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Abstract. The ability for surface-enhanced Raman spectroscopy (SERS) study of fluorescent - rhodamine 6G (R6G) and methylene blue (MB) – as well as nonfluorescent (coconut milk) probing chemicals with 355 nm excitation wave-length was demonstrated according to our knowledge for the first time. Alu-minum nanostructures (NSs) arrays used were produced by direct pulsed depo-sition either with ps laser on fused silica substrate or with ns laser decomposition of AlN ceramic surface – all active substrates were produced for the first time. The efficiency of the Al active nanostructures produced on AlN for 355 nm SERS was simulated using the finite difference time domain (FDTD) method. 355 nm SERS was used as an alternative instead of excitation with more high-energetic ultraviolet (UV) or deep ultraviolet (DUV) wavelengths. The increase of the sensitivity of the active alumina substrates was discussed.
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1 Introduction

Raman spectroscopy has been widely applied to detect and analyze variety of chemicals. It is expressed by an enormous enhancement of the Raman signal, when the material is in close vicinity of the metal nanostructure. However, the application of Raman spectroscopy has some drawbacks, when studying some samples, for instance which have fluorescence. This can be overcome when excitation wavelength is in the high energetic ultraviolet (UV) or better in the deep ultraviolet (DUV) wavelengths [1–4]. Other advantages, when using UV excitation, are stronger and more defined Raman peaks, since the Raman signal is proportional to the fourth power of the light frequency [5].
The plasmonic studies of variety of chemicals, as well as our former studies (see for example Atanasov et al. [6]) were concentrated on noble metals - gold and




silver, which plasmon resonance is situated in the visible region of the electro-magnetic (EM) spectrum. However, in less than two decades, aluminum plas-monics have emerged and become of great interest [3, 7–11]. On the contrary, the plasmon resonance of Al is situated in the UV and thus, it can be used for studying organic, biological systems and those, which have strong fluorescence, absorptions, and photocatalysis in this region. Aluminium is a relatively cheap metal, stable and easy to work with. However, it is self-limiting oxidizing and consequently, the preparing and storing of the nanostructures must be done in vacuum environment.
Several techniques were theoretically or experimentally studied, developed and applied for producing active Al substrates for SERS. Ordered Al nanohole ar-rays were theoretically proposed and simulated by using the finite-difference
time-domain (FDTD) method for tunable UV SERS [12]. The enhancement factor (EF) as high as 105÷6 was attained at optimal geometry by DUV laser excitation. Extremely sensitive detection of the molecule adenine (∼ 3 × 104 molecules) using DUV surface-enhanced resonance Raman scattering (SERRS)
on Al nanostructures (NSs) was reported by Jha et al. [13]. The authors fabri-cated well-defined Al nanoparticle (NP) arrays using DUV interference lithog-raphy, which exhibited sharp and tunable plasmon resonances in the UV and DUV wavelength ranges. Moreover, the FDTD method was used to understand the near-field and far-field optical properties of the NP arrays, when the Raman measurements at a laser excitation wavelength of 257.2 nm were performed.
Sigle et al. [14] presented a novel scalable route for the fabrication of Al nano-voids for SERS in the DUV. EF about ≈106 was observed, with excitation at 244 nm on structures which were optimized for this wavelength. Sharma et
al. [15] reported the first-time fabrication of Al film-over nanosphere substrates for 229 nm SERRS. The structures were characterized by localized surface plas-mon resonance (LSPR) spectroscopy, electron microscopy, SERRS of different molecules, and dielectric function analysis. EF >106 was achieved. Ponzellini et al. [16] prepared active nano-porous Al-Mg alloy films. The authors tunned the stoichiometry, the porosity, and the oxide contents by changing the ratio between Al and Mg and experimentally demonstrated its efficacy in enhancing fluorescence and surface Raman scattering for excitation wavelengths of 360 and 257 nm, respectively. They numerically showed the superior performance of the nano-porous Al-Mg alloy in the UV range compared with the equivalent porous Au structures and claimed that this material is promising for a wide range of applications in UV/DUV plasmonics. Furthermore, Garoli et al. [17] from the same scientific group have fabricated substrates of nano-porous Al from an alloy of Al2Mg3.
Recently, Al NP were fabricated directly on different Al film layers, and the nanoscale-thick alunum interlayer obtained between neighboring Al films acts as natural dielectric gaps [18]. The plasmonic couplings between the Al NP and Al film increase with the number of Al film layers. The FDTD method was also






applied by the authors to verify the experimental results. Finally, Al NSs arrays were produced by decomposition and nanostructuring of AlN ceramics by ps or ns laser pulses in air and vacuum [19, 20].
As it was mentioned above, one of the advantages of the UV-excited Raman study is to detect fluorescent chemicals. Two probe molecules were used in this study: rhodamine 6G (R6G) and methylene blue (MB). The first one was widely used in agriculture, textile, paper, and printing industries, but as it is highly toxic to the human body and other organisms was strictly banned for use in the food industry [20, 21]. The second one is aromatic chemical compound widely used as a dye and in medicine. Additionally, coconut milk was chosen as a non fluorescent probing analyte due to its importance in nutrition and medicine.
The goal of this communication is to describe preparation of the active Al NSs arrays on AlN ceramic substrates using nanosecond (ns) laser pulse decompo-sition, or also produced on fused silica directly using picosecond (ps) laser de-position. According to our knowledge, the preparation of such structures by these methods was proposed for the first time. The morphology of the active substrates has also been studied. The efficiency of the Al active NSs produced on AlN for 355 nm SERS was simulated using the finite difference time domain (FDTD) method. Their ability for SERS study at 355 nm excitation was proven by the use of fluorescent chemicals R6G, MB and nonfluorescent coconut milk. It is important to note that the first two chemicals were explored very much by many researchers, but coconut milk was studied for the first time. However, the purpose of this study is not to detect the lowest quantity of the analytes (or min-imum detection limit) but to prove the ability of the SERS study if excitation at 355 nm is suitable.

2 Experimental

2.1 Materials and instrumentation.
Preparation of aluminum nanostructured arrays
Rhodamine 6G - R6G (Sigma Aldrich Co., LLC), methylene blue - MB (Tokyo Chem. Industry Co., Ltd.) and canned coconut milk (Chaokoh, Thailand) with concentration of 99.98 % and 0.02 % antioxidant (sodium metabisulfite) were used in the study. They were diluted in distilled water in order to produce liquid solutions with relatively lower concentrations.
Samples of aluminum nanostructures (NSs) were fabricated by decomposition the surface of aluminum nitride (AlN) ceramic substrates using ns laser pulses or direct pulsed laser deposition on fused silica using picosecond (ps) pulses [20–22]. In the first case, up to 600 pulses, with an energy density of 10 J/cm2 delivered by Nd:YAG laser (Lotis TII), operating at λ = 1064 nm with a pulse duration of 12 ns were applied. The nano-structuring was accomplished in an


ambient pressure of 7.9 × 10−4 Torr. The second set of samples of Al NSs were fabricated by direct PLD on fused silica substrates using a 1 KHz repetition rate ps Nd:YAG laser (Model: CNI Laser, PS-A1-1064). It generates 10-ps pulses at
1064 nm. The aluminum target was situated at about ≈3 cm from the substrate
and was ablated by laser pulses with a fluence of 2 J/cm2 in an ambient pressure of 9.5 × 10−4 Torr at room temperature. The deposition time was 5 min.
Prior to processing, the basic substrates were cleaned with alcohol, washed with deionized water, and dried. Liquid drops of the analytes at concentration of 0.1 M were deposited and dried on glass plate in order to get their µ-Raman spectra for reference and – 0.1, 0.01 M on the active Al substrates.
The surface morphology analysis was carried out by scanning electron micro-scopy (SEM) (FEI Quanta FEG 250 and Zeiss EVO 15, equipped with Energy Dispersive X-ray (EDX) spectrometer (Oxford Instruments, Abingdon, UK)). The phase and chemical characterization of the processed areas was done based on EDX and X-ray photoelectron spectroscopy (XPS) (AXIS Supra electron spectrometer, Kratos Analytical Ltd., Stretford, UK) with the standard decon-volution software (ESCApeTM 1.2.0.1325 of Kratos Analytical Ltd., Manch-ester, UK) analyses. The transmission electron microscopy (TEM) study was accomplished by JEOL JEM 2100 at an accelerating voltage of 200 kV and Al NPs were visualized in order to evaluate their shape and size distribution. The analysis of the obtained results was based on the calculations of the near-field en-hancement at different conditions based on Finite Difference Time Domain sim-ulation (Omnisim, Photon Design, Edmonton, AL, Canada) and the extinction spectra calculations was based on Generalized Mie scattering theory [23, 24]. The structures considered in these simulations were taken from the SEM images of the real samples.
The Raman spectra were achieved using a µ-Raman spectrometer (Photon De-sign, Tokyo, Japan) supplied with an optically pumped semiconductor laser (Genesis CX) generating at λ = 355 nm. The beam was focused using a con-
focal microscope with a 90× objective lens and various laser excitation powers
up to 2.0 mW have been applied. In order to avoid irregularities, each Raman
spectrum was obtained on the basis of averaging of at least two scans taken from different points of the samples and an acquisition time of 10 min.

3 Results and Discussions

3.1 The morphological properties of the Al nanostructures
Several changings are expected to happen when laser light interacts with AlN ceramics: decomposition of the surface, which significantly altered of its chem-ical composition, mechanical and insulating properties; formation of cracks and periodic ripples as a result of the high mechanical stresses caused by temper-
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[bookmark: _bookmark1]Figure 1. SEM pictures of Al nanostructures produced by nanosecond (ns) laser pulses with fluence of 10 J/cm2 for the decomposition on the aluminum nitride (AlN) ceramic surface: (a) 100 laser pulses; and (b) 300 laser pulses. The insets depict SEM at higher magnification [21].

ature gradients. In this respect, the ns laser processing induces change in the
surface composition. According to Dryburgh [25], the reaction which dominate at the lowest decomposition temperature is: AlN → Al(s, l) + 1/2N2(g), where s, l and g represent solid, liquid and gas state, respectively. This reaction is the
main one that defines the surface composition after ns laser processing. Some SEM pictures of Al nanostructures produced by ns laser on the aluminum nitride (AlN) surface are depicted in Figure 1(a) and (b).
In some cases, formation of periodic ripples was observed (Figure 1). Such structures are typical when ultrashort laser pulses (pulse duration of pico- and femtoseconds) were used [26]. They are orientated perpendicular to the laser
polarization and the characteristic period is in the order of the used wave-length (about ≈900 nm). The surface of the fabricated material has also a sub-micrometer structure. It is composed of nanoparticles with sizes in the range of 10 ÷ 100 nm.
The processing was also accomplished in air. In all cases, ripple structures with the same characteristics as presented in the case of irradiation in vacuum were formed.
The material formed after the laser ablation in all cases presented was electri-cally conductive. By using two probe measurements, it was found that the resis-tance value is in the order of tens of Omhs. A higher value of about 10% was obtained for the structures fabricated in air. In order to clarify the chemical com-position of the material in the irradiated zone, XPS analyses were performed. It is worth noting that all described features were observed and studied thoroughly in case of ps pulses interaction with AlN by Nedyalkov et al. [19].
The ps laser was used for direct deposition of Al NSs on fused silica substrates. The samples were vied by TEM analysis. The procedure was following. Alu-minum nanoparticles were deposited at the same conditions on TEM copper grid
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[bookmark: _bookmark2]Figure 2. (a) TEM image of the deposited material at picosecond (ps) laser deposition of Al in vacuum. The deposition time was 2 min at laser fluence 2 J/cm2; (b) Size distribution of the deposited Al nanoparticles. Five images (in total 90 particles) were used to construct the dependence.

for 2 min in order to avoid accumulation of material that would hamper evalua-tion of the nanoparticles’characteristics (Figure 2(a)). As is seen, it is composed of spherical nanoparticles. The size distribution of the Al NPs is also presented in Figure 2(b). Here, data from five TEM images were used in order to present
better statistics. The most probable particles diameter is about ≈7.5 nm, as sin-
gle particles with size of several hundreds of nanometers are also present.

3.2 Material composition in case of ns laser processing of AlN ceramics
As concluding from XPS analyses, the ns ablation of AlN ceramics results in the formation of oxide that dominates the surface composition in both vacuum and air conditions. Additionally, analysis of the surface composition was performed by EDX. Figure 3 shows the obtained compositions of the material in a specific area, which is indicated by a cross in the presented SEM images. The estimation
[image: ]
[bookmark: _bookmark3]Figure 3. SEM images with marked areas, where EDX analyses was performed. The laser fluence used was 18 J/cm2 and 300 pulses. The ablation was performed in vacuum
- (a) or (b) in air at atmospheric pressure [20].


of the chemical composition given by EDX analysis clarifies that the clusters observed on the surface of the material processed in air contains nanoparticles with a high composition of aluminium oxide.

3.3 Efficiency of the SERS signals as result of morphology of the fabricated Al structures on AlN - FDTD simulation
Figure 4 presents an FDTD simulation of the EM field intensity distribution in the vicinity of structures formed by ns laser processing of AlN ceramics. The considered structures have similar morphology in some areas seen in the SEM images of the real samples. In this case, the maximum excitation reaches about
≈ 1.2 × 102. It is related to the presence of closely located NPs, where efficient
charge coupling is realized.
[image: ]
[bookmark: _bookmark4]Figure 4. FDTD simulation of the EM field intensify distribution in the vicinity of Al nanoparticle array on the top of micro-sized Al particle. The red line in the SEM image shows the observation plane presented in the simulation. Nanoparticles sizes are 80, 90 and 100 nm. The SEM image corresponds to Figure 1(b) [21].


3.4 355 nm µ-Raman and SERS of the R6G, MB and coconut samples
Figure 5 depicts 355 nm SERS spectrum of R6G deposited on aluminum struc-tures, which were produced on quartz substrates via pulsed laser deposition or on the surface of AlN substrates. The characteristic bands presented are around
612, 776, 1650, 1310 and 1077 cm−1, which were also reported by other au-
thors [27–29]. Here, very strong peaks at 612, 656, 667, and 909 are character-istic to the AlN ceramics [30, 31]. The peak at 612 cm−1 of AlN is much larger, when R6G was presented. This is because the peaks of AlN and R6G at 612 cm−1 strictly coincide and could not be separated. The lowest detection limit
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[bookmark: _bookmark5][image: ]Figure 5. Surface-enhanced Raman spec-troscopy (SERS) spectra of 0.01 M rho-damine 6G (R6G) deposited on: (a) Al nanostructure array produced on quartz; (b) nanostructured AlN with 300 pulses, as the Inset depicts the enlarged part of the spec-
trum from 750 to 1600 cm−1; (c) nanos-
tructured AlN with 600 pulses, as the Inset
depicts entire spectrum. The AlN peaks are indicated in green and the R6G – in red, re-spectively.


was estimated based on the values of the strongest SERS peaks, i.e. 1310 and 1650 cm−1, to be about ≈10−7 M.
The SERS spectrum of MB, deposited on the Al NS array on a quartz substrate is exposed in Figure 6. Here, the peaks around 450, 1180, 1402, and 1431 cm−1 and the most intensive one at 1620 cm−1 are presented. All bands coincide with the reported before from other authors [32–34].
[image: ]The µ-Raman and SERS spectra as well as cover package of the coconut milk





[bookmark: _bookmark6]Figure 6. Surface-enhanced Raman spec-troscopy (SERS) spectrum of 0.01 M methylene blue (MB) deposited on Al nanostructure produced on quartz.
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[bookmark: _bookmark7]Figure 7. µ-Raman spectrum of coconut milk as purchased in liquid form (the drop) on quartz substrate. SERS of 0.1 M coconut milk deposited on Al nanostructures area produced by nanosecond (ns) laser on the aluminum nitride (AlN) ceramic surface.


used were depicted in Figure 7. As is seen, the intensities of the SERS peaks are at least ≈ 5 ÷ 6 times higher than corresponding in the µ-Raman spectrum, regardless the lower concentration (one order of magnitude) in the SERSs case.
The SERS spectrum of 0.1 M coconut milk, deposited on Al NPs arrays pro-duced on quartz substrate is shown in Figure 8. As it is seen, the peaks having
[image: ]most prominent intensity are situated at 1593 and 1684 cm−1 and those at 925, 1032, 1213, 1655, and 1790 cm−1 belong to the vibration of some additives in the coconut milk, and the rest peaks belong to the coconut oil. The peaks at 1300





[bookmark: _bookmark8]Figure 8. Surface-enhanced Raman spec-troscopy spectrum of 0.1 M coconut milk, deposited on aluminium nanoparticles ar-rays produced by pulsed laser deposition on quartz substrate.


and 1440 cm−1 belong to the coconut oil and are close to the first two most in-tensive SERS peaks [35, 36]. It is worth noting that the intensity of the peaks in the SERS spectrum are more than six times higher than those of the coconut
milk deposited on glass, regardless of an order of magnitude lower concentration and thus, EF was estimated to be about > 5 × 102.
The comparison between the SERS spectra obtained indicated that the enhance-ment of the signal is much larger in the case of the aluminum NSs generated on the AlN ceramics than those on the quartz substrates. This may relate to the sizes of the NPs, larger in the case of decomposed ceramics, which deter-mines the position of the plasmon resonance with respect to the Raman excita-tion wavelength. The obtained results indicated that the fabricated structures ex-press enhancement of the Raman signal when they are used as active substrates in SERS.
Finaly, the experimental results obtained are very promising. In order to increase the sensitivity of the samples and to improve the methods a shift of the plasmon resonance to match with 355 nm excitation is possible by tailoring the size of the Al NPs and structures in general. Figure 9 depicts optical transmission spectrum of aluminium nanostructure array used in this study. The point of the ultraviolet Raman excitation at 355 nm is indicated. As is seen that it is shifted and about
[image: ]≈12% lower than this at the plasmon resonance at 287 nm.



[bookmark: _bookmark9]Figure 9. Optical transmission spectrum of aluminium nanostructure array produced by ps PLD on fused quartz. The point of the ultraviolet Raman excitation at 355 nm is indicated (red arrow).





4 Conclusions

In summary, the ability for µ-Raman and SERS studies for detecting fluorescent chemicals - rhodamine 6G (R6G) and methylene blue (MB) – as well as coconut milk at 355 nm excitation was demonstrated for the first time. Moreover, the active aluminum nanostructures used for the SERS investigations were prepared on quartz substrates directly using picosecond laser pulses or by ns laser decom-position of AlN ceramics. The experimental results obtained are very promising. With a view to increase the sensitivity of the samples and to improve the method some more work is needed in order to shift the position of the plasmon resonance


to match with 355 nm excitation wavelength of the Raman equipment used by tailoring the size of the Al nanoparticles, which is the subject of the next study.
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