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 One step photochemical synthesis of surface-supported naked 
gold nanoparticles and its application as a SERS substrate 

P. A. Mercadal,a S. D. García Schejtman,a,b F. P. Cometto,a A. V. Veglia,b and E. A. Coronado*a  

A direct and straightforward method is proposed to synthetize a 

surface-supported gold nanoparticles mediated by pulsed laser 

irradiation of quartz surfaces in contact with a gold precursor 

solutions. The substrates´ performance as SERS sensors is tested by 

the Rhodamine 6G (R6G) Raman signal enhancement. 

The current research on the field of nanoscience allows amazing 

advances in the nanofabrication techniques, giving novel 

nanomaterials with attractive functional properties.1,2  In 

particular, noble metal nanoparticles (MNPs) have been used to 

develop a vast number of these nanostructures with multiple 

applications such as sensors, catalysts, drug delivery and 

photothermal therapy.3–5 There are several methods to obtain 

MNPs-based nanoplatforms from top-down to bottom-up 

techniques including the combination of both. One of the main 

challenges on nanomaterials fabrication lies in developing low 

cost and simple processes.6  

In the field of chemical sensing, the SERS technique is a popular 

and powerful tool for the ultrasensitive detection of molecules 

through the enhancement of the Raman signals of the 

molecules in close proximity to the MNP surface.7,8  Although a 

number of methods have been developed for the obtention of  

cost-effective SERS substrates,9–11 the fabrication of MNPs-

based SERS-substrates remains a subject of current interest.12–

14 

Surface-supported MNPs can be prepared using  top-down 

approaches such as lithography: optical, electron beam, soft, 

nanoimprint and polymer lithography, among others; obtaining 

highly ordered nanoparticle arrays.6,15,16 However, these 

techniques are not quite simple to be implemented and involve 

several steps. Bottom-up nanofabrication approaches are 

another kind of useful and powerful tools for the construction 

of multifunctional nanostructural materials and devices by the 

self-assembly of atoms or molecules.17,18 In particular, a very 

common bottom-up methodology widely employed to prepare 

SERS substrate is the chemical immobilization of NPs on quartz 

or glass substrates. This method requires a previously 

modification of solid surface, for example, with a silanization 

process using different organosilane compounds with 

functional groups that has affinity for the molecules of surface 

or for the MNPs.17 Furthermore, the synthesis of MNPs are 

almost always related to ligands and surfactants that are bind 

on the surface of the NP (for example, citrate in the Turkevich’s 

synthesis).19 One important drawback of these methods is the 

possibility that the molecules used for the self-assembly process 

could have a SERS spectrum that give rise to a strong 

overlapping with the Raman modes of the analyte to be 

detected. In view of these shortcomings, the development of 

methods or techniques that surmounts the limitations of the 

method outlined above, is still a priority. 

Hence, we introduce a fast and straightforward one-step top-

down method for synthetize bare Au NPs supported on a quartz 

surface (AuNPs_Q) by pulsed laser irradiation of HAuCl4 solution 

onto quartz. As a proof of concept, the performance of the 

AuNPs_Q platform as a sensor was evaluated using Rhodamine 

6G as a SERS molecular probe. The main feature of this new  

method is its simplicity, fast manufacture time and that it does 

not require the functionalization of the solid surface,  giving rise 

to Au NPs free of any stabilization or ligand molecule. Therefore, 

this platform has a great potential to be used as a SERS sensor 

to study a vast class of analytes, in a wide spectral range, 

without any    interference of the Raman signals of the molecule 

of interest.  

The experimental setup for the synthesis of the AuNPs_Q 

platform is sketched in Fig. 1-A. A HAuCl4 0.4 mM solution was 

added on a glass vessel, in order to fill it. The quartz surface was 

placed over the glass vessel’s mouth, in contact with de HAuCl4 

solution. The quartz surface and the gold solution (under 

magnetic stirring) were vertically irradiated with a =532 nm 

pulsed laser (see SI for more details). The extinction spectra of 

the HAuCl4 solution (without the quartz surface) before (green  

line) and after (blue line) several laser pulse irradiations are 

depicted in Fig. 1-B (3000 laser pulses, laser fluence F=510.2 

mJ/cm2, 10 Hz laser pulse frequency). It can be observed that 

both spectra are almost identical. The absence of an extinction 

mode around =500-600 nm after the irradiation of the HAuCl4 

solution indicates the non-formation of a colloidal suspension 

of Au NPs. The same result is also obtained if the HAuCl4 

solution (without the quartz surface) is irradiated using another 

set of laser irradiation condition (see Fig. S1). It is important to 

remark that the quartz surface's extinction spectrum before 

irradiation does not present any spectral band (see Fig. 1-B, pink 

line). Quite interesting, after the irradiation of the quartz 

surface in contact with the HAuCl4 solution (by the arraignment 

shown in Fig. 1-A), the extinction spectrum of the quartz surface 

shown the characteristic localized surface plasmon (LSPR) band 

of Au NPs extinction intensity maximum at =543 (Fig. 1-B, black 

line). This result indicated that Au NPs were formed on the 

quartz face in close contact with the HAuCl4 solution. The 

formation of AuNPs on the quartz substrate is limited to the 

regions where the laser beam struck on the quartz surface (it 

that can be appreciated as a red colour ring on the quartz 

surface, with the naked eye). As the area of the laser beam is 
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around 0.2 cm2, the Au NP are spread in a relatively large ring 

surface area. 

In order to evaluate the role of the laser condition on the 

fabrication of these AuNPS_Q substrates, the experiments at 

different laser fluence and number of pulses were performed 

(Fig. S2). The maximum extinction intensity was obtained with 

3000 laser pulses (10 Hz) and  F= 510.20 mJ/cm2. Accordingly, 

these are the experimental conditions chosen to perform the 

XPS, AFM and SERS characterization. The AuNPs_Q can be 

rinsed with water without any significant change of the 

extinction intensity (Fig. S3). These could demonstrate not only 

the AuNPs_Q stability but also their potential to be used several 

times, especially for molecules that can be easily desorbed from 

the Au NP surface. 

The obtained bare Au NPs on a solid surface by this new and 

simple approach contrast with others, such as nanolithography 

or electrodeposition, that require large execution time and 

highly trained staff.1 

 

 

Fig. 1. A) Scheme of the experimental setup used to synthesize the AuNPs_Q. B) 

Normalized AuNPs_Q (black line) and experimental extinction spectra of a 0.4 mM 

HAuCl4 solution, without the quartz surface, before (green line) and after (blue line) its 

laser irradiation. The extinction spectrum of the naked quartz substrate before the 

irradiation is shown in black line. In all experiments the value of laser fluence was 510.2 

mJ/cm2 and 3000 laser pulses with a repetition rate of 10 Hz. 

The surface chemical characterisation of the AuNPs_Q was 

performed by XPS measurements (Fig. 2 and Fig. S4). The 

elements found on the solid surface (extracted from the survey 

spectrum, Fig. S4) are only spurious C, Si, O, and Au.  Fig. 2-A  

depicts two main  XPS peaks located at 83.9 eV and 87.7 eV, 

respectively, assigned to  Au4f 7/2 and Au4f 5/2. This pair of 

peaks is attributed to the presence of metallic gold (Au (0)) 

atoms forming Au NPs. Considering that the precursors on the 

synthesis of AuNPs_Q are Au(III) ions (and intermediate Au(I) 

ions), the presence of these ionic species adsorbed on the 

quartz surface could be expected. Nevertheless, these ionic 

adsorbed species should be detected at higher binding energies 

85.6-89.1 eV and 87.3-90.4 eV for Au(I) and Au(III) species, 

respectively. The absence of these peaks indicates that the only 

species adsorbed on the surface are metallic Au.  Regarding the 

Si species identified on the surface, 90% of the signals could be 

assigned  to  SiO2 (Si2p doublet located at 103.3 eV, typically 

observed on pure quartz surfaces, Fig. 2-B). Accordingly, most 

of the O1s peak belongs to SiO2 (at 532.6 eV), as shown in Fig. 

S5. Interestingly, another Si2p doublet has been detected at 

lower binding energies (at 100.5 eV). This doublet could be 

attributed to the presence of reduced SiO2 that serves as 

intermediate during AuNPs_Q synthesis.20 

In terms of the mechanism, the experimental data suggest that 

HAuCl4 could be reduced to Au NPs due to the generation of 

reactive species upon laser irradiation. The adsorbed Au NPs on 

the quartz surface seems to be induced by the reduction of 

HAuCl4 in contact with the silicate surface. The XPS spectra 

shown that elemental Si was produced on the substrate after 

irradiation, this process may be due to the homolytic cleavage 

of Si-O bonds induced by pulsed laser irradiation  and causing 

different reactions. 

Several authors indicated similar mechanisms to form silver and 

gold nanoparticles that could be taking place due to the 

formation of oxygen and hydrogen reactive species from the 

decomposition of water molecules.21–24 Moreover, Deventer 

and co-workers explained that the rapid adsorption/reduction 

of HAuCl4 to Au(0) on silicate surfaces under specific conditions 

could be by hydrogen or silicon radicals.20 However, these 

hypotheses of the synthetic mechanism were not fully verified 

in the present work and should be the subject of further work. 

 
Fig. 2. XPS spectra of the A) Au4f and B) Si2p core levels showing the presence of metallic 

Au on the surface and two different Si contributions. 

The AFM measurements also characterized the AuNPs_Q 

substrate (Fig. 3). The representative AFM image of the 

AuNPs_Q substrate (Fig. 3-A) was confirmed the presence of Au 

NPs on the quartz surface. Fig. 3-B shows the height profiles of 

Au NPs obtained from the regions highlighted with  different  

colours in Fig. 3-A. The statistical analysis of the height profiles 

of the Au NPs  give an average height of 27 ± 10 nm.  This height 

profile will be used later to determine the value of the average 

enhancement factor obtained in the SERS experiments (see 

supplementary information). 

 
Fig. 3. A) Representative AFM image of the synthesized AuNPs_Q. B) Height profiles of 

the sample, the regions from which each profile was obtained are indicated in panel A 

as arrows with the same colour. 

As was mentioned above, the AuNPs_Q substrate (without any 

stabilizer/linker molecules) can be potentially used as SERS 
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substrate in a wide spectral region. Fig. 4-A shows the Raman 

spectra of the quartz surface before irradiation (black line) and 

the obtained the AuNPs_Q (red line). 3 Raman modes was 

observed in both spectra, assigned to the quartz surface 

(between 450-800 cm-1). The Raman modes at 605 and 491 cm-

1 were attributed to oxygen-breathing associated with 3-

membered and 4-membered SiO4 rings, respectively. The 

Raman mode at 797 cm-1 could be assigned to the Si–O–Si  

bending/deformation mode.25 Importantly, the Raman modes 

in a wide spectral range (between 800 and 3000 cm-1) was not 

observed. This feature was quite significant since it was 

demonstrated the AuNPS_Q  substrates should not give rise to  

any Raman signal overlap for most organic and inorganic 

molecules whose main spectral signatures are within this 

spectral range. As a proof of concept, the capability of AuNPs_Q 

to enhance the Rhodamine 6G Raman signal was tested (Fig. 4). 

Fig. 4-B shows the conventional Raman spectra of 1 mM R6G 

solution (black line), 1 M R6G solution (blue line) and the SERS 

spectrum on the AuNPs_Q platform (red line). For the SERS 

assay, AuNPs_Q was incubated for 12 h in a 1 M R6G solution 

and dried for 10 h at room temperature. The SERS spectrum  

shown in Fig. 4-B (red line) was the average of 15 SERS spectrum 

of R6G recorded in different regions of AuNPs_Q. There was an 

almost perfect agreement between the SERS R6G vibrational 

modes  with the conventional Raman modes obtained in 

solution (black line). As the Raman modes of R6G were not 

observed in the 1 M Raman spectrum (blue line), the capacity 

of the AuNPs_Q to enhance the Raman signal was evidenced. 

The variation of the intensity of the SERS signal of the AuNPs_Q 

substrate was determined by calculating the mean and 

standard deviation of the SERS intensity of the 612 and 1361 cm-

1 Raman modes taken in 15 different regions of the SERS 

platform. These strong Raman modes of R6G are attributed to 

an in-plane bend of C-C-C ring (612 cm-1) and the stretching of 

aromatic C-C (1361 cm-1).26,27 The average intensities are 1180 

± 245 and 1020 ± 160 counts for the 1361 cm-1 and 612 cm-1 

vibrational modes, respectively (the standard deviation for both 

modes was shown as black error bars in the SERS spectrum of 

Fig. 4-B). To the SERS substrate enhancement factor (SSEF) for  

the 612 and 1361 cm-1 Raman modes was calculated according 

to the following expression: 

 

𝑆𝑆𝐸𝐹 = (𝐼𝑆𝑅 𝑁𝑆𝑅⁄ ) (𝐼𝑅𝑀 𝑁𝑅𝑀⁄ )⁄                                             eq. 1 

 

where 𝐼𝑆𝑅  and 𝐼𝑅𝑀  are respectively the SERS and conventional 

Raman intensities while 𝑁𝑆𝑅  and 𝑁𝑅𝑀  represent the number of 

R6G molecules in the laser scattering volume for the SERS and 

conventional Raman experiments, respectively.28 The SSEF 

calculations and the experimental conditions to record the 

respective SERS and Raman spectra were described in the 

Supplementary Information. The experimental average SSEF 

values for the 1361 cm-1 and 612 cm-1 vibrational modes  

calculated according to eq. 1 were 2960 and 3315, respectively. 

The enhancement factor reported in previous work for 20-40 

nm  Au NPs in suspension or immobilized on a silicon substrate 

was 400-2000.29,30 The SSEF values  obtained in the present  

work was slightly higher, that could be attributed to the 

presence of  Au NPs  of larger size or to a weak plasmonic 

coupling between AuNPs and generating a slighter stronger 

electromagnetic field in the interparticle regions. This plasmon 

coupling was consistent with the LSPR spectral broadening  

observed in the extinction spectra in Fig. 1-B, black line. In turn, 

this fact agreed with the relatively large standard in the height 

of AuNPs_Q (27 ± 10 nm) calculated from the statistical analysis 

of the AFM image. However, the study of the variables that 

contribute to the SERS enhancement of the AuNPs_Q was 

beyond of this work´s scope. 

 
Fig 4. A) Raman spectrum of the bare quartz surface (black line) and SERS spectrum of 

the quartz surface in presence of the AuNPs_Q synthesized via laser irradiation (red line). 

B) Raman spectrum of a 1 mM (black line) and 1 M (blue line) R6G solutions and SERS 

spectrum of R6G adsorbed on the AuNPs_Q substrate (red line). The black error bar 

represents the standard deviation of the 1361 cm-1 and 612 cm-1 Raman modes. 

In summary, bare Au NPs supported on quartz surface by high-

intensity pulsed laser irradiation were synthesized. The absence 

of stabilizing agents on the Au NPs or additional molecules that 

functionalize the quartz surface allows their application as a 

SERS sensor in a wide spectral region. As a proof of concept, 

SERS experiments using R6G were performed, obtaining SSEF 

values in the order of 103. Although this SSEF value was not one 

of the largest reported in comparison with other SERS 

substrates, this new approach's highlighted feature was their 

simplicity and quick fabrication.  Finally, for a future perspective 

on the SERS substrate design, the fabrication of a core-shell 

Au@Ag NPs supported on quartz surface could be an alternative 

to achieve a better SERS enhancement factor value.  
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