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A B S T R A C T

This work presents a femtosecond laser fabrication method for precision-engineered nanopillar arrays, applicable 
for surface-enhanced Raman scattering (SERS) substrates. The proposed method consists of two steps: (1) 
fabrication of nanopillar arrays using femtosecond laser-induced two-photon polymerization (TPP) technology; 
and (2) deposition of Ag nanoparticles on the fabricated nanopillar arrays. Nanopillar arrays of the proposed 
SERS substrates are optimized with geometrical parameters of diameter, height, spacing, and arrangement. A 
limit of detection (LOD) down to 10-7 mol/L for Rhodamine 6G solution is achieved and the enhancement factor 
is estimated to be up to 2 × 103. The experimental results indicate that the proposed SERS substrates have 
potential applications in biomedical detection, food safety monitoring, and quality control.

1. Introduction

Raman spectroscopy is a powerful tool to determine the structure of 
chemicals by analyzing the vibrational and rotational energy levels of 
molecules, also known as a molecular “fingerprint” spectrum [1,2]. It 
has been widely used in non-destructive detection and molecular iden-
tification. However, Raman scattering is a fragile type of light-matter 
interaction with the signal generally only about 10-10 of the incident 
light intensity, which greatly limits practical applications. In 1974, 
Fleischmann et al. found that the Raman signal intensity between the 
adjacent molecules adsorbed on the surface of the rough Ag electrode 
was significantly enhanced, which was the first time that the Surface- 
enhanced Raman spectroscopy (SERS) effect was observed [3,4].

The intensity of a Raman signal is governed by the characteristics of 
the SERS active substrate. With the development of SERS substrate 
preparation technology, research interests are generally focused on 
regulating substrate structural parameters, including the morphology, 
size, and spatial arrangement of nanoparticles. With the continuous in- 
depth study of nanomaterials and their preparation technology, SERS 
substrates have been developed from the earliest unstable and rough 

synthetic metal electrode to a repeatable and ordered metal structure. 
Nowadays, customizable metal-ordered SERS substrates have become a 
hot research topic for high-performance SERS active substrates.

Homogeneity is a crucial factor in evaluating SERS substrates, 
particularly when used for quantitative detection and imaging. Reliable 
detection outcomes depend on the reproducibility of the detection re-
sults from the substrate since SERS is a localized phenomenon that is 
highly sensitive to the local structure of the substrate and its sur-
rounding environment. For nanoparticle-based substrates, homogeneity 
in size, shape, and aggregation state enhances the reproducibility. In the 
case of assembly- or array-based substrates, the controllable gap size and 
its distribution are pivotal [5]. Up to now, novel fabrication techniques 
of SERS substrates such as photolithography [6], electron-beam lithog-
raphy [7–11] and focused ion beam milling (FIB) [12–16] have been 
extensively investigated to solve these problems. However, they still 
face challenges related to uniformity, efficiency, controllability, 
repeatability, and complexity in the fabrication process.

In this letter, we present a method for producing tailor-made and 
reproducible SERS substrates on a silica glass slide using femtosecond 
laser-induced two-photon polymerization (fs-TPP) and magnetron 
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sputtering technology. Compared with the abovementioned lithography 
and FIB techniques, fs-TPP nanoprinting technology is based on layer- 
by-layer stacking manufacturing stacking, which greatly improves the 
flexibility and formation for micro-/nano-structure designs [17–21]. 
Here, the nanopillar arrays are initially fabricated on a planar glass slide, 
then Ag nanoparticles are sputtered onto the nanopillar arrays. The 
geometry parameters of the nanopillar arrays in proposed SERS sub-
strates are optimized in terms of diameter, height, spacing, and 
arrangement [22]. Significant enhancement in the Raman signal is 
demonstrated by using the optimized SERS substrates for Rhodamine 6G 
detection.

2. Fabrication

Fig. 1 shows the schematic diagram of the proposed nanopillar array 
for SERS substrates, where the nanopillar array is fabricated by a 
femtosecond laser-based three-dimensional (3D) printing system. 
Femtosecond laser pulses with a central wavelength of 780 nm and a 
pulse duration of approximately 120 fs are focused onto the surface of a 
silica glass slide through a 63X objective lens with a numerical aperture 
(NA) of 1.40 and a working distance of 190 μm, which is immersed in the 
photo resin (IP-dip) that covering the glass slide. With this photo resin, a 
minimum feature size of about 300 nm can be readily achieved through 
the fs-TPP process. The geometry model of a nanopillar array like that 
shown in Fig. 1 can be drawn with CAD software and imported into the 
printing system. Before SERS substrate fabrication, the silica glass slide 
used here (25 × 25 × 1.1 mm3) undergoes a cleaning process with 
acetone, isopropyl alcohol (IPA), anhydrous ethanol, and deionized 
water (DIW) sequentially, followed by gently drying under a nitrogen 
gas stream. After the fs-TPP patterning of the nanopillar arrays, the 
samples are then immersed in propylene glycol methyl ether acetate 
(PGMEA) for 15-minute development, followed by another 5-minute 
immersion in IPA to completely remove the non-crosslinked residue.

Before fabricating nanopillar arrays, the fabrication parameters of a 
single nanopillar have been investigated for the consideration of sta-
bility, including diameter and height. Thin and long nanopillars are 
beneficial for the preparation of high-performance SERS substrates as 
they can effectively increase the specific surface area. As depicted in 
Fig. 2, nanopillars with diameters of 300 nm, 400 nm, 500 nm and, 600 
nm are shown in columns (a) to (d), respectively, and the height of 
nanopillars in each column from top to bottom increases from 1 μm to 
14 μm. It is evident that thicker nanopillars stand upright even with a 
height of 14 μm, such as that with a diameter of 500 nm and 600 nm, as 

can be seen clearly from Fig. 2(c) and 2(d). The thinner ones are more 
prone to bending. For the nanopillars with a diameter of 300 nm, it can 
still stand upright with a height of 10 μm. However, a slight bent can be 
observed with the height increased to 14 μm. as shown in the bottom of 
Fig. 2(a). At this point, the aspect ratio reaches approximately 46.

In order to find the optimal close packing arrangement, we also 
investigated the arrangement effect of nanopillars. The fabricated 
nanopillar cells with different arrangements are shown in Fig. 3, which 
includes the basic triangular, quadrilateral, pentagonal and hexagonal 
arrangements. Note that the diameter and height of nanopillars here are 
all 300 nm and 10 µm, respectively. According to the scanning electron 
microscopy (SEM) images shown in Fig. 3(a), the critical distance 
(center to the vortex of the cell) for the non-tipping of the triangular 
arrangement nanopillar cell is determined to be 1.6 μm. Those for the 
quadrilateral, pentagonal, and hexagonal arrangements are 1.9 μm, 1.9 
μm, and 2.3 μm, respectively. Therefore, the triangular arrangement of 
the nanopillar array exhibits the highest cover density under the same 
fabrication conditions, which is beneficial for SERS performance 
improvement. Moreover, the triangular arrangement is most stable 
under liquid tension.[23] Taking into account both the cover density 
and stability, the optimal arrangement can be determined to be the 
triangular one.

To explain the experimental results mentioned above, we conducted 

Fig. 1. Schematic diagram of Raman scattering enhancement generated by 
nanopillar arrays.

Fig. 2. Optimization and comparison of various nanopillars on a planar sub-
strate. (a)~(d) The diameter of nanopillars are 300 nm, 400 nm, 500 nm, and 
600 nm, respectively. From top to bottom, the height of nanopillars in each 
column is 1 μm, 3 μm, 6 μm, 10 μm, and 14 μm, respectively.

Fig. 3. SEM images of the morphology of the nanopillar arrays fabricated by fs- 
TPP with different arrangements.
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mechanical simulations of the surface tension effect on the nanopillar 
with different heights and diameters. The simulation results are shown 
in Fig. 4, where one can see that when a nanopillar with the same radius 
is subjected to the same magnitude of surface tension, the top 
displacement of the nanopillar increases with its height. On the other 
hand, when a nanopillar with the same height is subjected to the same 
magnitude of surface tension, the top displacement of the nanopillar 
decreases with its radius increasing. As mentioned above, the critical 
distance of the triangular nanopillar array shown in Fig. 3 (a) is 1.6 μm, 
corresponding to a gap of ~ 2.4 μm between adjacent nanopillars, which 
implies a non-tipping tolerance of 1.2 μm for the top displacement of 
nanopillars. According to the simulation results, the top displacement of 
a nanopillar with a diameter of 300 nm and a height of 10 μm is 
approximately 1.22 μm, as labeled by a red dot in Fig. 4, which is in good 
agreement with the experimental results. Due to the limitation of pro-
cessing precision, the minimum diameter of a nanopillar is ~ 300 nm. 
Therefore, the fabrication of short nanopillars is helpful to the realiza-
tion of non-tipping nanopillar arrays. Meanwhile, it also reduces fabri-
cation time.

3. Results and discussion

For the purpose of improving array density, the height of the printed 
nanopillar should be suppressed in cost. With a diameter of 300 nm and 
a height of 1 µm, the distance between adjacent nanopillars can be 
optimized down to submicron. Three nanopillar arrays with spacing 
distances of 700 nm, 800 nm, and 900 nm are shown in Fig. 5, respec-
tively, where the fabricated nanopillar arrays are in good uniformity, as 
can be seen from the SEM images. Finally, the nanopillar arrays are 
coated with Ag nanoparticles using the magnetron sputtering method, as 
shown in Fig. 6 (a). The SEM images show that silver nanoparticles are 
evenly distributed on the surface of the nanopillars. We have statistically 
analyzed the size distribution of silver nanoparticles, the results of 
which are shown in Fig. 6 (b), and calculated the average diameter of the 
silver nanoparticles to be ~ 10 nm. During sputtering, the vacuum 
chamber pressure is reduced to 5 × 10− 4 Pa, followed by continuous 
filling with argon at a quasi-static pressure of 2 Pa. The DC current in-
tensity is set to 40 mA. To ensure the uniformity of the Ag nanoparticles, 
the nanopillar arrays are automatically rotated at a constant speed in the 
chamber during the sputtering process.

To evaluate the performance of the as-prepared SERS substrate, a 
Raman spectrometer (Alpha 300R, Witec) with a confocal microscope is 

used for Rhodamine 6G (R6G) detection, where a 532-nm frequency- 
stabilized single-mode diode laser is included for Raman signal excita-
tion [24–26]. The sample is illuminated by a 532-nm laser beam with a 
power of 1 mW that is focused through a 100 × microscopic objective 
(Olympus, 0.9NA) during the test. For data collection, the integration 
time and scan number for averaging are 1 s and 10, respectively. R6G 
aqueous solution is prepared by dissolving R6G powder in anhydrous 
ethanol. Serial dilutions are carried out to produce R6G solutions with 
concentrations ranging from 10-4 M to 10-8 M. The average thickness of 
R6G molecules on the surface of nanopillar array-based SERS substrate 
can be calculated through the relationship among concentration, solu-
tion volume, R6G density, and substrate area. For example, the volume 
of R6G solution used with a concentration of 10-5 mol/L (concentration 
units, where “mol” stands for the amount of substance in moles, and “L” 
stands for the volume in liters) is 10 μL during Raman test, and the area 
of the substrate is about 120 mm2, thus the average thickness of R6G 
powder after drying can be estimated to be 3 nm. This allows for the 
performance assessment and comparison of different SERS substrates.

Fig. 7 shows the Raman spectra of R6G with a concentration of 10-5 

mol/L that corresponds to the SERS substrates with a nanopillar spacing 
of 700 nm, 800 nm, and 900 nm, respectively. Results indicate that the 
SERS substrate with a 900-nm spacing distance exhibits the highest in-
tensity. This result is consistence with that of the previous report [5]. In 
order to further evaluate the performance of the proposed SERS sub-
strates, we measured the Raman spectra of R6G with concentrations 
from 10-8 mol/L to 10-4 mol/L, as shown in Fig. 8(a). The Raman peak 
intensity with respect to the R6G concentration is plotted in semi- 
logarithmic scale, as can be seen in Fig. 8(b). Note that the data of 10- 

8 mol/L is not included in Fig. 8(b) due to the lack of identifiable Raman 
signals for this concentration. The Raman peak intensity rises as the 
concentration increases from 10-8 to 10-5 mol/L and approaches satu-
ration at the concentration of 10-5 mol/L, and then drops with the R6G 
concentration further increases. On one hand, this is possibly due to the 
gaps between silver nanoparticles on the surface of nanopillar arrays 
being obscured by the overly thick layer of R6G molecules for high 
concentrations, leading to a weakening of the surface plasmon reso-
nance (SPR) effect. In this case, the enhancement effect of the electro-
magnetic field is no longer significant, and the enhancement effect of the 
Raman signal will also be affected [21]. On the other hand, at high 
concentrations, R6G molecules may aggregate, affecting their adsorp-
tion state and orientation on the metal surface. This aggregation may 
reduce the number of molecules effectively adsorbed in the hot spot 
areas, thereby diminishing the enhancement effect of the Raman signal. 
The detection limit is estimated to be on the order of 10-7 mol/L.

The analytical enhancement factor (AEF) is an important indicator to 
characterize the SERS substrate. Note that the AEF does not fully 
encompass the SERS effect, as it disregards surface effects such as mo-
lecular coverage and surface adsorption. Therefore, it is influenced by 
the molecular species and the sample preparation process. Nevertheless, 
the AEF offers a straightforward figure for the expected signal 
enhancement in practical analytical measurements. The wavenumber 
and intensities of the major peaks are extracted from the baseline- 
corrected spectra and are used in the following equation [25,27]: 

AEF =
ISERS

IRS
•

CRS

CSERS
(1) 

where ISERS and CSERS denote the peak intensity and concentration of the 
analyte for SERS measurements, while IRS and CRS represent the equiv-
alent values for non-SERS measurements. Additional measurement pa-
rameters, such as integration times, are taken into consideration to 
calculate normalized AEFs [28]: 

AEFnor =
ISERS

IRS
•

tRS

tSERS
•

CRS

CSERS
(2) 

where tSERS and tRS represent the integration times employed in the SERS Fig. 4. Simulation of displacement induced by surface tension on nanopillars 
with different radii and heights.
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and non-SERS measurements, respectively. In cases where different laser 
powers, averaging values, and other parameters are utilized for SERS 
and non-SERS measurements, identical correction calculations are also 
conducted. For our experimental results, the normalized AEF value is 
calculated to be about 2 × 103, and the detection limit is as low as 10− 7 

mol/L.
Table 1 lists the performance of the proposed SERS substrate and 

some typical fiber optic SERS substrates. Compared with the fiber optic 
SERS substrates, the LOD of the proposed SERS substrates for the R6G 
test reaches 10− 7 mol/L, which is close to most methods in Table 1. The 
proposed method for SERS substrate fabrication is designable and 
reproducible, and there is still room for performance improvement in 
the future.

4. Conclusion

In conclusion, a method of fabricating precision-engineered and 
reproducible SERS substrates based on femtosecond laser-induced two- 
photon polymerization was proposed. The demonstrated SERS sub-
strates were realized by nanopillar arrays made from femtosecond laser- 
induced two-photon polymerization and followed by the deposition of 
silver nanoparticles on the nanopillar arrays through magnetron sput-
tering. The geometrical parameters of the nanopillar array, including 
diameter, height, spacing, and arrangement, are optimized experimen-
tally and a single nanopillar with an aspect ratio of 1:46 can be readily 
obtained. SERS substrates with optimized nanopillar arrays exhibit a 
limit of detection of 10-7 mol/L for the Rhodamine 6G test and achieve 
an analytical enhancement factor of approximately 2 × 103. The pro-
posed SERS substrate is expected to possess advantages in the fields of 
cost-effective biomedical detection and chemical sensing.

Fig. 5. SEM images of the morphology of the nanopillar arrays fabricated by fs-TPP with different spacing distances.

Fig. 6. (a) SEM images of the morphology of the Ag nanoparticles. (b) The particle size distribution of silver nanoparticles. Inset shows the Gaussian fit of the 
distribution. Fitting function: y = 0.28exp (− ln(2)(2(x-9.6)/7.2)2)，where we can see, the mean value is 9.6 nm, the FWHM is 7.2 nm, and the amplitude is 28 %.

Y. Zhang et al.                                                                                                                                                                                                                                   Optics and Laser Technology 181 (2025) 111659 

4 



CRediT authorship contribution statement

Yunfang Zhang: Writing – original draft, Software, Methodology, 
Formal analysis, Conceptualization. Yubin Deng: Software, Formal 
analysis. Han Liu: Formal analysis. Longbiao Huang: Formal analysis, 
Conceptualization. Xin Ding: Software, Methodology. Zhiyong Bai: 
Writing – review & editing, Formal analysis. Changrui Liao: Supervi-
sion, Conceptualization. Yiping Wang: Writing – review & editing, 
Writing – original draft, Supervision, Formal analysis. Ying Wang: 
Writing – review & editing, Writing – original draft, Supervision, Formal 
analysis.

Declaration of competing interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Data availability

The data that has been used is confidential.

Acknowledgments

This work was supported by National Natural Science Foundation of 
China (62122057, 62275172); Guangdong Natural Science Foundation 
(2023A1515012893, 2022B1515120061); Shenzhen Key Laboratory of 
Ultrafast Laser Micro/Nano Manufacturing (ZDSYS202206061004 
05013); Science and Technology Innovation Commission of Shenzhen 
(JCYJ20220818095615034); Shenzhen Science and Technology Program 
(KQTD20221101093605019).

References

[1] Judith Langer, Dorleta Jimenez de Aberasturi, Javier Aizpurua, Ramon A. Alvarez- 
Puebla, Baptiste Auguie, Jeremy J. Baumberg, Guillermo C. Bazan, Steven E. J. 
Bell, Anja Boisen, Alexandre G. Brolo, Jaebum Choo, Dana Cialla-May, Volker 
Deckert, Laura Fabris, Karen Faulds, F. Javier García de Abajo, Royston Goodacre, 
Duncan Graham, Amanda J. Haes, Christy L. Haynes, Christian Huck, Tamitake 
Itoh, Mikael Kall, Janina Kneipp, Nicholas A. Kotov, Hua Kuang, Eric C. Le Ru, 
Hiang Kwee Lee, Jian-Feng Li, Xing Yi Ling, Stefan A. Maier, Thomas Mayerhöfer, 
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