
HAL Id: hal-04185186
https://hal.science/hal-04185186v1

Submitted on 22 Aug 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Gold-coated nanoripples produced by UV-Femtosecond
lasers for surface enhanced Raman spectroscopy

Nan Li, Xi Huang, Haoyu Dong, Bin Duan, Qiuchi Zhu, Aofei Mao, Peizi Li,
Bai Cui, Jean-Francois Silvain, Yongfeng Lu

To cite this version:
Nan Li, Xi Huang, Haoyu Dong, Bin Duan, Qiuchi Zhu, et al.. Gold-coated nanoripples produced
by UV-Femtosecond lasers for surface enhanced Raman spectroscopy. Applied Surface Science, 2023,
636, pp.157794. �10.1016/j.apsusc.2023.157794�. �hal-04185186�

https://hal.science/hal-04185186v1
https://hal.archives-ouvertes.fr


Gold-Coated Nanoripples Produced by UV-Femtosecond Lasers for 

Surface Enhanced Raman Spectroscopy  

Nan Li1,#, Xi Huang1,#,*, Haoyu Dong1, Bin Duan2,3,4, Qiuchi Zhu1, Aofei Mao1, Peizi Li1, Bai 

Cui4, Jean-Francois Silvain5 , and Yongfeng Lu1,* 

1Department of Electrical and Computer Engineering, University of Nebraska, Lincoln, NE 68588, USA. 

2Mary & Dick Holland Regenerative Medicine Program, University of Nebraska Medical Center, Omaha, 

NE, USA 

3Department of Surgery, College of Medicine, University of Nebraska Medical Center, Omaha, NE, USA 

4Department of Mechanical and Materials Engineering, University of Nebraska, Lincoln, NE 68588, USA. 

5CNRS, University of Bordeaux; Bordeaux I.N.P., ICMCB, UMR 5026, F-33608 Pessac, France. 

#Nan Li and Xi Huang contributed equally to this work. 

*Corresponding authors: 

Yongfeng Lu, E-mail address: ylu2@unl.edu 

Xi Huang, E-mail address: huangxi.1989.u.s@gmail.com 

Abstract 

Femtosecond (fs) lasers have been recognized as a powerful tool for micro/nanofabrication, 

due to their advantages of high flexibility, high repeatability, and minimal introduction of heat. 

Many studies have been made to employ fs laser processing in fabrication of nanostructures on 

substrates for surface-enhanced Raman spectroscopy (SERS). However, there have been few 

reports of ultraviolet (UV)-fs-laser-induced nanoripples for SERS experiments. In this study, we 

developed simple, easy-to-prepare, and large-active-area SERS substrates using UV-fs laser 

irradiation. Nanoripples induced in open air by the UV-fs laser on Silicon (Si) substrates with gold 



coatings were used as SERS-active substrates. Nanoripple evolution by the UV-fs laser was 

explored to establish the processing windows for nanoripple formation as functions of laser fluence 

and hatching distances. Moreover, SERS enhancement factors (EFs) were correlated with the laser 

induced nanoripple patterns. SERS EFs up to 2.4×107 were achieved for Rhodamine 6G (R6G) 

molecules on the laser-textured Si substrates with Au coatings of 34 nm thick. The average period 

of nanoripples for the highest SERS EF is 253 nm, fabricated by a laser fluence of 0.48 J/cm2 and 

a hatching distance of 38 µm. R6G concentration down to 10-9 mol/L was detected on the laser-

textured Si substrate. Besides Si substrates, three other materials, stainless steel, glass, and 

polystyrene, were also investigated for nanoripple formation and SERS measurements. Nanoripple 

structures were formed on stainless-steel surfaces and the highest SERS EF of 1.5×107 was 

achieved. For glass and polystyrene substrates, no nanoripple structures were found. As a result, 

the SERS EFs (~106) of glass and polystyrene are one order of magnitude lower than those of the 

Si and stainless-steel substrates. The SERS demonstration using these materials further supports 

the mechanisms of nanoripple formation and provides a foundation to make UV-fs laser processing 

an effective technique for SERS applications using various materials. Applications for Sudan I, 

sEVs, and glucose were explored and demonstrated the capability of the SERS substrates. 
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1. Introduction 

Since the first demonstration in the 1970s [1], the surface enhanced Raman scattering (SERS), 

with the ability of single-molecule detection [2], has been applied in various fields requiring high 

accuracy sensing, such as biosensing [3, 4], toxic molecules detection [5, 6], and explosive material 

detection [7, 8] and so on. In SERS, nanostructure arrays are usually important in generating hot 

spots, where optical fields are significantly enhanced due to the localized surface plasmon 



resonance (LSPR). Researchers employed various approaches in the fabrication of nanostructure 

arrays for SERS applications, such as focused ion beam (FIB), self-organized nanopatterning with 

ion-beam assistance [9-11], ultrathin alumina mask (UTAM) surface pattern technique [12], 

chemical synthesis of nano-crystals [13], dendrites formation by galvanic displacement [14]. 

Despite certain merits of the above methods demonstrated for SERS applications, a technique with 

high flexibility, high sensibility, high repeatability, and low cost at the same time is always desired. 

Femtosecond (fs) lasers have been recognized as a powerful tool for micro/nanofabrication, 

[15-18] due to their advantages of high flexibility, high repeatability, and minimal heat 

introduction. Fs laser processing has been employed in the fabrication of nanostructures on SERS 

substrates. Cao et al. [19] employed underwater fs-laser processing in the fabrication of Au 

nanoparticle-decorated nanorod arrays for SERS applications. Fu et al. [20] fabricated 

superhydrophobic nanostructures on copper as sensitive SERS substates by fs-laser ablation. 

Byram et al. [21] fabricated Au nanostructures on SERS substrates using fs-laser ablation in liquids. 

Buividas et al. [22] created nanoripples on sapphire substrates by fs-laser ablation and applied 

them as SERS substrates after Au coating. Chandu et al. [23] fabricated cage like nanostructures 

on Ni substrates by fs-laser ablation in liquids and demonstrated their SERS performance after Au 

coating. Ravi et al. [24] induced nanoripples on Si substrates via ps-laser ablation in acetone and 

investigated the SERS applications after gold coating. Luo et al. [25] investigated a one-step 

SERS-substrate fabrication by fs-laser ablation on a pure Ag plate in an Argon chamber. Ran et al. 

[26] explored the photosynthesis of Ag nanostructures by illuminating a fs-laser on Si substrates 

incubated in AgNO3 solutions and employed the processed substrates for SERS applications. Li et 

al. [27] investigated the controllable Au-nanoparticle photoreduction by shaped fs-laser and 

explored SERS applications of this technique. Naqvi et al. [28] employed fs-laser ablation in the 



preparation of hierarchical silver-nanoparticle/graphene-oxide hybrid structures and investigated 

their SERS response towards explosive materials.    

 

Figure 1. Preparation of UV-fs-laser-textured Si substrates with 34 nm Au coatings. (a) UV-

fs laser processing by changing hatching distances and laser fluences (Wavelength: 343 nm; 

pulse duration: 400 fs; pulse energy 48.3 µJ); (b) Formation of nanoripples on Si substrates; 

and (c) Au-coated Si substrates with nanoripples. 

In this study, we explored a simple, easy-to-prepare, and large-active-area ultraviolet (UV)-fs 

laser processing technique for SERS applications on various materials. Nanoripples fabricated by 

a UV-fs laser were used as the nanostructure arrays followed by the sputtering deposition of thin 

Au layers to act as SERS substrates, as shown in Figure 1. Silicon (Si) substrates were chosen as 

the primary test materials. Despite many studies have demonstrated the effectiveness of fs-laser 

processing in the fabrication of SERS substrates, there are few reports of UV-fs-laser-induced 

nanoripples for SERS experiments. In this work, we employed a UV-fs laser (343 nm) to induce 

nanoripple structures on material surfaces, such as Si surfaces. A thin layer of Au coating was then 

deposited on the formatted nanoripple structures. Rhodamine 6G (R6G) molecules with different 

concentrations ranging from 10-1 to 10-10 mol/L were measured using the SERS substrates to obtain 



SERS enhancement factors (EFs). Sudan I, an organic dye, was also measured to demonstrate the 

capability of the substrates. This study 1) explores the nanoripple evolution by UV-fs lasers and 

confirms the processing windows for nanoripple formation as functions of hatching distance and 

laser fluence; and 2) correlates the SERS EFs and Au-coated UV-fs-laser-induced nanoripple 

patterns. The processing strategy of nanoripples has been demonstrated to be successful on 

semiconductor and conductor materials, such as Si and stainless-steel surfaces. Highest SERS EFs 

of 2.4×107 and 1.5×107 were achieved for R6G on UV-fs-laser-textured Si and stainless-steel 

substrates, respectively. R6G concentration down to 10-9 mol/L was detected on the laser-textured 

Si substrate. At the same time, no nanoripple structure was observed on surfaces of glass and 

polystyrene. The demonstration on these materials further supports the mechanisms of nanoripple 

formation and provide a foundation to make UV-fs laser processing an effective technique for 

SERS applications using various materials.   

2. Experiments 

2.1 Fabrication of SERS substrates  

Substrates of four different materials, Si, stainless steel, glass, and polystyrene, were structured 

using the UV-fs laser system. The UV-fs laser (Tangor laser, Amplitude Laser Inc.) with a third 

harmonic generator (THG) was used to generate a wavelength of 343 nm. The maximum pulse 

energy of the UV-fs laser is 83 μJ. For UV-fs laser processing of Si, stainless steel, and polystyrene 

substrates, a pulse energy of 48.3 µJ was used. For UV-fs laser processing of glass substrates, a 

pulse energy of 83 µJ was used. The repetition rate was tuned to 330 kHz. The pulse duration of 

the UV-fs laser is 400 fs. The laser beam was scanned by a IntelliSCAN Ⅲ 14 galvanometer 

scanner from SCANLAB GmbH. The laser beam was then focused by a f-theta lens with a 70 mm 

focal distance. The half divergence angle is estimated to be ~3.3º. In this study, the nanostructures 



fabricated were studied as functions of laser fluence and hatching distance. The laser fluence is 

modulated by controlling the off-focal distance. The laser spot diameter ranged from 82 to 125 μm 

as the focal plane changed. The hatching distance between two adjacent laser scan lines was 

controlled as same as the distance between two consecutive laser pulses; Therefore, the hatching 

distance was controlled by the laser scanning speed and the laser repetition rate. For example, the 

hatching distance of 38 μm is determined by a scanning speed of 1 m/s and a repetition rate of 26 

kHz. The laser fluence of 0.48 J/cm2 is determined by the pulse energy of 48.3 μJ and an off-focal 

spot diameter of 113.6 μm. The size of the laser-treated area is 4×4 mm2 on an 8×8 mm2 Si 

substrate. To be noted, the laser-treated area depends on the scan field of the galvo scanner used. 

The SERS-active areas can be further increased than those demonstrated in this study. Besides UV 

wavelength, the Tangor laser system also can generate an IR laser beam at 1030 nm. The pulse 

energy of the IR-fs laser was set at 57.7 μJ (while the maximum pulse energy of the laser system 

is 265 μJ) and the same laser fluence (by tuning the off-focal distance) was used both for UV- and 

IR-fs laser processing. Thus, we compared the nanoripple formations and SERS performances 

using both UV and IR laser irradiation. After laser processing, Au layers were coated by a DC 

sputtering system (ATC ORION 5, AJA International) using a gold target (99.99% purity, Kurt J. 

Lesker Co.). 

2.2 Characterization 

The surface morphology was characterized using an FEI Helios Nanolab 660 dual-beam field-

emission scanning electron microscope (SEM), which has a sub-nm resolution. Spatial periodicity 

and the height of nanoripples were measured from high-resolution cross-sectional SEM images of 

the nanoripples. R6G and Sudan I (Sigma-Aldrich, Inc.) were used for SERS experiments. High-

purity methanol (VWR International, LLC.) was used as the solvent of R6G. High purity grade 



acetone (VWR International, LLC.) was used as the solvent of Sudan I. All chemicals applied in 

this experiment are not further purified. The R6G concentrations of 10-1 to 10-10 mol/L and the 

Sudan I concentrations of 10-1 to 10-7 mol/L were prepared. One droplet (100 µL) of R6G or Sudan 

I solution was dropped on the prepared SERS substrates and measured after drying in the room 

temperature.  

Raman spectra were acquired by a commercial Raman spectrometer (Renishaw inVia). A He-

Ne laser (633 nm) with a power of 10 mW was used for the Raman excitation. A 50× microscope 

objective with a numerical aperture (NA) of 0.5 was used for the Raman spectrum acquisition. The 

exposure time for each spectrum was set to be 5 sec with a single accumulation. The data collected 

was recorded using the Wire 3.2 software. A six-order polynomial fit was used to remove the 

background of the Raman spectra collected by the Vancouver Raman Algorithm. 

3. Results and Discussion 

3.1 Nanoripples on Si substrates controlled by laser fluences and hatching distances 

In this study, Si substates were chosen as the primary material for UV-fs laser processing and 

Au coating. Si substrates structured by UV-fs laser fluences of 0.39-0.91 J/cm2 and hatching 

distances of 23-45 µm were coated with Au layers to serve as the SERS substrates. Figure 2 shows 

the SEM images of laser-structured Si substrates with Au coatings, which indicates the influences 

of the two main parameters, laser fluence and hatching distance, on the formation of the 

nanoripples. The laser fluence and hatching distance strongly influence the spatial/temporal 

distribution of laser energy, which determines the final surface morphology after laser processing 

[29]. The finest nanoripple structures with an average period of 226 nm were formatted with a 

laser fluence of 0.75 J/cm2 and a hatching distance of 38 µm. Table 1 shows the averaged 

dimensions of UV-fs (343 nm) and Infrared (IR)-fs (1030 nm) laser-induced nanoripples (the 



SERS comparison between UV and IR laser wavelengths will be detailed in Section 3.3). Figure 

S1 shows the SEM images of the cross-sections of nanoripples with 34 nm Au coatings.  

 

Figure 2. SEM images of laser-textured Si substrates with Au coatings (thickness: 34 nm). 

The finest nanoripple structures with an average period of 226 nm were formed with a laser 

fluence of 0.75 J/cm2 and a hatching distance of 38 µm. The nanoripple structures with an 

average period of 253 nm for the highest SERS EF of 2.4×107 were formed by a laser fluence 

of 0.48 J/cm2 and a hatching distance of 38 µm. The laser polarization is perpendicular to 

the nanoripples. 

In our experiments, the finest nanoripple belongs to a low-spatial-frequency type of laser-

induced periodic surface structure (LIPSS), which are oriented perpendicular to the laser beam 

polarization and exhibit periods related with the wavelength. According to Bonse et al. [30], low-



spatial-frequency LIPSS (LSFL) typically exhibit periods close to or slightly smaller than the 

irradiation wavelength (0.5λ ≤ LSFL periods ≤ λ). The finest nanoripples in our experiment have 

a periodicity of 226 nm, which is equal to 0.66λ (λ = 343 nm). 

Table 1 Averaged dimensions of UV- and IR-fs-laser-induced nanoripples as a function of 
laser fluences at a fixed hatching distance of 38 µm. 

 

The processing parameters significantly impact the formation of the nanoripples. As the laser 

fluence increases, the nanoripples evolve from continuous to discontinuous ripples (mixture of 

ripples and particles) and then eventually to particle-covered grooves.  This morphology transition 

has been reported by Bonse et al. [31] and Wang et al. [32]. The transition mechanisms from 

nanoripples to particle-covered grooves could be attributed to an inhomogeneous nucleation and 

subsequent light redistribution [33]. When less laser fluences (<0.75 J/cm2) were applied, 

nanoripple structures are clear to be observed. As the laser fluence was increased to 0.91 J/cm2, 

the ripple structures start to disappear, and instead randomly distributed particles are formed 

together with horizontal grooves at microscales. The nanoripple surface processing was performed 

by a raster scan strategy using a galvo scanner. As the hatching distance decreases, the laser energy 

absorbed in a unit surface area increases, causing the LIPSS evolution from nanoripples to 

disordered grooves. When the laser fluence is 0.48 J/cm2, the appropriate hatching distance (38 

Wavelength (nm) Fluence (J/cm2) Height (nm) Periods (nm) 

UV (343) 0.39 84 302 

UV (343) 0.48 123 253 

UV (343) 0.75 110 226 

IR (1030) 0.40 167 955 

IR (1030) 0.92 262 930 



µm) results in the finest nanoripples. Either lower (23 and 30 µm) or higher (45 µm) hatching 

distance resulted in the discontinued ripple structures. 

3.2 SERS on UV-fs-laser-textured Si substrates with Au coatings 

 

Figure 3. Raman spectra of R6G molecules (10-6 mol/L) on Si substrates (1) with laser 

texturing and Au coating; (2) with Au coating only; (3) with laser texturing only; and (4) as 

received. The wavelength of the processing fs laser is 343 nm. The wavelength of the Raman 

excitation laser is 633 nm. 

The Au coatings by sputtering deposition on the textured surfaces serve as a simple, convenient, 

and cost-effective way to provide localized surface plasmon resonance for SERS. Si was selected 

as the primary material for testing. The optimized thickness for the Au coatings was found to be 

34 nm on the laser-textured Si substrates for the best enhancement factor (EF) of SERS (Figure 

S2). Raman spectra of R6G molecules acquired from the Au-coated textured Si substrates exhibit 

strong Raman lines at 611, 773, 1127, 1183, 1310, 1360, 1507, 1573, and 1648 cm-1, as shown in 



Table S1 [34]. 611 cm-1 is the C-C-C ring in-plane bending vibration. 773 cm-1 is the C-H out-of-

plane bending vibration. 1127 cm-1 is the C-H in-plane bending vibration. Peaks at 1310, 1360, 

1507, 1573, and 1648 cm-1 are assigned to the aromatic stretching vibrations. Raman spectra were 

corrected by subtracting a six-order polynomial fitting curve of fluorescence backgrounds by the 

Vancouver Raman Algorithm. As shown in Figure 3, there is no R6G signal on as-received Si and 

UV-fs-laser-textured Si substrates without Au coatings. The band in the range of 935-990 cm-1 

comes from SiO2 films naturally formed on the Si substrates. As a comparison, we placed R6G on 

Si substrates with 34 nm Au coatings, and some Raman peaks of R6G were observed in the 

spectrum. When we placed R6G on the UV-fs-laser-textured Si substrates with 34 nm Au coatings, 

the Raman signals of R6G were significantly enhanced, to the extent that all the reported peaks of 

R6G were observed through the spectrum. At the same time, there is no SiO2 band in the spectra 

with Au coatings, which indicates the Au coating may suppress the background signals from the 

substrates.  

The diameter of the laser focal spot used for Raman excitation (633 nm) is estimated to be ~ 

1.5 µm when focused by a long working distance 50× objective (0.5 NA) for obtaining averaged 

signals of R6G from a few of periods of nanoripples formed on the Si substrates. The SERS EFs 

have been further studied. The intensities should be normalized for the acquisition time, laser 

power, and detector sensitivity. The enhancement factor (EF) is defined by  

EF = 
Iೄಶೃೄ
Iೝ

ೝ
Cೄಶೃೄ

                                                          (1) 

where 𝐼  and 𝐼ௌாோௌ  are the Raman peak intensities obtained on as-received Si substrates and 

SERS-active substrates with Au coatings; 𝐶  and 𝐶ௌாோௌ  are the R6G concentrations used for 

obtaining 𝐼 and 𝐼ௌாோௌ [35-37]. The Raman spectra of R6G on the as-received Si substrates were 



selected as the reference. The concentrations of R6G used for the measurements of reference and 

SERS-active Raman spectra are 10-1 and 10-6 mol/L, respectively. The peak intensities at 1507 cm-

1 after background subtraction for reference and SERS-active substrates are 𝐼 = 276, 𝐼ௌாோௌ = 

6.69×104, respectively. Therefore, the highest SERS EF of 2.4×107 was obtained, indicating an 

excellent SERS performance of the UV-fs-laser-textured Si with a 34 nm Au coating.   

Figure 4(a) shows the SERS EF contour map of the Au-coated laser-textured Si substrates. The 

SERS EFs range from ~105 to ~107 as functions of laser fluence and hatching distance. The highest 

SERS EF of 2.4×107 is achieved on the optimized laser-textured Si substrates, which were 

processed with a laser fluence of 0.48 J/cm2 and a hatching distance of 38 µm. The averaged period 

under the optimized processing parameters for the highest SERS EF is 253 nm. It is worth noting 

that the finest nanoripple structure (period = 226 nm) didn’t result in the highest EF, because of 

the relatively low spatial uniformity. Figure 4(b) shows the comparison of typical Raman spectra 

of R6G (10-6 mol/L) obtained from the laser-textured Si substrates. As we can see, the Raman 

features of R6G are significantly enhanced on the optimized laser-textured Si substrates. The SEM 

images of the spectra were labeled as 1-4 in Figure 2. All the Raman spectra of R6G (10-6 mol/L) 

on Au-coated UV-fs-laser-structured Si substrates prepared as functions of laser fluence and 

hatching distance are shown in Figure S3. We also studied the Raman intensity changes of R6G 

as a function of R6G concentrations, as shown in Figure S4. R6G concentration down to 10-9 mol/L 

was detected on the laser-textured Si substrate. SERS EFs as a function of the angle between the 

polarization of the Raman excitation laser and the orientation of the formed nanoripples is shown 

in Figure S5, which indicates that the SERS EF is not sensitive to the polarization direction of 

Raman excitation laser. The highest EF reaches ~2.4×107 when the polarization of the Raman 

excitation laser is parallel to the nanoripple orientation. The EF reaches a minimum of ~2.1×107, 



when the polarization of the Raman excitation laser and the nanoripple orientation are 

perpendicular to each other. 

 

Figure 4. (a) SERS EF Contour map of Au-coated (34 nm) laser-textured Si substrates. The 

highest SERS EF of 2.4×107 is achieved; (b) the typical Raman spectra 1-4 of R6G molecules 

(10-6 mol/L) chosen from the contour map. The corresponding SEM images of the spectra 1-

4 were shown in Figure 2. The wavelength of the processing fs laser is 343 nm. 

3.3 SERS comparison of UV- and IR-fs-laser-textured Si substrates with Au coatings 

Figure 5 compares the SERS performances between the UV- and IR-fs-laser-textured Si 

substrates with Au coatings (34 nm). After repeating the optimization of IR laser processing, the 

highest SERS EF is found to be 3.3×106, one order of magnitude lower than the SERS samples 

textured by the UV-fs laser. The typical SEM images of the nanoripples fabricated by both UV 

and IR lasers for the highest SERS EFs are also presented in Figures 5a and 5c, respectively. The 

average period of nanoripples textured by the IR laser is 930 nm with a laser fluence of 0.92 J/cm2 

and a hatching distance of 38 µm. The comparison suggests that UV-fs-laser-induced nanoripples 

have better SERS performances due to the finer nanoripple structures (253 vs 930 nm). All the 



Raman spectra of R6G (10-6 mol/L) on Au-coated IR-fs-laser-structured Si substrates prepared as 

the functions of laser fluence and hatching distance are shown in Figure S6. 

 

Figure 5 SEM images and 3D SERS EF contour maps of (a)(b) UV- and (c)(d) IR-fs-laser-

textured Si substrates with Au coatings (34 nm). The R6G concentration was 10-6 mol/L. 

3.4 Mechanisms of laser-induced nanoripples on conductors, semiconductors, and 

insulators  

To our best understanding, strong absorbing materials, such as semiconductors and metals, the 

mechanism of nanoripple formation is based on surface plasmon polaritons (SPPs) [30]. The 

typical exhibit periods are close to or slightly smaller than the laser wavelength. The mechanism 



involves the scattering of the incident electromagnetic wave at the rough surface, which leads to 

the excitation of SPPs, as shown in Figure 6a. Conductors directly provide free elections for SPP 

excitation leading to the formation of nanoripple structures, as shown in Figure 6b. Depending on 

the photon energy and the bandgap energy of the materials, irradiation with fs laser pulses on 

materials such as dielectrics and semiconductors can transiently be turned into a metallic state, 

which triggers the excitation of SPPs, as shown in Figure 6c. For dielectrics or insulators, such as 

glass or plastics, when the single-photon energy is smaller than the bandgap energy, it seems to be 

difficult for nanoripple formation based on our experimental results, as shown in Figure S7. 

Nanoripple formation experiments have been conducted on glass and polystyrene substrates. There 

is no nanoripple structure induced both on glass and polystyrene substrates at various hatching 

distances and laser fluences, although we still can detect R6G (10-6 mol/L) with the highest SERS 

EFs of 2.2×10-6 and 2.0×10-6 on glass and polystyrene substrates, respectively. To be noted, the 

energy per pulse used here for glass is 83 μJ (the highest pulse energy of the laser system). The 

laser fluence used was sufficient for optical breakdown of the glass, since marks of laser ablation 

were observed on the glass surface after UV-fs laser processing. For polystyrene substrates, laser 

energy was set to 48.3 μJ. As a comparison, we repeated and optimized the UV-fs laser fabrication 

on stainless steel surfaces. The highest SERS EF of the UV-fs-laser-textured stainless-steel 

substrates is 1.5×107. All the Raman spectra of R6G (10-6 mol/L) on Au-coated UV-fs-laser-

structured stainless-steel substrates prepared as functions of laser fluence and hatching distance 

are shown in Figure S8. The pulse energy used for the stainless-steel substrates was set to 48.3 µJ. 

The typical SEM image of the UV-fs-laser-textured stainless-steel substrates for the highest SERS 

EF is shown in Figure 6e. The grain boundaries and UV-fs-laser-induced nanoripples on each grain 

are clearly observed. The optimized average period of stainless-steel for the highest SERS EF is 



310 nm, which was prepared with a laser fluence of 2.39 J/cm2 and a hatching distance of 45 µm. 

There is no R6G signal on as-received stainless-steel surfaces, but a significant SERS enhancement 

of R6G was observed on UV-fs-laser-textured stainless-steel surfaces with Au coatings. The 

results obtained from four different substrates, Si, stainless steel, glass, and polystyrene substrates 

further support the mechanisms of nanoripple formation. Through the study, Au-coated surfaces 

with UV-fs-laser-induced nanoripples demonstrate a higher SERS EF by at least one order of 

magnitude. 

 

Figure 6. (a) The mechanisms of nanoripple formation; (b) (c) Conductors and 

semiconductors provide free electrons and excited electrons for nanoripple formation; (d) 

Valance electrons in insulators are bound which leads to harder nanoripple formation. (e) 

SEM images of laser-textured (343 nm) stainless-steel surfaces with Au coatings for the 

highest SERS EF of 1.5×107; and (f) Raman spectra of R6G (10-6 mol/L) on Au-coated laser-



textured stainless-steel substrates. The surface state of this stainless steel is a mill finish, 

which has clear grains in the SEM image. 

3.5 SERS measurements of Sudan I. 

 

Figure 7. (a) Raman spectra of Sudan I molecules (8×10-6 mol/L) on UV-fs-laser textured 

(343 nm) Si substrates with Au coating and untreated Si substrates with Au coating only; (b) 

Raman spectra and (c) Raman intensity as a function of concentration at the peak of 1224 

cm-1.  

Sudan I is an organic compound, which is an intensely orange-red powders that is added to 

colorize waxes, oils, petrol, solvents, and polishes. It also has been adopted for coloring various 

foodstuffs, such as curry powder and chili powder. Sudan I was measured to demonstrate the 



capability of the SERS substrates which are UV-fs-laser textured Si substrates with 34 nm Au 

coatings. A comparison of UV-fs-laser-treated and untreated substrates on the detection of Sudan 

I molecules is shown in Figure 7(a). Besides, Raman spectra and intensities of Sudan I as functions 

of the concentration are shown in Figures 7(b) and (c). Raman spectra of Sudan I molecules 

acquired from the Au-coated textured Si substrates exhibit strong Raman lines at 718, 990, 1091, 

1163, 1224, 1335, 1385, 1450, 1492 and 1593 cm-1. The corresponding assignment of these Raman 

lines is shown in Table S2 [38]. The Raman intensities decrease as the function of Sudan I 

concentrations ranging from 10-5 to 10-6 mol/L. Some Raman peaks were still observable when the 

concentration of Sudan I was down to 10-6 mol/L. Therefore, the substrate is ideal for measurement 

of small molecules with a high enhancement factor. 

3.6 SERS measurements of small extracellular vesicles (sEVs) and glucose 

Figure 8. Raman spectra of (a) sEVs on UV-fs-laser-textured (343 nm) Si substrates with Au 

coating and untreated Si substrates with Au coating only and (b) glucose with concentrations 

of 10-3 and 10-6 mol/L on UV-fs-laser textured (343 nm) Si substrates with Au coating. 



Small Extracellular vesicles (sEVs), which are small lipid-bilayer enveloped assemblies with 

sizes ranging from 20 nm to several micrometers, are found in most biological fluids and contain 

a wide variety of cargo, such as proteins, lipids, nucleic acids, and metabolites. These cargoes are 

representative of their cellular origin and reflective of the pathological condition of the origin tissue 

and cells, which may serve as noninvasive diagnostic biomarkers in biological fluids. In this study, 

Plasma-derived sEVs were isolated and prepared from human patient plasma related to coronary 

artery disease (CAD), which is detailed described in our previous work [39]. The typical size of 

the sEVs used in this study were 50-200 nm in diameter according to the results of nanoparticle 

tracking analysis (NTA) and the concentration of sEVs was 3×1010/mL. The Raman spectra of 

sEVs acquired from the Au-coated textured Si substrates exhibit significantly enhanced Raman 

lines at 755 (symmetric ring breathing of tryptophan), 856 (glycogen), 1002 (phenylalanine), 1126 

(C-C vibrations in lipid), 1244 (amide III), 1450 (CH2 bending vibration of proteins/ lipids), and 

1688 cm-1 (amide I), in Figure 8 (a), which aligns with our previous studies [39]. To be noted, our 

nanoripple structures were optimized for the small molecules, R6G and Sudan I, which are organic 

compounds with low molecular weights (≤1000 daltons) and sizes on the order of 1 nm; thus, 

when it comes to larger molecules such as sEVs, an optimization process on nanoripple is 

suggested. The future work will further optimize the two main parameters, laser fluence and 

hatching distance, for best SERS performance of sEVs. When combining advanced machine 

learning techniques, the optimized SERS substrates should have a great potential to serve as early 

diagnostic sensors of sEVs for various diseases, such as CAD [39] and lung cancer [40]. Besides 

the sEVs detection, another possible application by our SERS substrate was explored. Figure 8(b) 

shows a significant enhancement by our SERS substrates for glucose detection in mmol/L scale, 



which indicates our substrate has a potential in blood glucose monitoring, which requires mmol/L 

accuracy [41].  

4. Conclusion 

This work  explored the nanoripple evolution by UV-fs laser texturing and confirmed the 

processing windows for nanoripple formation as functions of laser fluence and hatching distance. 

SERS EFs were also correlated with the laser induced nanoripple patterns. Substrates were 

fabricated for SERS measurements with high EFs by two-step preparations (UV-fs laser 

processing in open air and Au sputtering). SERS EFs as high as 2.4×107 were achieved for R6G 

molecules on the UV-fs-laser-textured Si substrates with Au coatings of 34 nm. The average period 

of nanoripples with the highest EF is 253 nm, fabricated with a laser fluence of 0.48 J/cm2 and a 

hatching distance of 38 µm. R6G concentration down to 10-9 mol/L was detected on the laser-

textured Si substrate. Moreover, SERS EF is not sensitive to the polarization directions of the 

incident excitation laser. IR-fs laser was also applied to induce nanoripples on Si substrates with 

the SERS EFs one order of magnitude lower than those of the substrates textured by the UV-fs 

laser. Besides Si, other three materials, stainless steel, glass, and polystyrene were also investigated 

as the SERS substrates through the same parametric procedures. Nanoripple structures were able 

to be induced on stainless-steel surfaces with the highest SERS EF of 1.5×107. Conductors and 

semiconductors, such as Si and stainless steels tested in this work, are likely to form nanoripple 

structures under UV-fs laser irradiation; while insulators, such as glass and polystyrene, seem to 

be difficult to form nanoripples on surfaces. Through this study, Au-coated surfaces with UV-fs-

laser-induced nanoripples demonstrate a higher SERS EF by at least one order of magnitude. The 

demonstrations of SERS on Si and stainless-steel substrates further support the mechanisms of 

nanoripple formation, and this study laid a foundation to make UV-fs laser processing an effective 



technique for SERS applications on various materials. Applications for Sudan I, sEVs, and glucose 

were explored to demonstrate the capability of the SERS substrates.  
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