4 1 2 8x10
£ - 5
5 0cm p o
- 030cH z
c -
T 1x10% A 4x10°

N
o - o 1 T T T T T T 1
600 800 1000 1200 1400 1600 1800 600 800 1000 1200 1400 1600 1800
Wavenumber/cm™ Wavenumber/cm™!
(a) (®)

Fig. 4. (a) SERS spectra of NAD on the surface of arrays of nanocylinders with diameters
of 30 nm, 60 nm, 80 nm, and 100 nm. The SERS spectra were obtained after excitation
with a 785 nm laser having a power of 3.5 mW. (b) SERS spectra of NAD molecules on a
nanocylinder array with a nanocylinder diameter of 60 nm excited with laser sources of 532
nm, 633 nm, and 785 nm.

In Fig. 4(a), the SERS spectrum of NAD on the sample with a diameter of 60 nm showed
high-intensity Raman lines. One of the highest values at 841 cm™! corresponds to the phosphate
vibrational mode near the adenine of the NAD molecule. This line did not appear for the NAD
powder sample or the arrays of nanocylinders with diameters of 30, 80, and 100 nm. In contrast,
the Raman lines for the array with nanocylinders with a diameter of 60 nm fluctuated continuously.
The origin of these fluctuations is discussed in Section 3.3.2. A rough estimate of the SERS
enhancement for 841 cm™! in the sample with a diameter of 60 nm is approximately four orders of
magnitude. This enhancement level has been reported in the SERS of single-molecule detection
[5]. As the 60 nm array showed high SERS intensities, SERS was studied as a function of laser
excitation [Fig. 4(b)]. The results revealed that more efficient SERS was achieved using the 785
nm laser source. Although a significant enhancement was also observed at 633 nm, a considerably
lower intensity was observed for those excited at 785 nm. No Raman line was observed with
532 nm laser excitation. The origin of the SERS behavior in relation to the array feature and
the energy of the laser source is discussed in Section 3.3.2. This discussion is supported by
theoretical calculations of the electric near-field behavior of these samples.

The near-field intensities of the nanocylinder arrays were calculated using Lumerical FDTD
software. The geometrical parameters of the arrays obtained from the SEM images were used
in this calculation. The near-field behavior creates the plasmon characteristic observed in the
samples. Figure 5(a) depicts the calculated electric near-field intensity of the different arrays. In
this figure, the behavior of the near field was first analyzed in the 785 nm region. At a wavelength
of 785 nm, the sample corresponding to the array with nanocylinders having a diameter of
60 nm exhibited the highest enhancement. The same trend was observed in the experimental
results of SERS, with the highest Raman intensities being observed for the sample with array
of nanocylinders with a 60 nm diameter. The analysis results of the near-field spectrum of the
array of nanocylinders with a 60 nm diameter [red curve in Fig. 5(a,)] revealed that the 785 nm
excitation resulted in the highest enhancement, followed by the 633 nm and 532 nm excitations.
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These trends were also observed in the Raman spectra of NAD in the array of nanocylinders with
a 60 nm diameter [Fig. 4(b)].
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Fig. 5. (a) Near electric field intensity spectra of the arrays of nanocylinders with diameters
of 30, 60, 80, and 100 nm. The vertical dashed line indicates the location of the laser sources
used to excite the experimental sample. (b) Image of the near-field intensity at 785 nm
corresponding to the array of nanocylinders with a diameter of 60 nm. The scale of the color
bar corresponds to the relative intensity of the electric near field in relation to the intensity
of the incident electric field, which in the simulator is considered as a unit value.

The near-field feature of the array of nanocylinders with a 60 nm diameter at 785 nm revealed
the local plasmon dipole responsible for near-field enhancement. Consequently, this local
plasmon was also responsible for the SERS enhancement in the experimental results. The FDTD
calculation explains the trends of the experimental SERS results in relation to the array structures
and laser source excitation. However, the theoretical low-field enhancement cannot successfully
explain the large SERS intensities observed in the samples, especially in the array of nanocylinders
with a 60 nm diameter. According to the conventional mechanism of the electromagnetic origin
of SERS, Raman enhancement should occur E* / Eg [55]. In our calculation, E* / Eg achieved
a maximum enhancement of 64 times. In turn, the Raman lines of NAD molecules on the
sample consisting of nanocylinders with a 60 nm diameter fluctuated over time under the same
experimental conditions. This behavior cannot be explained by the conventional electromagnetic
mechanism of the local plasmons. In Section 3.3.2, the high SERS effect and fluctuation of the
Raman lines of NAD on the array of nanocylinders with a 60 nm diameter are discussed. We
suggest a possible mechanism for these effects.

3.3.2. SERS fluctuation

As described above, the SERS of NAD adsorbed by the 60 nm array showed an extraordinary
enhancement effect. The enhancement was approximately 6.5 x 10* times for some vibrational
modes when the sample was excited with a 785 nm laser source. For example, Fig. 8 shows the
vibrational mode at 1464 cm™! corresponding to the ribose vibration part near the nicotinamide
moiety in the NAD molecule. In addition to being very intense, the Raman line of this sample
also fluctuated over time. In addition, the fluctuation pattern depended on the power of the laser
excitation. Raman fluctuations were observed when the experimental setup was adjusted to detect
a single molecule [56]. As the absorption of NAD in our sample is practically a monolayer,
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SERS fluctuation could be considered a single-molecule event. Further details about this event
will be given in this section.

To study the dynamic behavior of these fluctuations, the Raman spectra in the scan mode and
each scan time (T) were recorded. In all cases, T had a duration of 20 s (i.e., a new Raman scan
was recorded every 20 s). NAD spectra were obtained by a 60 nm array using a 785 nm excitation
laser source. Figures 6—10 depict the Raman spectra of NAD in the array of nanocylinders with a
diameter of 60 nm excited with a 785 nm laser source. In Figs. 610, the powers of the laser
source are 7 mW, 3.5 mW, 700 uW, 350 uW, 35uW, and 70 nW, respectively. Additionally, the
bidimensional maps of these spectra were depicted considering three level scales defined at the
maximum Raman peak (I,,ax), [,ax/2, and I,,ax/4. In each of the image maps, a low threshold
level was considered, which was above the noise level of the Raman signal. Thus, the images
avoid noise signals.
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Fig. 6. SERS spectra of a NAD molecule on the array of nanocylinders with a diameter of
60 nm excited with a 785 nm laser source at a power of 7 mW. (a) Spectra correspond to the
corrected background. (b) 2D map image of SERS spectra using the highest peak intensity
scale. (¢) 2D map image of SERS spectra using half of the highest peak intensity scale. (d)
2D map image of the SERS spectra using a quarter of the highest peak intensity scale. In
each image, low-level thresholds are defined above the signal noise level . Therefore, the
images represent only Raman signals.
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Fig. 7. SERS spectra of a NAD molecule on the array of nanocylinders with a diameter of
60 nm excited with a 785 nm laser source at a power 3.5 mW. (a) Spectra correspond to the
corrected background. (b) 2D map image of SERS spectra using the highest peak intensity
scale. (¢) 2D map image of SERS spectra using half of the highest peak intensity scale. (d)
2D map image of the SERS spectra using a quarter of the highest peak intensity scale. In all
images, the low-level threshold was defined above the noise level of the signal. Therefore,
the images represent only Raman signals.

When the power excitation was 7 mW [Figs. 6(a)—6(b)], the highest Raman line was located
at 618 cm™!. This Raman line was assigned to adenine vibration and had an intensity 1.3 times
larger than that of the second order of the TO phonon of silicon. At a power of 7 mW, the
second-order TO phonon Raman spectrum of Si was intense and constant over time. The Raman
line at 1432 cm™! related to ribose vibration was also intense compared with other Raman lines.
Even though these lines were intense, they fluctuated over time. The fluctuation of other Raman
lines [Fig. 6(c)] was more frequent over time, with a slight shift in the mode oscillation frequency.

Figures 7(a)—7(c) show the Raman spectra and their 2D map representation when the excitation
laser power was 3.5 mW. Here, the most intense Raman line was placed at 619 cm™! (vibration
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Fig. 8. SERS spectra of a NAD molecule on the array of nanocylinders with a diameter
of 60 nm excited with a 785 nm laser source at a power of 700 uW. (a) and (b) spectra
correspond to the corrected background. (c¢) 2D map image of SERS spectra using the
highest peak intensity scale. (d) 2D map image of the SERS spectra using half of the highest
peak intensity scale. (e) 2D map image of the SERS spectra using a quarter of the highest
peak intensity scale. In all images, the low-level threshold was defined above the noise level
of the signal. Therefore, the images represent only Raman signals.
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mode of adenine). Its intensity was 5.5 times that of the second-order TO phonon Raman of Si.
A lower Raman intensity of Si was expected because a low power laser was used. However, the
intensity of the most intense Raman line of NAD increased in relation to the Si Raman line, which
was assumed to be an internal reference. Even though the Raman line at 619 cm™! showed the
highest intensity line, this line fluctuated over time and exhibited a blinking behavior [Fig. 7(b)].
Other lower-intensity Raman lines [Figs. 7(c) and 7(d)] fluctuated over time in a more random
manner compared to those for the 7 mW power laser. Additionally, the fluctuation was observed
to promote the appearance of new vibration modes because this fluctuation also occurred in the
vibration frequencies of NAD. For a laser power of 700 uW [Figs. 8(a)-8(d)], the highest Raman
line appeared on the first recording scan and disappeared on other scans (Fig. 8(a)). This Raman
line was located at 1464 cm™! and was related to the ribose vibrational mode [50-54]. The line
had an intensity that was approximately 19 times that of the second-order TO phonon intensity of
Si. As expected, the Si Raman band decreased owing to the lower power of the laser. In contrast,
the SERS effect remained intense. Other less intense Raman lines showed random fluctuations
over time at other vibrational frequencies [Fig. 8(c)—8(d)].

For a laser power of 350 uW [Figs. 9(a)—9(d)], the second-order Si Raman band practically
disappeared. In addition, three Raman lines of NAD appeared at different recording times.
These lines had high intensities on the order of 3 x 10* (arbitrary units). They occurred at 728
em™!, 949 cm™!, and 1197 cm™!. The lines are related to the vibrational modes of the adenine
ring, nicotinamide, and ribose, respectively [S0-54]. As before, the low-intensity Raman lines
fluctuated randomly over time in other frequency vibration modes. For a laser power of 35 W
(Fig. 10), there were four Raman lines with approximately the same intensity (highest) of the
order of 1.3 x 10*. These Raman lines appeared at different recording times and disappeared
over time [Figs. 10(a)—10(b)]. Again, the less intense Raman lines fluctuated randomly over
time at other vibrational frequencies [Figs. 10(c) and 10(d)]. Surprisingly, the fluctuated Raman
lines [Figs. 11(a)—11(c)] were also observed for the 70 nW power laser. In this experiment, the
highest Raman line, which was related to phosphate or nicotinamide vibration, appeared at 921
cm™!, [50-54]. Moreover, another intense Raman line was occurred at 704 cm™!, corresponding
to the adenine ring vibration [50-54]. At this power, the fluctuation over time and the frequencies
of the vibration modes were random.

Note that all the lines fluctuated such that there was no persistent Raman vibrational mode.
Thus, each Raman line recorded in one scan did not appear again in the subsequent recording
scan. These behaviors are more evident for Raman spectra excited with a laser power equal to or
less than 3.5 mW. This indicates a more random fluctuation behavior for the low-power excitation
laser. The non-existence of persistent Raman lines in our experiment differs from the results
reported in [57,58], where some persistent Raman lines were identified and other Raman lines
with blinking behavior.

To quantify the random SERS fluctuation, the concept of a co-occurrence matrix was used.
The co-occurrence matrix is widely used for the texture analysis of images [59]. The gray-
level co-occurrence matrix (GLCM) characterizes the texture of gray-level images through
contrast, dissimilarity, homogeneity, energy, entropy, mean, variance, and correlation parameters
[59-61]. As we were interested in the Raman line fluctuation over time and the vibration
mode frequencies, we determined the correlation parameter over time and the vibrational mode
frequencies. Therefore, the set of Raman spectra as a function of time and wavenumber was used
as a grayscale image matrix. The GLCM correlation parameters were obtained using Egs. (1)—(3).
[59-61]:

GLCM mean [Eq. (1)]:

u= iP(i. ]) ey
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Fig. 11. (a) SERS spectra of the NAD molecule on the array of nanocylinders with a
diameter of 60 nm excited with a 785 nm laser source at a power of 70 nW. (b) 2D map
image of SERS spectra using the highest peak intensity scale. (¢) 2D map image of SERS
spectra using half of the highest peak intensity scale. In all images, a low-level threshold
was defined above the noise level of the signal. Therefore, the images represent only Raman
signals.

GLCM variance [Eq. (2)]:

Ng—1 Ng-1

ot = 3 D= wPi) @)

i=0 j=0
GLCM correlation [Eq. (3)]:

St SN = G - P

C=
o2

3

where N, is the number of gray levels. P(i,j) = P(i,j;d)is the normalized frequency with which
two neighboring resolution cells separated by distance d occur in the image; one of the cells
has gray tone i and the other has gray tone j. In the present study, d was related to the time
distance when the correlation over time was determined. This distance corresponded to the time
of resolution of the Raman spectrometer when determining the correlation over the wavenumber
of the vibrational frequency modes.

The GLCM tools of the MATLAB R2015a platform were used to determine the correlations
over time and the wavenumber offset. For this task, the value of N, = 200 was defined because
values greater than this did not have significant effects on the final results. Note that the gray
level threshold was considered to be above the noise signal level of the Raman spectra. Thus, we
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ensured that the determined correlation values corresponded only to the Raman band intensities.
Figures 12(a) and 12(b) show the correlation of the Raman spectra fluctuation over time and the
wavenumber offset, respectively.
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Fig. 12. GLCM correlation coefficient as a function of (a) time offset and (b) wavenumber
offset. Here, the minimum temporal distance was T = 20 s. T is the duration of one Raman
spectrum acquisition recording scan. The minimum wavenumber distance is Ay = 1 em™,

which corresponds to the Raman spectrometer resolution.

For comparative purposes, the SERS spectra of NAD were obtained by clustering gold
nanospheres with diameters of 80 nm and 40 nm. The SEM images and Raman spectra of these
SERS surfaces are depicted in Figs. S2—S5 in the supplementary material. In both cases, the
Raman spectra showed the highest Raman line at 730 cm™!, which corresponds to the adenine
ring vibration, showing persistence over time. The SERS spectra of the 80 nm spheres did not
show fluctuations in their different Raman lines. Some of the Raman lines of the SERS spectra
from the cluster of 40 nm spheres slightly fluctuated.

In Fig. 12(a), the correlation over time of the SERS spectra from the cluster structure of 80 nm
nanospheres is close to 1. For the cluster of 40 nm nanospheres, this correlation is approximately
0.93, which is almost constant over the offset time. For the sample of the 60 nm nanocylinder, the
correlation over time depends on the laser power [Fig. 12(a)]. As described earlier, this sample
has a highly fluctuating SERS structure. There is a high-level correlation (0.8 to 0.6) for a power
of 7 mW. Then, the values decrease as the excitation power laser decreases to a level close to
zero at a power of 70 nW.

The correlations as a function of the wavenumber offset showed high values near the zero offset.
This was expected because each Raman band had a finite width. However, at offset distances
greater than the Raman band width (20 cm™"), the correlation decreased to approximately zero.
Here, the offset distance was directly related to the separation spectral distance between the
different Raman bands. The correlation for the 40 nm and 80 nm nanospheres showed an
oscillating characteristic with some positive peaks. These peaks occurred at distances of 229,
299, 608, and 765 cm™!, and were perfectly related to the Raman bands at these distances. For
example, the peak correlations at 229 and 299 cm™! agree with the separation distance between
the Raman peaks at 736 cm™" and 963 cm™! and between 736 cm™' and 1028 cm™!, respectively
(Figs. S4 and S5).
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Negative correlation or anticorrelation peaks exhibit opposite behaviors in the evolution of
their intensities, that is, while one grows in intensity, the other decreases. Hence, if one band
increases, the other decreases. An example is the first anticorrelation peak that occurred at 270
cm™!. This peak agrees with the correlation behavior between the Raman lines at 963 cm™ and
1237 cm™!, which are separated by 274 cm™! (see Figs. S4 and S5). This oscillating behavior of
the correlation coefficient agrees with the high-value correlation over time offset (Fig. 8(a)). In
the case of the nanocylinder array, the correlation coefficient showed oscillating behavior when
the power of the excitation laser was 7 mW. The correlation approached zero at lower power
values, which also corresponded well with the behavior of the correlation over time.

The Raman line fluctuations in our sample were strong random events. Therefore, the
fluctuation did not only happen for certain well identified Raman lines, as observed by Carnegie
et al. and Benz et al. [57,58]. In contrast, our results revealed that new Raman lines appeared at
each new recording scan.

At this point, the strong random fluctuation could have been due to the existence of different
vibrational modes in the NAD molecules. Under normal conditions, some of them are only
infrared active, while others are only Raman active [54]. However, at a high intensity near the
field originating from plasmon excitation, these rules can be broken. Therefore, the modes that
were only active infrared can become Raman active as well [58]. All the principal Raman lines
of NAD identified in the fluctuated SERS results are reported in the supplementary material in
Table S1. Some Raman lines that have not been reported in the literature were observed in our
work.

The origin of the high-intensity SERS effect and fluctuations in time are still controversial
[57-62]. A more plausible explanation for this single molecular event is the formation of
picocavities in plasmonic nanoparticles. These picocavities can spontaneously form and
spontaneously destroy the nanoparticle surface at room temperature, resulting in a SERS
fluctuation event [56,57].

A possible mechanism for the formation of the SERS fluctuation event is the spontaneous
formation and/or spontaneous destruction of picocavities. To investigate this mechanism, the
near-field intensity in the nanocylinder array was calculated. For this task, we used the Lumerical
FDTD platform. Furthermore, we considered that the nanocylinders contain a small spherical
protuberance of 2 nm radii (see Fig. 13).

Figure 13(a) shows two spectra of the electric near-field intensity (induced by plasmon
excitation) of an array of Au nanocylinders with and without protuberances. The black line
corresponds to the array with a protuberance at the edge of the Au nanocylinder. The red line
corresponds to nanocylinders without protuberances. The field enhancement is dimensionless,
because it is relative to the excitation light. The maximum near-field intensity of the array without
protuberances was approximately 8 and had a large width band (see also Fig. 5(a)). Furthermore,
the array containing a spherical shape with a 2 nm radii originated from a high-level band.

Nanocylinders with protuberances showed an intensity of approximately 340 at 796 nm and a
width of approximately 30 nm. This gives a quality factor of the plasmon band of approximately
Q = 27. This value was considered to be high in the plasmonic area. This value is comparable
to the quality factor of an optical cavity, such as the Fabry—Perot cavity [63]. This plasmon is
also strongly space-localized, as shown in Fig. 13(b). Note that spectral features, such as the
position, width, and intensity of this plasmon band, depend on the diameter and periodicity of
the nanocylinder. This is demonstrated in the theoretical calculation of the near-field spectra for
all structures used in this study (see Fig. S6 in Supplement 1).

As mentioned above, the peak of the spectrum for the 60 nm nanocylinder array with
protuberances (Fig. 13(a)) occurred at 4, = 796 nm. The excitation laser used in the Raman
fluctuation assay was Ay, = 785 nm. Therefore, the excitation light source is blue-shifted in relation
to the plasmon energy, and the energy distance between 785 nm and 796 nm is approximately
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Fig. 13. (a) Electric near field intensity of the array of Au nanocylinders with a diameter of
60 nm with a spherical protuberance of 2 nm radii (black line). Near-field intensity of a
simple array of Au nanocylinders (red line). (b) Images of the near-field intensity of the
array with a protuberance at 796 nm, which is the peak position of the black line spectrum
in (a).

1620 cm™!. The width of the plasmon band was approximately 2923 cm™' (AA = 30 nm). Thus,
the spectral range of the Stokes Raman spectra of NAD molecules (530 cm™! to 1800 cm™')
was within the plasmon band. This is illustrated in Fig. S7 of Supplementary Material. If these
conditions are satisfied, the high SERS enhancement in the sample could be explained by the
dynamical back-action enhancement mechanism [2,63—65]. In this model, the plasmon cavity
and vibrational modes of the molecules were considered opto-mechanical systems. Hence, the
coupling between vibrational and plasmonic modes was considered a parametric interaction
[2,57,64,65].

In our case, the plasmon cavities were an Au array with tiny protuberances. The total
Hamiltonian of this system was expressed as H = H. + H, + H;;; + Hy, where H, and H, are the
plasmonic cavity Hamiltonian and molecular vibrational Hamiltonian, respectively, Hy is the
incident (excitation) light Hamiltonian, and H;,; is the coherent Hamiltonian interaction between
the plasmonic modes and molecular vibrational modes [2,64,65]. Equations (4), (5), (6), and (7)
define the terms H,, H,, H;,;, and Hy, respectively.

H¢ = wchaa* 4)

H, = w,hbb* 5

Hi = ghaa™ (b +b*) ©)

Hj, = iE[a] exp(—iwit) — apexp(iwpt)] @)

Here, @, a*, b, and b* are bosonic creation and annihilation operators, respectively, and g is
the opto-mechanical parameter that depends on the plasmon cavity frequency and the Raman
polarizability of the molecule [2,64,65]. The Langevin equations can be used to determine
the time evolution of & and b, from which the Stokes and anti-Stokes photon populations are
obtained [2,64,65]. Hence, the dynamic back action can be synthesized as follows: First,
the molecular vibration acts on the resonance behavior of the plasmonic cavity such that the
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plasmon cavity resonance frequency exhibits dispersive behavior. Then, the plasmonic mode
returns the action (back action) on the vibrational oscillation, and this mechanism is especially
favorable when the laser energy is blue-shifted from the plasmon cavity resonance energy. The
back-action mechanism then pointed out the parametric amplification that could increase the
SERS enhancement intensity [2,64,65].

If we assume that there are small protuberances (smaller than spheres of 2 nm), the excitation
laser energy satisfies the blue shift condition (Fig. 13(a) and Fig. S7). Thus, the dynamic
back-action mechanism could successfully explain the high SERS intensity observed in our
experiments.

The fluctuation phenomena could have occurred because of the spontaneous and stochastic
formation and destruction of these protuberances. This could occur because the experiments
were conducted at room temperature (300 K). In other words, the protuberances could be formed
by local thermal fluctuations on the Au nanocylinder surface [56,57,62]. In our results, the
fluctuation exhibited more stochastic behavior when the laser power was decreased. Therefore,
the random protuberance formation and destruction were almost independent of the laser power.
Furthermore, the dynamic back-action mechanism explained the low SERS intensities when the
excitation laser sources were 633 nm and 532 nm.

This is because these energies are very distant (blueshift) from the plasmon cavity peak (796
nm), but the 785 nm laser is close to the plasmon peak. The latter case is the desired condition
for efficient dynamic back action and enhancement of Stokes Raman spectroscopy. This occurs
because the best condition occurs when the laser is blue-shifted from the plasmon cavity peak in
A = wp — wc = wy, Where wy, corresponds to the angular frequency of the molecular vibrational
mode. As in our sample, the Raman Stokes lines were in the region of the plasmon cavity
band (theoretically predicted for small bumps) when excited with a 785 nm laser, the necessary
condition for a parametric intensification is given (Fig S7). The discussion above strongly suggests
that the SERS fluctuations in our sample were due to the random formation and destruction
of small bumps (picocavities), as also suggested by Wang and Rothberg, Carnegie et al., and
Lindquist et al. [56,57,62]. The SERS fluctuation may also depend on the molecular diffusion
[62,66] and/or structural changes in molecules in the hot spot region (enhanced near-field region),
as reported in [57,62].

The SERS fluctuations of NAD in the array of Au nanocylinders with a diameter of 60 nm were
highly random over time. In addition, the vibrational frequencies did not show any persistent
Raman lines. These fluctuations are very different from those reported in the literature. The
literature reported the existence of persistent Raman lines with a blinking effect and some other
Raman lines without changing their vibrational frequencies [56,57].

In our sample, the high SERS enhancement accompanied by strong random fluctuations in
time suggests the possible random formation and random destruction of small protuberances on
the Au nanocylinder surface. On the nanocylinder surface, these small bumps are responsible
for the formation of picocavities, as indicated by the near-field calculation for these types of
structures (Fig. 13). However, the strong fluctuation in the vibrational frequencies, together
with the non-existence of persistent Raman lines, strongly suggests that NAD molecules are not
adsorbed by a specific bond of the molecule. This behavior could not be explained by considering
the formation and destruction of the picocavities. It is, therefore, necessary to consider the
possible spatial and rotational movements of the molecule. The question is as follows: what
forces can potentiate this type of movement in the NAD molecule? In the text that follows,
we suggest a possible mechanism for the mechanical dynamics of NAD molecules on the Au
nanoarray surface.

Note that the persistent Raman line is related to the vibrational mode belonging to the bond
of molecules that stationarily bind to the surface of the Au nanoparticles. Thus, the fluctuation
of the vibrational frequencies could be due to the mechanical movement of NAD molecules, as
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suggested in the above discussion. This movement occurs together with picocavity formation
and/or destruction. The fluctuation in frequency was more pronounced at a low laser power. For
this reason, the Brownian movement of NAD molecules may have a low contribution to the mode
frequency fluctuations.

These results suggest that the mechanical movement (dislocation and/or rotation) could be due
to the high gradient field intensity originating from the picocavities. This could be because the
mechanical force exerted over the molecules near the center of the picocavities has a significant
effect on promoting NAD mechanical movement. It has been reported that the mechanical
potential energy for the molecules near the hot spot is proportional to the intensity of the electric
field [Eq. (8)].

(Uy = —%Re(a)IEIZ (8)

The gradient force is given as follows [Eq. (9)]:
1
(F) = =V(U) = SRe(a)V|EI* ©)

where « is the molecular polarizability of the molecules near the hot spot [67,68]. The equations
Eq. (8) and Eq. (9) are valid only when the dimensions of the molecule are much smaller than the
optical wavelength of the electric field (1). In this study, we considered the effective diameter of
a molecule as its spatial dimension. In our system, this condition was fully satisfied because
NAD molecules have a spatial extension of a few tens of A and the plasmon bumps were placed
at A = 796 nm. For a rough theoretical calculation of (U) and (F), we considered @ = 13.1 A3,
which is the adenine part polarizability of NAD [69] and a one-dimensional spatial (x) profile of
[E|2, which corresponds to the electric near field at 796 nm (plasmon cavity resonance) induced
by a 2 nm spherical protuberance (see Fig. 13(a)). In this calculation, we also considered that
the sample was excited with a laser power of 700 uW. The laser was focused on the 1 um? area,
producing a power of 700 £W/um?. The intensity at the hot spot was corrected by the fraction of
the effective area occupied by the hot spots within the unitary cell. Thus, the Lumerical FDTD
platform was used for near-field calculations, and the effective area was calculated using Eq. (10)
and Eq. (11) [70].

1
A = ——— W(r) dA 10
7 Max[W(r)] -/Unilary cell (r) ( )
1 d 1
Wiy = sl L2 g2 Ly an

where W(r) is the electromagnetic density as a function of position, &(r) is the electric permittivity
of the medium, and w is the angular frequency of the light signal. The fraction of the area
occupied by the hot spots was f = Aeg /Aunitary cet = 1.79 X 1072. The intensity field at the hot
spot was thus considered as f x 700uW /um?. The results of these calculations are shown in
Fig. 14.

The U/10KpT curve showed a minimum value close to 3.3. This indicates that the |U| potential
is 3.3 times greater than the 10 K T thermal energy at room temperature (300 K). This result
reveals that the hot-spot electromagnetic energy surpassed the thermal energy. Therefore, any
mechanical movement of molecules close to these hot spots could be dominated by the gradient
force rather than Brownian motion. The red curve corresponds to the gradient force obtained
from (F) = —=V(U). The results revealed that the maximum force reached was 8.5 nN, which is
greater than that reported in the literature. [67,68].

From the discussion above, we suggest that the high fluctuation of SERS over normal mode
frequencies could be related to the action of the gradient force on NAD. The gradient force is
induced by the random creation and destruction of picocavities. This force may displace or rotate
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Fig. 14. Black line curve corresponds to the normalized potential energy of a NAD
molecule induced by the electric field intensity of the hot spots generated by the bumps. The
normalization was over 10 times the thermal energy at room temperature (300 K). The red
curve corresponds to the gradient force experienced by NAD molecules near the hot spot
region, which is given in nano Newtons.

NAD molecules, changing their configurations on the surface of the picocavities. Note that the
fluctuation over the normal mode frequencies is still observed at a low laser power (70 nW). This
event is expected only if the picocavities have dimensions less than those of the 2 nm bumps used
for the theoretical discussion.

In summary, the SERS fluctuation event, in time and over normal mode frequencies, observed
in the present study could be due to random picocavity generation over the nanocylinder surface.
The hot spot from the picocavities induced gradient forces that changed the NAD configuration
over the picocavities surface. Thus, the SERS fluctuations over the normal mode frequencies
were promoted.

4. Conclusions

In this study, Au nanocylinder arrays were fabricated using a simple fabrication process using
organized porous alumina structures as a mechanical mask. The nanocylinder arrays were formed
after the deposition of Au using the electron beam technique. Scanning electron microscopy
revealed a hexagonal organized array of Au nanocylinders. The array structure was also verified
by reflectance spectroscopy. The array of Au nanocylinders with a diameter of 60 nm and
periodicity of 126 nm was the best SERS surface. The efficient SERS surface of this sample is
related to its fabrication process. For this surface, the Au deposition process was performed in
two steps: first, 20 nm of Au was deposited by an electron beam; then, 2 nm of Au was deposited
by sputtering. The other arrays were obtained by a one-step deposition process using an electron
beam. A theoretical calculation also demonstrated that the array of Au nanocylinders with a
diameter of 60 nm was the best SERS surface.

The extremely high SERS intensity of NAD on the SERS surface and fluctuation over time
revealed a single-molecule SERS event. The detection of a single molecule was assumed because
a monolayer of NAD was deposited on the SERS surface. The Raman line fluctuation was an
uncorrelated event over time, especially when the power of the excitation laser was less than 700
uW. This was observed even with an exceptionally low power laser; the fluctuation event was still
verified at 70 nW. The high SERS intensities and fluctuation events were discussed in terms of the
dynamic back-action parametric interaction between the plasmon mode and vibrational modes.
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The FDTD calculation strongly suggested that the SERS enhancement on the best SERS surface
was promoted by the dynamic back-action mechanism. Essentially, a high SERS enhancement
occurs owing to the parametric coupling between the plasmon cavity and molecular vibration
modes.

The experimental results suggest that the plasmon cavities originated from the spontaneous
formation and destruction of small protuberances (less than 2 nm in size) on the nanocylinder
surface. This induced a high near-field enhancement, as verified by theoretical calculations. In
addition, the protuberance formation and destruction could have promoted the SERS fluctuation
event over time, as also suggested in [57]. The fluctuation over normal mode frequencies
was also related to the random formation/destruction of small cavities through gradient forces.
These forces were induced by the high near-field enhancement in small cavities, as indicated
bytheoretical calculations.
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