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Abstract 

Plasmonic metal nanostructure prepared by photolithography technology can be used as a uniform and stable 
substrate with high SERS activity. However, there is only limited research on the precisely regulated metal nanostruc-
tures and the systematic studies on the relation between the structure and SERS response. Herein, different gold 
nanostructure arrays (including circles, equilateral triangles, squares, regular pentagons, regular hexagons, penta-
grams, and hexagram) have been prepared using electron beam lithography (EBL). Rhodamine B were employed 
as the probe molecule. The effect of the shapes, sizes (s), spacing (d), and rotation angle (α) of different shapes 
gold on SERS activities were systematically investigated under the excitation of 532 nm laser. Further finite element 
method based electromagnetic field simulations unveiled the correlation between the local electromagnetic field 
strengths and the SERS activities, which also verified the proportional relation between the fourth power of the elec-
tromagnetic field intensity (LE) and enhancement factor (EF).
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Introduction
Since the discovery (Fleischmann and A.J. 1974) of Sur-
face-Enhanced Raman Scattering (SERS) phenomenon 
on rough silver electrodes by Fleischmann et  al. in the 

1970s, SERS has been proved to be an extremely sensi-
tive technique for single-molecule detection, such as the 
thermoelectric materials (Zhang et  al. 2024a; Tan et  al. 
2023; Shao et  al. 2023), chemical sensing, biology, and 
medicine (Liu et  al. 2024; Kneipp et  al. 1997; Nie 1997; 
Yin et al. 2010; Dutta Roy et al. 2015; Yaseen et al. 2018; 
Tran et al. 2021; Beeram et al. 2023; Eremina et al. 2024; 
Wei et al. 2024; Zhang et al. 2024b).

Currently, to improve SERS performance, many 
researchers are committed to design and develop highly 
active SERS response substrates. Song et  al. (Song 
et  al. 2013) prepared highly branched gold nanoflow-
ers through chemical synthesis methods and obtained 
highly active SERS active substrates. Silvia et  al. (Bar-
bosa et al. 2010) synthesized gold nanoparticles of differ-
ent sizes and studied the relationship between their size 
and SERS performance. Joseph et al. (Joseph et al. 2007) 
still obtained the changes in SERS intensity at different 
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sharp angles by chemically synthesizing silver nanocubes 
with different sharp angles. However, chemical synthe-
sis methods are prone to introducing other impurities 
and cannot accurately control the synthesis of various 
nanostructures. Therefore, it is necessary to find a new 
method for preparing nanostructures.

Generally, there are two main methods to prepare 
SERS substrates: the wet chemical synthesis (Tiwari et al. 
2007) and the top-down approaches (Yannick Sonne-
fraud et al. 2010; Ahmad et al. 2014). The wet chemical 
synthesis includes chemical synthesis of metal nanopar-
ticles, nanorods, nanosheets, and their self-assemblies. 
Although wet chemical synthesis has the advantages of 
low cost and high local SERS response, it is difficult to 
achieve large-scale ordered structures, and mostly they 
suffer from the contamination (Chen et  al. 2011) intro-
duced in chemical process. In contrast, modern nano-
fabrication technique based top-down methods can 
easily realize structure precisely controlled SERS active 
substrates and barely impurities introduction, there-
fore uniform, stable, and reproducible SERS responses 
(Muhlschlegel et  al. 2005; Kessentini et  al. 2014). EBL 
technology has natural advantages in the preparation 
of metal nanostructures. Yu et  al. (Qiuming et  al. 2008) 
used EBL technology to precisely control the diameter 
and spacing of gold nanopores and studied their relation-
ship with SERS performance. Jonas et al. (Beermann et al. 
2009) prepared gold nanoparticle arrays of different sizes 
using EBL technology, revealing a good correspondence 
between reflection spectrum dependence and local SERS 
enhancement. Jenny et al. (Oran et al. 2008) investigated 
the SERS performance of gold nanoparticle arrays with 
different shapes and sizes using EBL technology. There-
fore, EBL technology is a good choice for preparing SERS 
active substrates. However, most of reported works focus 
on obtaining high SERS activity substrates, lacking sys-
tematic experimental investigation on structure-perfor-
mance of such system. It should be thoroughly explored 
through precisely fabricated metal nanostructures.

In this article, EBL technology was first used to accu-
rately prepare different gold nanostructure arrays, 
achieving controllability of SERS active substrates. Sub-
sequently, Rhodamine B (RhB) was used as a probe 
molecule, and the relationship between SERS activity 
response and different gold nanostructure arrays was 
systematically studied under 532 nm excitation laser. The 
results were further elucidated by using CST simulation 
calculations which verify the unveiled linear relationship 
between local electromagnetic field strength (LE) and 
enhancement factor (EF).

Experimental methods
Preparation of SERS‑active substrates
The prepared SiO2/Si substrates (10 mm × 10 mm) were 
sequentially cleaned using acetone, ethanol, and Milli-Q 
water for 30  min in an ultrasonic bath, then dried with 
purified dry nitrogen gas. The electron beam lithogra-
phy system (VEGA3, TESCAN, Ltd.) was used to create 
patterns of different nanostructure arrays on the cleaned 
SiO2/Si substrate surfaces. 5 nm Cr and 10 nm Au layer 
were deposited consecutively using an electron beam 
evaporation system (EBD, DZS500, Co., Ltd. CAS) (sup-
porting information for details). The samples were then 
subjected to a lift-off process to form nanostructure 
arrays. The detailed preparation process is shown in 
Fig.  1  (taking the pentagram structure as an example). 
Subsequently, the prepared samples were immersed in a 
10–6 mol L−1 RhB solution for 3 h, rinsed with deionized 
water. The resulting samples were dried in air and used 
for further characterization and SERS measurements.

Morphology characterization
The morphology of the metal nanostructures was char-
acterized using a scanning electron microscope (SEM, 
SU3500, Hitachi, Japan) at an accelerating voltage of 
15  kV and a working distance of 6  mm. The sample 
profile of Z-height was measured using atomic force 

Fig. 1  Schematic diagram of EBL preparation process for SERS active substrates with different structures
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microscopy (AFM, Korea Park X-10 Systems) in the non-
contact mode (NCM).

Raman measurements
SERS measurements were conducted using a confocal 
microscope spectrometer (RTS-2, Titan Electro-Optics 
(Hong Kong) Ltd) with a 50 × long focal length objective 
lens and excitation laser of 532  nm. All Raman spectra 
were acquired with an integration time of 5  s, and five 
spots are taken in each 50 μm × 50 μm patterned area. In 
all experiments, the laser power was 0.3 mW.

Calculation of the enhancement factor
The three SERS EFs are single-molecule EF, substrate EF, 
and analytical EF (Natan 2006; Le et al. 2007; Dey 2023). 
The analytical can be defined as:

where ISERS and IREF are the measured Raman signal 
intensity of featured peaks from the probe molecule with 
and without SERS active substrate, respectively. CSERS 
and CREF are the concentration of the probe molecule 
before testing the SERS substrate (10–6 mol L−1) and the 
SiO2/Si substrate (0.1 mol L−1), respectively.

Simulation calculations
The significant enhancement of Raman scattering is 
generally attributed to electromagnetic and charge 
transfer mechanism (Heller 1982; Shamsali et  al. 2023; 
Lombardi et al. 1986; Dong et al. 2023), which often coex-
ist. For most noble metal systems, the electromagnetic 
field enhancement is dominant which is mainly resulted 
by the surface plasmon resonance (SPR) (Gersten 1980) 
of the metal nanostructures. The optimal local electro-
magnetic field strengths are realized by matching laser 
frequency to the SPR frequency of the nanostructure (Li 
et al. 2008). Therefore, unveiling structure -performance 
relation is essential for developing and fabricating appro-
priate metal nanostructures to maximize the SPR electro-
magnetic field effect (Maier 2006).

The SERS response roots to the enhancement of the 
electromagnetic fields resulted by gold nanostructure 
plasmon resonances. As an effective simulation tool, 
the CST software was applied to investigate the dis-
tribution of the local field enhancement (LE) and its 
relationship with EF on the EM irritated periodic nano-
structures (Chakraborty et al. 2021; Goel et al. 2021; Ko 
and Chen 2022). According to the classical theory, the 
EF is proportion to LE

4, LE = Eloc/Eo, where Eo and Eloc 
are the local electric field strength on the nanostructure 

(1)EF =

ISERS

IREF
×

CREF

CSERS

with and without resonance, respectively50. The 
CST simulation process is listed in the supporting 
information.

Results and discussion
Gold nanostructures with different shapes
As shown as in Fig.  2 (I), gold nanostructure arrays 
with different shapes have been successfully prepared 
on SiO2/Si substrate using EBL, including circles (Cir), 
triangles(Tri), squares (Squ), pentagons (Pen), hexagons 
(Hex), pentagonal star (Ps), and hexagonal star (Hs). They 
all have square lattice with constant of d = 150 ± 5  nm 
and s = 400 ± 5  nm. The corresponding AFM characteri-
zations of the samples are shown in Figure S1 (I) which 
indicate that the height of each structure is h = 15 ± 5 nm.

As illustrated in Fig.  2 (II) and (III), the arrays with 
pentagram and circular elements demonstrate the high-
est and lowest SERS response of RhB molecule among all 
test structures (s = 400 nm, d = 150 nm) with the value of 
EF 3.57 × 106 and 6.11 × 104, respectively. The calculation 
of EF was conducted using the intensity of the peak at 
1649 cm⁻1 as a reference. The results also show that the 
sharper of the conners or tips, the more the tips and the 
sides, the larger the EF will be. It is consistent with the 
previous reported results(36). Due to the sharper angle, 
the gaps between structural elements on the outer sur-
face are larger. It can be resulting in denser charge accu-
mulation and stronger electric field strength. Therefore, 
the more tips there are, the stronger the electric field 
strength. In addition, when the laser is irradiated, the 
charges are mainly concentrated at the tip, there are also 
charges at the edges. So, the more sides, the stronger 
the electric field strength. The size of EF depends on the 
strength of the electric field. And the stronger the electric 
field, the larger the EF.

To investigate the relationship between the localized 
electromagnetic field intensity and EF, the CST software 
was used to simulate the strength of the resonant electro-
magnetic field generated by different gold nanostructure 
arrays in Fig. 2 (IV). The results indicate that the fitting of 
electromagnetic field intensity matches the EF value. The 
relationship between LE and EF has been further studied 
as shown in Figure S2 (a) which indicates EF and LE

4 are 
nicely linearly correlated.

To further elucidate the relationship between EF and 
angle (β) and quantity (n) (angles and sides), a quantita-
tive relationship between EF and β and n was established 
through multiple linear regression (The detailed fitting 
process can be found in the supporting information 
Table S1). To study the contribution of convex and con-
cave angles and sides to EF, an empirical model is devel-
oped and presented as Eq. (2).
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The first term and the second term represent the con-
tribution of the convex angle and the concave angle to 
EF, respectively, and the term a is for taking care all other 
influences which cannot be attributed to the first two 
terms. The fitting result is shown in Fig. 2 (III), where the 
parameters are a1 = 8.62 × 108, a2 = 4.00 × 102, a3 = 0 and 
a = −2.21 × 105.

Different pentagram shaped gold nanostructure arrays
As discussed in above sections, the correlation among 
the adjacent units is included in the term a. In order to 
further clarify this part, pentagram-shape gold arrays 
with different spacings (s), sizes (d), and rotation angles 
(α) (α is the counterclockwise rotation angle from an ini-
tial angle of 0°) were prepared. The corresponding AFM 
characterizations of the samples are shown in Figure S1 
(II).

(2)EF = a1 ×
n1

(β1)
2
+ a2 × n2 × β2 + a3 × n3 + a

Figure 3 shows the results of pentagram shaped with 
different s. The SEM of Fig. 3 (I) indicates the success-
ful preparation of pentagram shaped arrays with differ-
ent s. The SERS test results are shown in Fig. 3 (II). The 
smaller the spacing, the stronger the SERS response, as 
shown in Fig. 3 (III) that the EF increases as the spac-
ing between the pentagrams in the array decreased 
with negative linear correlation in formula (3) where 
b1 = −4.00 × 103, b = 3.868 × 106. (The detailed fitting 
process can be found in the supporting information 
Table S2). This is consistent with the results of Christy 
et al. (Duyne 2003).

Figure  3 (IV) shows that the fitting results of the 
electromagnetic field intensity are consistent with 
the experimental results which is consistent with the 
results of Amy et al. (Amy et al. 1999) and Chao et al. 
(Chao et al. 2015). The data in this work compared with 
previous work is listed in the Table S3.

(3)EF = b1 × s+ b

Fig. 2  Gold nanostructure arrays with different shapes: (I) SEM images (a) Circular array, (b) Triangle array, (c) Square array, (d) Pentagon array, (e) 
Hexagon array, (f) Pentagonal star array, (g) Hexagonal star array, (h) SEM size diagram; (II) Measured Raman spectra of RhB molecule on different 
gold structure arrays. Five observable Raman shifts at 1196 cm⁻1, 1275 cm⁻1, 1350 cm⁻1, 1506 cm⁻1 and 1646 cm⁻1. For 1646 cm⁻1, 1350 cm⁻1 
and 1275 cm⁻1 reflect the stretching vibrations of carbon–carbon double bonds in the benzene ring. The one at 1196 cm⁻1 and 1506 cm⁻1 are 
the results of the deformation vibration of the benzene ring and vibration of the carbon-hydrogen bond, respectively (Jia and Z. XL, X. Ming 2005; 
Yan et al. 2015; Seçkin et al. 2023); (III) The enhancement factors with the reference the intensity of the peak at 1649 cm⁻1 and fitting results; (IV) 
Simulation results of local electromagnetic field intensity (Eloc/Eo) response of different gold nanostructures
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Further research was conducted on the influence of 
pentagram shaped arrays with different sizes (d) and 
rotation angles (α) on SERS response. The test results 
are shown in Figures S3 and S4 in the supporting infor-
mation. The results indicate that both d and α have an 
impact on SERS response. The influence of size may be 
the reason for laser wavelength matching, while the influ-
ence of angle factor needs further exploration.

Normalizing formulas (2) and (3) can be approximated 
as

It is known that the main factors affecting EF are spac-
ing, angle and number of external convex angles.

To verify the validity of Formula (4), we further pre-
pared a "gear like" structure and conducted SERS testing. 
Randomly select 4 points in the array for SERS response 
testing, and the test results are basically consistent, indi-
cating the uniformity and stability of the active substrate 

(4)EF = (b1 × s+ b)×

{

a1

[

n1

(β1)
2

]

+ a2 × n2 × β2 + a

}

/3.57

as shown in Fig.  4 (b). The equation predicted EFs well 
match the experimentally measured ones in Fig.  4 (c), 
with a standard deviation of less than 2.8% in Fig.  4 (d) 
which verifies the accountability of the empirical formula.

Conclusion
In conclusion, different gold nanostructure arrays have 
been successfully prepared using EBL technology, and 
accurate regulation of the active substrate structure of 
SERS has been achieved. This method avoids the influ-
ence of surface impurities that may be present when pre-
paring SERS substrates using chemical synthesis, making 
it significant for systematically studying the impact of 
different gold nanostructures on SERS response. The 
influence of different shaped gold nanostructures on the 
SERS response was investigated using RhB as a probe 
molecule. The results indicate that different shapes of 
gold nanostructures have a significant impact on EF. Fur-
thermore, the study of the impact of different spacings (s) 
of pentagram-shaped gold nanostructures on the SERS 

Fig. 3  Pentagram shaped arrays with different spacing(s): (I) SEM images, (a) 400 nm, (b) 500 nm, (c) 600 nm, (d) 700 nm, (e) 800 nm, (f) 
900 nm, (g) 1000 nm,(h) 1100 nm, and (i) 1200 nm; (II) Measured Raman spectra of RhB molecule with different s; (III) The enhancement factors 
with the reference the intensity of the peak at 1649 cm⁻1 and fitting results (IV) Simulation results of local electromagnetic field intensity (Eloc/Eo) 
response with differents
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response showed that the SERS response increased as the 
s decreased. The main factors affecting EF are spacing, 
angle and number of external convex angles.

This work systematically studied the relationship 
between SERS substrate activity and structure, provid-
ing reference for the further design and development of 
high active SERS substrates.
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