engineering
proceedings

Proceeding Paper

Effect of Intense Hot-Spot-Specific Local Fields on Fluorescein
Adsorbed at 3D Porous Gold Architecture: Evolution of SERS
Amplification and Photobleaching under Resonant

IIlumintiont

Iryna Krishchenko?, Sergii Kravchenko, Eduard Manoilov, Andrii Korchovyi and Boris Snopok

Citation: Krishchenko, I;
Kravchenko, S.; Manoilov, E.; Kor-
chovyi, A.; Snopok, B. Effect of
Intense Hot-Spot-Specific Local
Fields on Fluorescein Adsorbed at
3D Porous Gold Architecture: Evo-
lution of SERS Amplification and
Photobleaching under Resonant
Ilumintion. Eng. Proc. 2023, 35, x.
https://doi.org/10.3390/xxxxx

Published: 16 May 2023

Copyright: © 2023 by the authors.
Submitted for possible open access
publication under the terms and
conditions of the Creative Commons
Attribution (CC  BY)
(https://creativecommons.org/license

s/by/4.0/).

license

Department of Optoelectronics, V.E. Lashkarev Institute of Semiconductor Physics , National Academy of Sci-

ences of Ukraine,41 Pr. Nauki, Kyiv, Ukraine; kravchenko@isp.kiev.ua (S.K.); manoilov@isp.kiev.ua

(E.M.);akorch@isp.kiev.ua (A.K.); snopok@isp.kiev.ua (B.S.)

* Correspondence: krishchenko@isp.kiev.ua

t Presented at the 3rd International Electronic Conference on Biosensors, 821 May 2023; Available online:
https://iecb2023.sciforum.net.

Abstract: Plasmonic nanostructures with a high density of confined areas with high local electro-
magnetic fields (hot spots) are sine qua non to increase the efficiency of surface-enhanced Raman
spectroscopy (SERS). These nanostructures can be used both to identify biological molecules and to
monitor photochemical reactions occurring on the metal surface. In this work, using the method of
pulsed laser deposition, three-dimensional (3D) porous wedge-shaped arrays of gold nanoparticles
(Au NPs) were obtained with structural parameters varying along the substrate, such as film
thickness, porosity, nanoparticles size, and distance between them. The resulting arrays were
structures with a regularly changing density of hot spots along the substrate, in which the en-
hancement of the electromagnetic field strength is due to the geometric parameters of the
nanostructure.By analyzing the evolution of fluorescence and Raman scattering of fluorescein
molecules adsorbed on the surface of porous gold under illumination at 532 nm, the processes in
the region of extreme values of the electromagnetic field of surface nanostructures was studied. A
correlation has been established between the amplification of optical signals and the structural
features of the surface. A correlation between SERS and fluorescence signals indicates the pre-
dominant contribution of hot spots to the electromagnetic amplification of optical signals. The ob-
served time evolution of the fluorescence and SERS intensity of fluorescein can be explained by the
combination of the molecular photodegradation, the reconstruction of the hot spot architecture due
to local heating and potent relocation of analyte molecules outside the area of measurement owing
to the effects of thermal gradients..

Keywords: plasmonics; porous Au films; 3D porous nanostructures; hot spots; SERS; fluorescence;
photodegrdation; bleaching; thermal effect SERS

1. Introduction

Surface Enhanced Raman Scattering (SERS) is a highly sensitive method for identi-
fying marker molecules and monitoring their structural changes by providing infor-
mation about the vibrational states of the electronic subsystem of the object of analysis.
SERS is based on the enhancement of Raman scattering of molecules under conditions
when local surface plasmon states are excited on the nanostructured surface of Drude
materials such as gold or, silver [1]. The efficiency of SERS significantly depends on the
size and shape of nanostructure fragments, their mutual arrangement, as well as the
distance of molecules from the metal surface and the orientation of their dipole moments
relative to the nanostructure. Hot spots, i.e. regions with intense electric fields that appear
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near the edges of anisotropic NPs (the focusing effect of the surrounding nanostructures)
and narrow gaps between NPs (less than 10 nm) are the main sources of Raman scatter-
ing enhancement, so their number is directly reflected in the quality of SERS spectra
[2-9]. High intensities of Raman peaks observed in SERS spectra, high gain factors up to
1010-10" typically correlate with the presence of hot spots in nanostructures and their ef-
ficiency [10-12].

Information about “how burning” hot spots can be for an analyte in arrays of Au or
Ag nanoparticles can be obtained by studying the dynamics of photodegradation of
fluorophore molecules adsorbed on the surface of the nanostructure. SERS can be effec-
tively used to control the photodegradation of a fluorophore in real time [13-16]: the
change in the Raman spectra under the laser illumination can be associated with a change
in the chemical structure/conformation of the molecule; while a decrease in the intensity
of the luminescence bands indicate reversible photobleaching or irreversible molecular
degradation. Shifts in the SERS peak positions can be also observed, which indicate
changes in the molecule structure or its environment; moreover, new peaks associated
with amorphous carbon may appear as a result of thermal destruction [16,17]. However,
the relationship between the processes leading to the enhancement of fluorescence and
the Raman scattering, on the one hand, and the possible photodestruction or photo-
bleaching of fluorophores on the surface of metal nanostructures under illumination, on
the other hand, has not been considered in detail. This work is devoted to clarifying this
issue for the case of porous 3D plasmonic nanoarchitecture.

2. Materials and Methods

3D porous Au arrays were obtained by pulsed laser deposition (PLD) from back-
ward flow of low-energy plasma plume particles in an argon atmosphere onto a glass
substrate (dimensions 25 x 25 x 1.5 mm?) located on the target plane. YAG:Nd?* laser
beam (wavelength 1.06 um, energy 0.2 ], pulse time 10 ns, frequency 25 Hz) scanned Au
(99.9 %) target in vacuum chamber with argon pressure 13,5 Pa. The energy density was 5
J/cm?, the laser pulse number — 30000. Ablation was performed with a laser beam focused
at an angle of 45° with respect to the target plane. Before depositing an array of Au NPs
on the substrate, the glass was preliminarily cleaned with an oxidizer based on potas-
sium bichromate in sulfuric acid. (10 g of K2Cr207 per 350 ml of H2SOs), isopropanol,
followed by washing in a large amount of distilled water in an ultrasonic bath.

Determination of the film thickness and surface imaging were performed by atomic
force microscopy (AFM) using a Nanoscopellla microscope (Digital Instruments) in a
periodic contact mode. Si probes with nominal tip radii of 10 nm were used. The images
of the surface and the film thickness d were determined at different distances L from the
axis of the plasma plume. The films thickness d was obtained from the direct measure-
ment of the heights of the substrate-film steps, which were created by disruptive lithog-
raphy. With the help of the original software package developed by us, layer-by-layer
sections of AFM images were built and analyzed. Visual 2D slices of the image were
made in gray scale (0-255) from 0 to 100% depth with a step of x%. As a result, a series of
vertical slices of the surface profile is obtained, the analysis of which makes it possible to
obtain the following statistical parameters: the number of isolated grains N per unit area ;
the total area of isolated grains S; average value of the minimum distances between iso-
lated grains within the slice D.

To study the evolution of emission and Raman scattering, we used the dye fluores-
cein, which is widely used in biochemistry and biomedicine. The substrate was immersed
in an aqueous solution of fluorescein with a concentration of 10> M, then washed with
distilled water and dried in air. The Raman signal of molecules was measured along the
substrate in four regions indicated in Fig.1b with different thickness d. SERS spectra were
measured using a confocal system (NTEGRA Spectra, NT-MDT) and a laser source (GL,
532 nm, LCM-S-111). A partially focused laser beam with a diameter of ~5 pm was used,
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the laser radiation intensity was ~50 uW/um? in the sample plane, and the integration
time was 10 s.

3. Results and Discussion
3.1. AFM Imaging

The results of AFM imaging of porous close-packed arrays of Au NPs, obtained by
the PLD method with backward flow of low-energy plasma plume particles in an argon
atmosphere, confirms the formation of a wedge-shaped structure. Along the substrate,
the effective thickness d decreases from c.a. 28 nm to c.a. 14 nm (see Figure 1a,b); the
corresponding changes in the roughness and average diameter D of nanoparticles are
3.6-0.74 nm and 28-16.5 nm correspondingly. According to X-ray reflectometry the ob-
tained arrays were characterized by porosity in the range of 40-45% [18]. The 3D archi-
tecture of such a nanostructure provides a high density of nanogaps not only on the
surface, but also inside the film. In addition, significant differences in surface area for
different sites can also lead to significant differences in their both absorption efficiency
and adsorption capacity in relation to the analyte.

In order to find correlations between structural features (minimum distances be-
tween nanoparticles, number of nanoparticles per unit area, filling factor, etc.) with the
peculiarities of fluorescein optical spectra, AFM images were processed in four areas of
samples with different film thicknesses —27.5 nm, 24 nm, 19.5 nm and 14 nm. If the degree
of amplification of the optical signals of luminescence and Raman scattering is due to the
density of hot spots, then the number of isolated grains with minimum distances between
them in different parts of the film should correlate with the amplification value in the
same regions. Statistical analysis of layer-by-layer sections of AFM images with a size of
250x250 nm? shows that the maxima of the number of grains N and the maximum en-
hancement of Raman signals coincide and are observed on the same surface area corre-
sponding to a film thickness of 24 nm (Figure 2b).In this case, the largest number of
grains with an average minimum distance between them of 4-5.5 nm is located at half the
thickness of the surface profile. As the depth increased, almost 100% surface filling was
observed with nanoparticles in all substrate areas.

nm
N

L, mm

(a) (b)

Figure 1. (a) Dependence of the 3D array thickness of Au NPs on the distance to the erosion torch
axis; (b) Schematic representation of a wedge-shaped close-packed Au NPs nanostructure; arrows
indicate the four regions discussed in this work.

3.2. Raman Investigations of the Radiation-Induced Transformation in Adsorbed Fluorescein

Attempts to register the Raman signal of fluorescein on glass and on a smooth film
of thermally deposited gold 50 nm thick showed that the spectra contain a strong back-
ground fluorescence signal, which does not make it possible to distinguish the Raman
signal of the characteristic bands of the fluorophore. Monitoring the intensity of the flu-
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orescence signal over time in the range of 10-60 s on these substrates did not reveal any
changes in the spectra; under these conditions, neither bleaching nor photodegradation
of the chromophore was observed in the specified range of laser exposure times.

Fluorescein molecules adsorbed on the surface of an array of nanoporous Au na-
noparticles are characterized by specific vibrational modes against the background of a
broad fluorescence band: the xanthene tension modes C-C at 1300 cm-'-1658 cm! and the
xanthene skeleton bending modes at 380 cm~'-688 cm-'. As can be seen from Figure 2a,
the intensity of the Raman peaks of molecules at 489 cm~' and 1658 cm~' depends on the
area on the substrate, i.e. on the structural features of the Au NP array. The region with
the highest SERS enhancement at 4=24 nm is characterized by the largest number of
grains with a minimum distance between them (less than 10 nm); in other words, it is this
region that contains the maximum number of hot spots per unit area. (Figure 2c). This
allows us to confirm the conclusion made earlier in [9] that the SERS specific amplifica-
tion is directly proportional to the number of hot spots on the substrate.

The intensity of the background fluorescence can also depend on the presence and
number of hot spots (Figure 2b); the increase in the efficiency of both emission (electrons
transition) and Raman scattering owing to atoms vibrations can be explained by the the-
ory of two-fold electromagnetic amplification [19].
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Figure 2. (a) Dependence of the SERS signal intensity at 489 cm™! and (b) 1658 cm™! and (b) the flu-
orescence intensity for 4 areas in substrate plane for porous gold film thickness d; (c¢) Dependence
of grains amount N per area of 250 x 250 nm?on the nanostructure thickness. (d) The sections of the
profiles of AFM images at a depth of about half the surface profile of the Au NP array (image scale
0.5 ).

As can be seen from the data presented in Figure 3, an increase in the irradiation
time of the same section of the film leads to a gradual decrease in the intensity of the
SERS signal and background fluorescence. This behavior is typical for all considered
surface areas; in this case, the Raman spectra structure (the number of bands, relative
intensity as well as their positions) practically does not change. At the same time, as can
be clearly seen from the comparison of the dependences shown in Figure 3, the nature of
luminescence quenching depends significantly on the position of the measurement re-
gion on the sample surface.



Eng. Proc. 2023, 35, x FOR PEER REVIEW 5 of 4

It should be noted that the typical workflow of the experiment focused on the evo-
lution of the optical response assumes that both the initial value and the rate of change of
the signal in the initial segment are unknown quantities. This imposes restrictions on the
entire subsequent discussion, since it does not allow us to assess with high reliability the
nature of the fast relaxation stage or the very fact of its presence. Therefore, further dis-
cussion concerns estimate of the slow phase of the evolutionary process, which occurs
approximately 10-15 s after the start of irradiation: the total irradiation time, including
the integration time during the measurement and the time required to correct the focus
when the sample position changes.
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Figure 3. Dependence of the intensity of Raman scattering and background fluorescence of fluo-
rescein on the time under irradiation of 3D Au NP nanostructures with different film thickness d,
the average diameter D of Au nanoparticles, and the number N of Au grains per 0.0625 um?: (a)
d=24 nm, D=19 nm, N=358; (b) d=19.5 nm, D=16.5, N=167.

When comparing the change in Raman intensity at 489 cm-! and 1658 cm-! over time
for different regions, the largest change was observed for the region (thickness d=24 nm)
with the highest increase in SERS intensity (Figure 4a). This suggests that it is the pro-
cesses near or inside the hot spots that are responsible for the decreasing SERS and
bleaching the luminescence. For a region with a thickness of 14 nm, an unusual time de-
pendence behavior was observed. After a 10-s exposure to laser radiation, the measured
spectra were characterized by an increase in the SERS signal and background fluores-
cence, followed by a usual decrease.

Data on background fluorescence level (calculated as an integral in the 538-595 nm
region) versus exposure time also show much faster decay in thicker regions of the film
and much less change when the film takes on a quasi-two-dimensional structure. A cor-
relation is observed in evolution of the SERS and fluorescence in 3D Au NPs nanoporous
array (Figure 4c).
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Figure 4. Time dependence of the intensity of the SERS band at 1658 cm~! (a) and the integral lu-
minescence (b) of fluorescein adsorbed on an array of 3D Au NPs for four regions of the surface
structure with thickness d: 27.5 nm, 24 nm, 19.5 nm, 14 nm. (c¢) The dependences illustrate the
presence of a qualitative correlation between the intensity of the SERS bands at 489 cm! (circum-
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ference) and 1658 cm-! (circle)and the level of integrated luminescence for different irradiation
times and different parts of the structure under study.

3.3. On the Question of a Possible Mechanism of Photobleaching or Photodegradations

The results presented in Figure 4 contradict the generally accepted model of back-
ground impurity luminescence bleaching in order to obtain a clear picture of Raman
scattering. A typical picture is described in [20], where it is shown that with increasing
illumination time, the intensity of the background luminescence decreases, while the
Raman signal remains unchanged. However, in this study, it was shown that both the
luminescence intensity and the Raman signal of fluorescein decrease with exposure time
in a similar way.

The similarity in the behavior of optical responses indicates that the electromagnetic
amplification mechanism is most likely responsible for amplification of both SERS and
fluorescence, since it is this mechanism that leads to the amplification of both the incident
light and the light scattered and emitted by the molecule. The total value of the registered
luminescence and Raman scattering directly depends on (1) the number of hot spots, (2)
their efficiency, and (3) the number of analyte molecules in the nanogap region. Re-
maining within the framework of this general scenario, we can propose the following
main mechanisms of the processes leading to the dependences observed in the experi-
ment.

1) Photodegradation following photobleaching. One of the possible mechanisms to
explain the observed time evolution of both the integrated fluorescence and SERS inten-
sity of fluorescein molecules is photobleaching and subsequent photodegradation,
whereby fluorochrome molecules undergo photoinduced chemical transformation (often
reversible) or destruction (irreversible) under the light exposition, and lose their ability to
luminesce [21,22]. Since the decrease in response values was not accompanied by any
changes in the spectra, we cannot determine whether the observed effect is reversible or
not. However, the loss of the ability to luminesce is believed to be due to the formation of
non-radiative complexes resulting from bimolecular reactions in an excited triplet state,
or, as a result of the reaction of molecules in an excited triplet state with oxygen, which
transform into a stable, non-fluorescent photoproduct. The probability of a reaction be-
tween dye molecules depends on their intermolecular distance and is determined by
their distribution on the surface. This assumption correlates well with the high efficiency
of fading in the thick part of the film, where pore sizes are large, and several fluorescent
molecules can be accommodated. The gradual decrease in both SERS and LM with time is
due to a decrease in the amount fluoreswcein molecules as a result of photodestruction.

When molecules are located on the surface near or inside the regions of localization
of strong electromagnetic fields of metal nanostructures, changes in the nature of intra-
molecular processes are possible: the changes relate to both absorption and radiation; in
addition, a new attenuation channel appears, which is associated with the nonradiative
energy transfer between the molecule and the metal and depends on the distance 4 from
the metal surface [15,23,24]. It is these features that can explain the differences in the be-
havior of the SERS and luminescence. At the same time, the mechanisms of photode-
struction are common for both and closely related to the actual electromagnetic amplifi-
cation on plasmonic nanostructures under SERS conditions [25]. For molecules located in
the region of hot spots (higher gain), photodegradation proceeds more strongly [26]. In-
tense fields can enhance the process of photodegradation of fluorophores in several
ways: 1) promote the formation of various types of oxygen-containing radicals, which
lead to the destruction of the fluorophore, and 2) lead to thermal defragmentation of
molecules under the action of strong fields on the surface of metal nanostructures. The
influence of intense electric fields has been confirmed by the observed correlation be-
tween the structural parameters, such as the number of hot spots, and the decay rate of
SERS and fluorescence intensity. The nanostructure with the largest number of hot spots
exhibits the fastest fluorescence decrease, where the highest SERS signal is measured.
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This suggests that photobleaching mainly occurs in the hot spots where the highest elec-
tromagnetic enhancement occurs.

2) Decreased efficiency of hot spots due to temperature effects of internal restruc-
turing of nanostructures. Another possible mechanism for the time evolution of SERS
and fluorescence is the reconstruction of the surface within hot spots due to local heating
of the structure, leading to changes in the geometric parameters of hot spots and their
number. Excitation of plasmon resonance in metal nanoclusters, under the influence of
laser radiation, generates efficient heat in nanostructures [27,28]. The heating effect is
particularly enhanced in an array of close-packed NPs, due to two mechanisms: the ac-
cumulative effect, i.e., the addition of heat fluxes generated by individual NPs, and the
effect of the Coulomb interaction, which depends on the distance of the NPs, as well as
their location. Significant optimization of the nanostructure with enhanced heating can
be achieved by increasing the number of interfaces, i.e., the number of nanopores, as
demonstrated in [29]. This type of nanostructuring makes it possible to achieve the re-
quired temperature at a lower laser radiation power. Thus, on 3D nanoporous arrays of
Au NPs obtained by PLD, local heating with subsequent annealing of the nanostructure
is possible even at low laser irradiation powers. In this case, the heating temperature may
not reach the values at which fluorescein molecules are destroyed (T=315°C). Heating and
restructuring of the structure will lead to a decrease in the number of pores, coalescence
of nanoparticles, and smoothing of the surface; These effects already effectively occur in
gold nanostructures already at temperatures of 80-150 °C [30-32], which can be achieved
in hot spots under the action of laser irradiation in the region of local plasmon resonance
(for gold nanostructures this range is 520-550 nm, which falls on the wavelength of the
laser being used). As a result, the number and/or efficiency of hot spots is reduced, which
leads to a decrease in the enhancement of SERS intensity and fluorescence. Since the
structure with the highest density of hot spots (pores) undergoes the most modification,
this region will experience the fastest decrease in SERS signal and fluorescence.

3) Light-induced displacement of analyte molecules by temperature gradients of hot
spots. Possible effects of thermal gradients in SERS Spectroscopy are discussed in [33].
The results of this study suggest that temperature gradients can stimulate various kinetic
effects in the area of hot spots. This may be related both to the exit of analyte molecules
outside the measurement area (which, accordingly, will reduce the magnitude of the op-
tical response both SERS and luminescence) and lead to a reorientation or change of po-
sition within the measurement area. It is probably the last effect that determines the
non-monotonous behavior of the responses in the thinnest region of the film, where the
presence of uncoated glass fragments of the substrate is possible.

4. Conclusions

The pulsed laser deposition method was used in creating three-dimensional na-
noporous wedge-shaped 3D gold nanoparticles arrays with varying structural features
and hot spot density. The obtained nanostructures were used to study the evolution of
fluorescein luminescence and SERS adsorbed at porous film with different structural
features. The obtained results shows that there is a relationship between the AuNP 3D
array structural features such as the average grain size, the number of grains, and the
distance between them, which determine the density of hot spots and the SERS and lu-
miniscence intensity enhancement. The fastest fluorescence and Raman intensity de-
crease was observed for the nanostructure with the largest number of hot spots where the
highest SERS signal was observed. The time evolution of the integrated fluorescence and
SERS intensity of fluorescein molecules can be explained by the combination of the pho-
todegradation, the reconstruction of the nanostructure due to local heating and potent
relocation of analyte molecules. These processes arise due to the presence of a strongly
enhanced electromagnetic field within or near hot spots, as indicated by the correlation
with the structural parameters of different sections of the 3D nanoparticles array. The
results obtained can be used as a scientific basis for the development of express tests in
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SERS plasmonic arrays to assess the efficiency of their amplification and practical ap-
plicability.
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