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Abstract: Surface-enhanced Raman scattering (SERS) has attracted 

attention due to its enormous potential for practical application to detect 

molecules with low concentrations. The method of fabricating SERS 

substrates is of great importance for improving the detection resolution. 

However, the SERS substrates with different triangular pyramid tips 

fabricated by using tip-based nanoindentation method has not been 

reported. Here, we prepared arrayed micro/nanocavities on copper-based 

graphene using the continuous indentation method with a Berkovich tip and 

a cube-corner tip, which have different face angles. Gold nanoparticles 

were then sputtered on the graphene-copper micro/nanocavities to form the 

Au@GR@Cu micro/nanocavities SERS substrates. The substrates formed 

using the Berkovich tip and cube-corner tip were labeled B2–B9 and 

C2–C9, respectively, which the numbers indicate the machining feed.  The 

Rhodamine 6G (R6G) was employed and the Raman intensities of R6G on 

the different arrayed Au@GR@Cu micro/nanocavities were measured. The 

Raman intensities of the R6G were stronger on the pile-ups than on the 

inverted triangular pyramid cavities. Then, the Raman intensities of R6G  

were highest on the C2 and B2 structures and lowest on the C9 and B9 

structures. The Raman intensities of R6G on the arrayed Au@GR@Cu 

micro/nanocavities fabricated by the Cube corner tip were stronger than 

those on the arrayed Au@GR@Cu micro/nanocavities  fabricated using the 

Berkovich tip with the same machining feed. In addition, the electric field 
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intensity and distribution of the B9 and C9 arrayed Au@GR@Cu were 

simulated using Comsol software. Au@GR@Cu structures fabricated by 

the Cube Corner tip were generated higher electric field intensities. 

Furthermore, the relative standard deviations at 1362 cm-1 of R6G were 

6.19% and 6.62% on the C2 and C4 surfaces, respectively, showing good 

homogeneity. The SERS spectra of 10-9 mol/L malachite green solution and 

10-6 mol/L carbaryl solution were recognized on the C1, C2 and C4 

surfaces on day 1 and after 3 months, respectively. After storage at room 

temperature for 3 months, the reductions in the Raman intensities were less 

than 10%, indicating excellent stability. The results showed that the 

arrayed Au@GR@Cu micro/nanocavities fabricated using the cube -corner 

tip performed better than those fabricated using the Berkovich tip, and 

exhibited excellent uniformity, availability, and stability, providing great 

potential for detecting pesticides at low concentrations.  

Keywords: SERS, Au@GR@Cu micro/nanocavities, nanoindentation, 

malachite green, carbaryl  

1 Introduction 

Surface-enhanced Raman scattering (SERS) substrates have attracted 

increasing research attention over the past thirty years. SERS amplif ies 

Raman signals to detect molecules with low concentrations and obtain the 

special fingerprints of molecules using a single excitation light source. 

SERS substrates have been employed in many fields, including 
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environmental quality monitoring, medical diagnosis, analysis of food and 

other aspects of detection.1-5 At present, researchers generally believe that 

the cause of SERS is electromagnetic enhancement and chemical 

enhancement.6,7 In electromagnetic enhancement, localized surface 

plasmon resonance plays a non negligible role, and its strength is affected 

by several factors, such as the shape, size and distribution of the SERS 

substrate.8 The chemical enhancement is due to the movement of electric 

charges and the interaction between the different molecules and the 

different SERS substrates. The enhancement factor is about 10 10-1011 due 

to the electromagnetic enhancement and the Raman enhancement factor is 

about 103 due to the chemical enhancement. 9, 10 In addition, metal particles 

including Au, Ag, Cu are widely employed as SERS substrates. Ag 

generates the best enhancement effect but has the disadvantage of being 

prone to oxidation. The enhancement effect of Au is inferior to that of Ag . 

However, Au does not easily oxidize, making it a preferred substrate for 

SERS.  

A variety of SERS substrates shapes have been machined, such as sea 

urchin,11-14 nanorod,15,16 nanocube,17-19 nanowire,20-23 nanostar,24  

dumbbell.25 Cong et al. fabricated a sea urchin-shaped SERS substrate by 

gathering W18O49 nanowires. Vacant oxygen is formed on the tungsten 

oxide and sea urchin structures via annealing treatment as the SERS 

substrate remains unchanged. Then the 10 -7 mol/L R6G solution was 
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detected and the enhancement factor was 3.4×105
.
11 Guo et al. fabricated 

sea urchin structures as SERS substrate using seed mediated growth 

method and coated epidermal growth factor receptor mutation-specific 

molecular beacons on the substrate surface. Epidermal growth factor 

receptor detection with a sensitivity of 75% was achieved using the sea 

urchin substrate.12 Similarly, sea urchin-like Au nanoparticles were 

machined using the seed-mediated growth method, and a 10-6 mol/L 

4-mercaptobenzoic acid was detected.13 In another study, hollow sea 

urchin-shaped SERS substrates were formed via galvanic displacement 

reaction, and the detection of 5×10-4 to 5×10 -7 mol/L thiram was 

achieved.14  

Ag nanoparticles deposited on Au nanorods were fabricated as a SERS 

substrate by combining electrodeposition with stripping methods, and the 

detection limit for 4-ATPD was 0.35×10 -12 mol/L.15 Arrayed Au@Ag 

nanorod structures with good stability and repeatability were formed using 

a self-assembly method on an oil/water interface, and 0.018 mg/L thiram 

solution was detected.16 Another study formed Ag nanocube and nanowire 

SERS substrates using the polyol reduction method. Compared with the 

nanowires, the nanocubes generated higher SERS enhancement. The PATP 

and thiram detection limits on the nanocube structure were 10 -16 mol/L and 

10-15 mol/L, respectively.17 Lu et al. fabricated silver nanocubes with 60 

nm and silver films as SERS substrates to detect the Dopamine with the 
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concentration of 40 fM.18 Wu et al. machined Au nanorods@Ag nanocubes 

and then soaked the nano cellulose as SERS substrate to detect TNT at 

8×10 -12g/L.19 Castro et al. synthesized silver nanowires by controlling the 

temperature of the reaction and performing multiple precipitations.  Then 

the PVP was detected by using the substrate. 20 The H2Ti3O7 nanowires 

were fabricated by combining hydrothermal with ion exchange methods. 

Then, the 10 -9 mol/L R6G solution was detected by the H2Ti3O7 

nanowires.21 CuO/Ag nanowires were machined using thermal oxidation 

and sputtering and detected the 10-10 mol/L methylene blue.22 Xu et al. 

fabricated Ag nanoparticles and silver nanowires by combining the 

solid-state ionics and thermal evaporation methods and the 10-10 mol/L 

melamine was detected in milk.23 Harder et al. fabricated nanostars with 

different aspect ratios via a solution-phase redox chemistry reaction and 

detected the 4×10 -5 mol/L uranyl solution was detected by using the gold 

nanostars.24 Wang et al. used a seed-mediated growth to form Au nanorods. 

Silica-coated Au nanorods were then obtained by adding hexadecyl 

trimethyl ammonium bromide and tetraethyl orthosilicate solutions . The 

Raman intensity of crystal violet molecules was enhanced by the dumbbell 

morphology of the silica-coated Au nanorods.25 

The methods described above require complicated operations and 

several steps to fabricate SERS substrates. In addition, the chemical 
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reagents used to fabricate the SERS substrate can remain on the substrate 

surface, interfering with the accuracy of subsequent experiments. 

Physical methods with short cycle times and simple operation 

processes can also be employed to machine SERS substrates with high 

accuracy and good uniformity. Lithography is a common method to 

machine SERS substrates with different shapes, including including 

nanopillars,26,27 nanocavities,28 triangular deep pits,29 nanogratings30,31 and 

nanobowties.32 Dziecielewski et al. sputtered Au on the etched nanopillars 

on gallium nitride and studied the influence of temperature on the SERS 

substrate.26 Jeonet al. fabricated arrayed nanopillars using the phase 

shifting interferometry method. Then a gap with 20 nm was formed on the 

sidewall of nanopillars as SERS substrates by using silver deposition 

method. Finally, the R6G, BT and 2-naphthylthiol solutions with the 

concentrations of 2 mmol/L were detected using the SERS substrate.27 

Inclined nanocavity array structures as a SERS substrate were fabricated 

using colloidal lithography method and 10-11 mol/L thiamine solution was 

detected.28 Zhang et al. machined three dimensional pyramid 

microstructures using laser lithography method. Then 50 nm thick silver is 

deposited on the pyramid microstructures by thermal evaporation method. 

Subsequently, a single layer of 4-methylbenzenethiol as probe molecules 

was achieved on the pyramidal microstructure. 29 Li et al. employed 

nanosphere lithography method to fabricate Ag triangle/PMMA/silver 
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grating structures as SERS substrates. Then, the relative standard deviation 

of R6G at 610 cm−1 is 10.5%.30 Xiao et al. combined laser interference 

lithography with thermal evaporation method to fabricate sinusoidal Ag 

nanogratings as a SERS substrate and the 10-12 mol/L TNT solution was 

realized.31 Liu et al. used tunable holographic lithography to machine 

arrayed nanobowties with the ridge widths of 120-25 nm on a Au/silicon 

(Si) surface as a SERS substrate and then the 10 -6 mol/L malachite green 

(MG) solution was detected.32 However, the disadvantages of lithography 

methods include the relatively expensive equipment and increased 

production costs. In addition, lithography method-fabricated SERS 

substrates require a long processing cycle and are not suitable for 

wide-range applications.  

Traditional nanoindentation method is used to detect the mechanical 

properties of materials including hardness, indentation relaxation, Young’s 

modulus, indentation creep and fracture toughness.33,34 The tip indentation 

method, which is based on normal force control35, has several advantages. 

There are no special requirements for the geometric size and shape of the 

sample when using this method. Moreover, the operation of the normal 

force control system is convenient , and no chemical pretreatments are 

needed before fabricating the arrayed cavities. Different cavity shapes can 

be achieved by changing the tip shape; cube-corner, Berkovich, and cone 

tips are common. The indentation depth is generally controlled with high 
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machining accuracy at the micrometer or even nanometer scale . More 

complex cavities can be easily obtained using the tip-based indentation 

method. 

The nanoindentation method is an ideal physical method for 

fabricating SERS substrates that is simple and requires little preparation 

time and thus enhances production efficiency. No  chemical substances are 

used in nanoindentation, which prevents the risk of contaminating th e 

SERS substrate. In addition, the arrayed nanocavities with the same depth 

and space are obtained by using the nanoindentation method. The 

nanocavities with good uniform are obtained by using this method. For 

example, Chang and Zhang used the Berkovich tip and the Cube corner tip 

to machine triangular pyramid cavities as SERS substrates, 

respectively.8,36-38 Chang et al. fabricated six different arrayed cavities 

with different depths and spaces on a coated Au/Si surface using the 

Berkovich tip. The SERS performance of arrayed structures with the depth 

of 90 nm and the space of adjacent cavities of 500 nm is better than that of 

other structures. DTNB and R6G solutions were detected and the 

enhancement factors were 1.62 × 108 and 4.60 × 107, respectively.36 Further, 

the optimized SERS substrate was employed to detect  

encephalomyocarditis virus, adenovirus and influenza virus , respectively.37 

Zhang et al. fabricated arrayed triangular pyramid cavit ies on a 

single-crystal Cu surface using a cube corner tip and transferred it to a 
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PDMS film. The enhancement factor of R6G molecules ranged from 

7.5×105 to 6×106.38 Then the cavities and Ag nanoparticles as SERS 

substrates were machined by combining nanoindentation with redox 

reaction methods and the 10-7 mol/L MG solution was detected.8 

In this paper, a simple tip indentation method using triangular 

pyramid tips with different face angles was presented to create cavities on 

a Cu–graphene (GR) surface, respectively. First, by controlling the 

parameters of the feed, the arrayed cavities were machined on a coated 

GR@Cu surface using two different triangular pyramid tips (Berkovich and 

Cube Corner). Next, the cavities were coated with an Au film to form 

Au@GR@Cu micro/nanocavities as SERS substrates and R6G molecules 

were chosen as a marker. The Raman intensities of R6G on different 

arrayed cavities were measured. Finally, the Raman spectra of MG and 

carbaryl pesticide residues were determined using the optimal arrayed 

Au@GR@Cu micro/nanocavities. 

2 Experimental Details 

In this experiment,  a scanning electron microscope (SEM) was 

assembled with an instrument (Zeiss, Germany) to detect the 

micro/nanocavities fabricated with different machining parameters using 

the Berkovich tip and the Cube Corner tip. An atomic force microscope 

(AFM) system (Dimension Icon, Bruker, Germany) was used to observe the 

two- and three-dimensional topographies of the nanocavities via the 
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electrochemical method. The elastic constant of the Si cantilever was 0.2 

N/m, and the contact mode was employed. SERS experiments were 

performed by a Raman system (Renishaw, inVia, UK) with laser excitation 

at 633 nm. The excitation laser spot was about 1 μm and the effective 

power of the laser source was maintained at 0.6 mW. A Renishaw 

charge-coupled device camera (1040×256 pixels) was used for signal 

detection. The instrument was calibrated using the Raman signal from an Si 

standard before each experiment.  The Raman intensities of the R6G probe, 

MG molecule, and carbaryl molecule were detected at 1362 cm -1, 1613 

cm-1, and 1375 cm -1, the respective representative peaks of each substance. 

3 Results and Discussion 

3.1 Characterization of the arrayed micro/nanocavities prepared using 

two different angles of triangular tips 

The arrayed cavities were fabricated by nanoindentation based on 

normal force control. The home-built normal force control system is 

described in previous work.35 The optimal integral (K i=100) control was 

employed to ensure the constant normal force during the machining. 

Figure 1 shows the arrayed micro/nanocavities fabricated with two 

different triangular pyramid tips (Berkovich and Cube Corner) were 

formed by changing the X and Y direction feeds on the GR-Cu surface. The 

Au@GR@Cu micro/nanoavities were fabricated by magnetron sputtering 

coating a 10 nm Au film on the GR@Cu surface.  
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The feed ranges from 1 to 10 μm in the X and Y directions for an 

arrayed micro/nanocavity area of 30×30 µm2. As shown in Table 1, the 

arrayed cavities fabricated with different machining feeds using  the 

Berkovich tip are abbreviated B1, B2, B3, B4, B5, B6, B7, B8, and B9, and 

those fabricated with different machining feeds using the Cube Corner tip 

are abbreviated C1, C2, C3, C4, C5, C6, C7, C8, and C9. 

The fabricated arrayed cavities were neatly arranged, as shown in 

Figure 2. Inverted triangular pyramid cavities and pile-ups were formed on 

the GR@Cu surface. Compared with the cavities, the pile-ups were 

relatively rough. The hot spots generated on the rough surface are expected 

to increase the SERS performance enhancement. In  addition, the adjacent 

cavities overlapped on the B2, B4, B5, B6, B7, B8, C2, C4, C5, C6, and C7 

structures. However, the arrayed triangular pyramid cavities of B9, C8, and 

C9 did not overlap. 
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Figure 1 Schematic diagram of the Au@GR@Cu SERS substrate fabrication using a 

Berkovich tip (a) and a Cube Corner tip (b). (c) The different materials were chosen 

on the Au@GR@Cu substrates.  

Table 1 The micro/nanocavities with different  X and Y direction feeds using two 

different angles of triangular tips 
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Two different angles 
of the triangular tip  

X-direction feed 
(μm) 

Y-direction feed 
(μm) 

Abbreviated 
number 

 
 
 

 
Berkovich/Cube 

Corner 

2 1 B1/C1 
2 2 B2/C2 
2 4 B3/C3 
3 3 B4/C4 
5 1 B5/C5 
5 2 B6/C6 
5 3 B7/C7 
5 4 B8/C8 

10 10 B9/C9 

To analyze the differences between arrayed micro/nanocavities 

fabricated using the Berkovich and Cube Corner tips, four pairs, B2 and C2, 

B7 and C7, B8 and C8, and B9 and C9, were compared. Comparing the 

SEM images in Figures 2(a) and 2(b), the pyramid edges of the B2 and C2 

arrayed micro/nanocavities appear squeezed. All pyramid edges of the B7 

arrayed micro/nanocavities were squeezed, and only one edge of the C7 

arrayed micro/nanocavities was squeezed, as shown in Figures 2(c) and 

2(d). Further, all pyramid edges of the B8 arrayed micro/nanocavities were 

slightly squeezed, and none of the pyramid edges of the C8 cavities were 

squeezed [Figures S1(g) and S1(h)]. All pyramid edges of the B9 and C9 

arrayed cavities were separated, as shown in Figures 2(e) and 2(f). 

However, the distance between the adjacent cavities of the C9 structure 

was shorter than that between the adjacent cavities of  the B9 structure.  
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Figure 2 SEM images of B2 (a), C2 (b), B7 (c), C7 (d), B9 (e), and C9 (f)  arrayed 

Au@GR@Cu micro/nanocavities fabricated with different machining parameters.  

AFM was used to confirm the morphologies of the arrayed 

Au@GR@Cu micro/nanocavities fabricated with the Berkovich and Cube 

Corner tips (Figures 3 and S2). The prepared arrayed cavities showed good 

uniformity, and the AFM images are consistent with the SEM images. 

Figures 3(b) and 3(c) show the three-dimension and sectional AFM views 

of the X–Z direction on the C9 arrayed micro/nanocavities. The AFM 
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images of C9, B9, B2, and C2 arrayed micro/nanostructures are shown in 

Figures 3(a), 3(d), 3(e), and 3(f), respectively. The spaces between 

adjacent cavities in the X direction (SX) on B2 and C2 were 1.960 ± 0.098 

and 1.98 ± 0.078 μm, respectively, and the SX on B9 and C9 were 9.788 ± 

0.408 and 9.913 ± 0.283 μm, respectively.  

In addition, the widths(W) and depths(D) of adjacent GR@Cu cavities 

were calculated by collecting five sets of random data to obtain the average 

values. The D of the B2, B9, C2, and C9 arrayed structures were  

0.233±0.079, 0.516±0.114, 0.534±0.029, and 1.300±0.081μm, respectively, 

while the W of these structures were 1.255±0.314, 5.490±0.784, 

1.098±0.157 and 5.176±0.471μm, respectively. Therefore, the D and W is 

decreased with the decreasing of the machining  feed due to the extrusion of 

the adjacent GR@Cu cavities.  
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Figure 3 (a) AFM image of C9 arrayed structure. (b) 3D AFM image of C9 arrayed 

structure. (c) AFM sectional images  of C9 arrayed structure. AFM image of B9 (d),  

B2 (e), and C2 (f) arrayed structures. 

Table 2 shows the dimensional accuracy of arrayed 

micro/nanocavities with different machining parameters and the aspect 

ratios (ARs) were obtained by dividing the cavity depth by the cavity width. 

The ARs of the arrayed cavities fabricated using the Berkovich tip  

decreased from B2 to B9 and the same decreasing tendency was observed 

from C2 to C9 in those fabricated using the Cube Corner tip. The 

single-cavity depths of B9 and C9 were 0.516 μm and 1.30 μm, 

respectively. The depths of cavities fabricated using the Berkovich tip 

were smaller than those fabricated using the cube-corner tip with the same 

machining feed because the face angle of the Berkovich tip (65.03°) is 

larger than that of the cube-corner tip (35.26°). The surface roughness (Ra) 

values of the arrayed micro/nanocavities with different machining 

parameters are shown in Table S1. The surface roughness of cavities 

decreases with the decrease of machining parameters. Furthermore, Figure 

S3 shows the AFM images of Au nanopaticles on the GR@Cu surface  and 

the average diameter of Au is 80 nm. 

Table 2 The depths and the widths of the arrayed micro/nanostructures prepared 

using two triangular pyramid tips with different face angles.  

Serial Number D(μm) W(μm) AR(D/W) 
B2 0.233±0.079 1.255±0.314 0.186 
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B4 0.298±0.033 1.625±0328 0.1835 
B5 0.171±0.020 0.941±0.418 0.182 
B6 0.234±0.034 1.725±0.512 0.136 
B7 0.333±0.021 2.51±0.338 0.133 
B8 0.313±0.037 3.294±0.159 0.095 
B9 0.516±0.114 5.49±0.784 0.094 
C2 0.534±0.029 1.098±0.157 0.486 
C4 0.680±0.016 1.569±0.158 0.433 
C5 0.767±0.031 1.882±0.310 0.408 
C6 0.880±0.060 3.451±0.150 0.255 
C7 0.931±0.040 3.608±0.314 0.258 
C9 1.30±0.081 5.176±0.471 0.251 

D is the depth of one nanoindented cavity.  

W is the width of single nanoindented cavity.  

AR is the aspect ratio=D/W.  

Similar micro/nanostructures have been machined using other 

mechanical machining methods,39-44 such as micro milling machining and 

micro turning. The dynamic cutting force modelling was established in 

micro cutting processes. The scholar verified the cutting process of the 

cutting force can be optimized.39 Micro slots and holes with a dimensional 

accuracy of less than 2 μm and surface roughness values of less than 100 

nm were generated via the micro milling machining method.40 Compared 

with conventional micro milling machining, the advantage of the 

vibration-assisted machining method is the reduced burr formation of slot 

to form a high-precision machined surface.41 Micro Fresnel lenses with low 

surface roughness and calibration standards for surface topography 

detection systems can be formed by diamond turning.42 The effects of the 

linear and ultrasonic elliptical vibration-assisted machining method on the 
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micro turning of stainless steel were achieved by the micro-groove turning 

method. The roughness using the linear vibration cutting was lower than 

the elliptical cutting.43  

3.2 Evaluating SERS activity 

R6G is a dye molecule used to evaluate SERS performance. Therefore, 

the SERS enhancement of different arrayed Au@GR@Cu 

micro/nanocavities fabricated using the Berkovich and the Cube Corner 

tips was examined using R6G solution, respectively. The arrayed cavities 

includes B2/C2,B4/C4, B5/C5, B6/C6, B7/C7, B8/C8 and B9/C9.  

Figure 4 shows the Raman spectra of 10 -7 mol/L R6G. The Raman 

peaks of R6G solution were observed at 612 cm-1, 773 cm-1, 1183 cm-1, 

1362 cm -1, 1505 cm -1, and 1650 cm -1. The Raman intensities of R6G 

molecules were similar among the arrayed Au@GR@Cu 

micro/nanocavities fabricated using the Berkovich or Cube Corner tips. 

Figures 4(a) and 4(b) show the Raman intensities of 10 -7 mol/L R6G 

molecules detected on the material pile-ups and the triangular cavities , 

respectively, fabricated using the Berkovich tip. The Raman intensities of 

10-7 mol/L R6G are generated on the pile-ups and triangular cavities, 

respectively, fabricated using the Cube Corner tip, as shown in Figures 4(c) 

and 4(d). The Raman intensities of R6G molecules on the pile-ups were 

stronger than those on the triangular cavities, regardless of the tip used for 

fabrication. 
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The reason is that the material deformation increases the surface 

roughness (Ra) due to the pile-ups formed between the adjacent cavities.  

The surface roughness of C2 on the pile-ups (200 nm) was higher than that 

on the triangular cavities (138 nm), as shown in Figure S4. Other 

researchers have verified that  the hot spots generated on rough surfaces 

increase the SERS performance enhancement. For example, Wang et al. 

fabricated an Au/p-PANI/PDMS substrate via soft lithography and wet 

chemistry methods. Compared with the substrate prepared using 

lithography, the Au/p-PANI/PDMS substrate prepared using the wet 

chemistry method possessed a higher surface roughness, which contributed 

to enhancing the Raman signals of the adsorbed molecules .45 Li et al. 

fabricated sea urchin-like Au nanoparticles using seed-mediated growth 

and these nanoparticles with rough surfaces generated higher SERS 

intensities than the typical Au nanoparticles due to the increase in hot 

spots.13 Zhao et al. fabricated Ag films with different surface roughness 

values on a Si surface via thermal evaporation and magnetron sputtering. 

Monolayer GR was used to detect the actual electrical field enhancement of 

the corrugated Ag thin films. The intensity enhancement of GR increased 

with the increasing metal surface roughness.46 Therefore, the increased 

roughness on the pile-ups resulted in higher R6G Raman intensities than 

that on the triangular cavities of C2 in the present study.   

Furthermore, the Raman intensity of R6G molecules was also 

javascript:;
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influenced by the machining feed. The structures with the highest to lowest 

Raman intensities were B2, B4, B5, B6, B7, B8, and B9 fabricated using 

the Berkovich tip and C2, C4, C5, C6, C7, C8, and C9 fabricated using the 

Cube Corner tip, as shown in Figure 4. As the AR of the cavities increased, 

the Raman intensity of R6G gradually increased, as shown in Figure 4(b). 

The AR and Raman intensity of the B2 were larger than those of the other 

structures fabricated using the Berkovich tip. The AR and Raman intensity 

of the B9 were smaller than those of the other structures. Similarly, Figure 

4(d) shows that the arrangement sequence of C2-C9 is the same as above.  

However, differences in the Raman intensities of R6G molecules were 

generated between the arrayed cavities fabricated using different tips. 

Figures 5(a) and 5(b) show the SERS spectra of R6G molecules on the pile 

ups of Au@GR@Cu micro/nanocavities fabricated using the Berkovich tip 

and the Cube Corner tip, respectively. The Raman intensit ies of R6G on the 

arrayed Au@GR@Cu mirco/nanocavities fabricated using the Cube Corner 

tip were stronger than those fabricated using the Berkovich tip with the 

same machining feed. Furthermore, the Raman intensity of the 1362 cm -1  

characteristic peak of R6G molecules on C2 was twice that of the R6G 

molecules on B2. The phenomenon was induced by the tip angle and AR. 

Compare to the Berkovich tip, the angle of the Cube Corner tip is small. 

Therefore, the stronger electric fields and Raman intensit ies were 

generated on the arrayed Au@GR@Cu mirco/nanocavities  fabricated by 
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the Cube Corner tip. In addition, the ARs of the arrayed 

micro/nanocavities fabricated by the Cube Corner tip with the same 

machining feed is larger than that of the arrayed cavities fabricated using 

the Berkovich tip. The more probe molecules are assembled on the 

arrayed micro/nanostructures fabricated by the Cube Corner tip. These 

results demonstrate that the arrayed Au@GR@Cu micro/nanocavities 

fabricated using the Cube Corner tip generated good sensitivity and were 

suitable for detecting molecules at a low concentration. Figures 5(c) and 

5(d) show the relative standard deviation (RSD) calculated for C2 and C4, 

respectively. Ten points of 1362 cm -1 R6G peaks with the concentration of 

10-6 mol/L were randomly selected with the arrayed Au@GR@Cu 

micro/nanocavities of C2 and C4, respectively. The RSDs were 6.19% and 

6.62% respectively, confirming the high reproducibility of the substrate. 

Therefore, the arrayed Au@GR@Cu micro/nanocavities fabricated using 

the Cube Corner tip have good homogeneity and stability.  
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Figure 4 Raman spectra of 10 -7 mol/L R6G on the pile-ups (a) and triangular cavities 

(b) of arrayed structures fabricated using the Berkovich tip and on the pile-ups (c) 

and triangular cavit ies (d) of arrayed substrates fabricated using the cube-corner tip. 
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Figure 5 (a) The Raman spectras of pile up on the arrayed substrates fabricated by 

Berkovich tip with the 10 -6 mol/L R6G. (b) The Raman spectras of pile up on the 

arrayed substrates fabricated by Cube Corner tip with the 10 -6 mol/L R6G. (c~d) 

SERS intensity distributions of C2 and C4 arrayed structure of R6G at 1362 cm-1 of 

the 10 spectra, respectively.  

Further, the enhancement factor (EF) of the different arrayed 

mirco/nanostructures  fabricated by the Berkovich and the Cube Corner 

tips is achieved at  the low concentrations of R6G, respectively. The 

concentration of 10 -6 mol/L and the R6G characteristic peak at 1362 cm -1  

were used for EF calculations. The EF was calculated as follow: 

EF=ISERS×CNR/CSERS/INR. Where ISERS and INR are the intensities of SERS 

and the normal Raman scattering, respectively. C SERS and CNR are the 10 -6  
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mol/L R6G solution in the SERS and the normal Raman measurements, 

respectively. The EFs of the arrayed micro/nanocavities fabricated by the 

Berkovich tip and the cube-corner tip ranged from 4.92×105 to 4.14×106 

and 6.56×105 to 7.37×106, respectively. The higher SERS enhancement 

factors of the cube-corner tip-fabricated arrays were attributable to the 

smaller face angle of the tip and the larger ARs of the cavities. The high 

enhancement factor indicates that more hot spots were generated and more 

probe molecules were readily captured. 

To further confirm and understand the SERS behaviors of the arrayed 

micro/nanocavities fabricated using the Berkovich and the Cube Corner 

tips, the local electric field properties of the arrayed SERS substrates were 

evaluated using the commercial COMSOL software.  A comparison was 

made between the electric field of arrayed micro/nanostructure fabricated 

by the two triangle tips with the same machining feed. The arrayed cavities 

of B9 and C9 arrayed micro/nanostructures are shown in Figure 6. 

The local electric field of GR@Cu micro/nanocavities and 

Au@GR@Cu micro/nanocavities were calculated. The incident 

wavelength was 633 nm. The electric field distributions of Au@GR@Cu 

micro/nanocavities fabricated using the Cube Corner tip or the Berkovich 

tip were calculated in the X–Z plane. E(x), H(y), and K(z) represent the 

electric field, magnetic field, and direction of light propagation, 

respectively. The scale was set to logarithm |E/E0|. The thickness of 
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graphene was 0.34 nm and the diameter of the AuNP was 80 nm.  

The intensity and distribution of the electric fields in the triangular 

cavities fabricated using the Berkovich and Cube corner tips are depicted 

in Figure 6. The electric field intensities of the triangular cavities 

fabricated using the Berkovich and the Cube Corner tip were 2.47 and 

31.65 V/m, respectively, as shown in Figures 6(a) and 6(b) . The hot spots 

of the two triangular cavities by using the Berkovich and the Cube Corner 

tips were distributed on the cavities. Figures 6(c) and 6(d) show that the 

electric field intensities in triangular cavities fabricated by the two tips 

were increased on the Au@GR@Cu micro/nanocavities. The maximum 

electric field intensities in the B9 and C9 arrayed cavities were 145 and 

663 V/m, respectively. The electric field intensity of C9 arrayed structures 

was about five times that of the B9 arrayed structures. The difference in 

Au@GR@Cu micro/nanocavity electric field enhancement was ascribed to 

the following phenomena. First, the superior electric field intensity of C9 

arrayed structures resulted from the smaller angle of the Cube Corner tip 

between the center line and the surface. The smaller the angle, the stronger 

the electric field intensity. Second, the depths of triangular cavity and ARs 

of cavities created using the Cube Corner tip were larger, allowing more 

Au nanoparticles to assemble in the cavities. Third, the coupling effect of 

the arrayed triangular pyramid cavities and Au NPs contribute to 

improving the local electromagnetic field via effective light utilization. In 
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addition, Au nanoparticle clusters on the GR@Cu cavities led to a new 

nanogap and enhanced the density of hotspots, thereby increasing the 

electric field intensities. Finally, GR is an ideal SERS platform for the 

addition of metallic micro/nanostructures because it provides a vast surface 

area, and the Au@GR@Cu micro/nanocavities showed improved Raman 

intensity due to their plasmons.  

The Au@GR@Cu micro/nanocavities fabricated using the Cube 

Corner tip provide an ideal SERS substrate with good reproducibility, 

homogeneity and stability via the experimental and theoretical simulation 

results.  

CM enhancement is the other main factor of the Raman intensity. GR 

substrates have attracted the attention of researchers for  fluorescence 

quenching, oxidation resistance, chemical adsorption, and spacer laye r 

applications.47-50 The ability to capture molecules is improved in the SERS 

substrates due to GR. For R6G molecules adsorbed on GR, the 

two-dimensional sheet of sp2 carbon atoms. The charge transfer and 

intensity of the R6G signal are enhanced on the composite structure, and 

the fluorescence background can be attenuated by the resonance energy 

transfer between GR and the probe molecules. 49 Furthermore, the triangle 

cavities contribute to the molecular adsorption and  the adsorptive strength 

of monolayers, which can be improved on the concave corners of triangle 

cavities. Sun et al.  employed molecular dynamics simulations to research 
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the effects of different triangle groove angles on molecular adsorption.51 

The groove AR was found to influence the molecular adsorption energy, 

and high ARs improved the energy for molecular adsorption. Thus, 

compared with the arrayed cavities fabricated using the Berkovich tip, the 

larger ARs of the arrayed cavities fabricated using the cube-corner tip 

would exhibit superior molecular adsorption abilities. Based on the above 

results, the higher SERS sensitivity can be attributed to the Au@GR@Cu 

micro/nanocavities.  
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Figure 6 COMSOL simulations of the electric field distributions of of B9 on the 

GR@Cu structure (a), C9 on the GR@Cu structure (b), B9 on the Au@GR@Cu 

structure and an enlarged image of the local  position (c), and C9 on the 

Au@GR@Cu structure and an enlarged image of the local  position (d). 

3.3 MG detection 

MG is a triphenylmethane chemical dye frequently employed in 

aquaculture. However, high concentrations of MG can have negative 
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environmental and human health impacts. Many countries have extensively 

prohibited the use of MG in aquatic products .52,53 The arrayed 

micro/nanocavities of C1, C2, and C4 were used to detect MG molecules. 

Figure 7(a) shows that the SERS spectra of the C1, C2, and C4 arrayed 

Au@GR@Cu micro/nanocavities with 10 -8 mol/L MG were detected and 

Raman peaks were observed at 800, 914, 1171,  1216, 1362,  1394, and 1613 

cm-1.  The Raman intensities of MG solution were highest on the C1 arrayed 

Au@GR@Cu micro/nanocavities, followed by the C2 cavities, and were 

lowest on the C4 cavities.  

The stability of the SERS substrates is another important issue. 

Compared with the SERS spectra of MG obtained using a fresh subst rate, a 

slight drop in the SERS spectra was detected using a 3-month-old substrate 

[Figure 7(b)]. Substrate storage resulted in only 5.46%, 8.04%, and 9.47% 

decreases in the Raman intensities of the 1613 cm -1 characteristic peak of 

MG on the C1, C2, and C4 substrates, respectively, after  3 months [Figure 

7(c)]. Therefore, the C1, C2, and C4 arrayed Au@GR@Cu 

micro/nanocavity substrates exhibited excellent stability at room 

temperature. Then, 10 -9 mol/L and 10 -8 mol/L MG solution is detected on the 

C1, respectively and the detection limit of MG solution is 10-9 mol/L, as 

shown in Figure 7(d). 
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Figure 7 (a) Raman spectra of 10 -8 mol/L MG on the C1, C2, and C4 structures. (b) 

Raman spectra of 10 -8 mol/L MG on the C1, C2, and C4 structures detected after 1 

day and 3 months. (c) Raman intensity of the 1613 cm -1  characteristic peak of MG 

on the C1, C2, and C4 structures after 1 day and 3 months. (d) The Raman spectra of 

MG on the C1 structure with concentration of 10 -8 and 10 -9 mol/L, respectively 

The arrayed cavities fabricated by the Cube Corner tip  are used as 

SERS substrates to detect 10 -6 mol/L carbaryl on the C1, C2, and C4, 

respectively. Figure S5(a) shows the SERS spectra of 10 -6 mol/L carbaryl 

and the characteristic peaks of carbaryl molecules is detected a t 727, 939, 

1375, 1574, 1577, and 1707 cm−1, respectively. The results 

were coincident with the orders of SERS intensities detected MG solution 

with the same machining feed.  (the detailed analysis of Carbaryl solution 
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was described in support information of detection carbaryl).  

The concentrations of MG and carbaryl molecules should not exceed 

0.002 mg/kg (5.727×10 -9 mol/L)54 and 1 mg/kg (5×10 -6  mol/L) in the 

Chinese National standards (GB 2763.1-2018) for food safety. The 

detection limits for MG and carbaryl were 10 -9 mol/L and 10 -6 mol/L using 

the Au@Gr@Cu micro/nanocavities , respectively, demonstrating the 

applicability of the substrate for food safety .  

Furthermore, MG and the carbaryl molecules were detected by using 

other methods, respectively.54-60 Li et al. used seed-mediated growth and 

iterative reduction to synthesize Au nanoparticle -coated Fe3O4 magnetic 

composite nanospheres. MG residues with a detection limit of 10-7 mol/L 

were detected using the nanospheres via the SERS technique. 54 Buja et al. 

fabricated the Ag or Au nanoparticle spots via focusing a laser beam 

during the continuous flow. The 10 -7  mol/L MG solution was detected via 

the SERS active Ag and Au nanoparticle spot s.55 In addition, Bahram et al. 

developed the cloud point extraction procedure using pH hydrogel , 

achieving a detection limit of MG 4.1×10−9 mol/L for MG in water samples.  

The extraction process was affected by the HCl and hydrogel 

concentrations, the salting-out effect, and the extraction time.56 An 

electrochemical sensor based on GO and ethylenediamine  composite film 

was fabricated to detect MG molecules. The sensor was used for 

http://apps.webofknowledge.com/OutboundService.do?SID=5F7h9Ir1XhBkvnZZihA&mode=rrcAuthorRecordService&action=go&product=WOS&lang=zh_CN&daisIds=8242884
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differential pulse voltammetry, detecting MG over the concentration range 

of 8.0×10−9 mol /L to 8.0×10−7 mol/L.57   

Liu et al. used the Q-SERSTM substrates, comprising Au-based 

nanostructures fabricated on a Si wafer, to detect carbaryl molecules. The 

detection limit for carbaryl was 2.241×10 -5 mol/L.58 Wu et al. fabricated 

well-ordered flat Au nanoparticle superlattices as SERS substrates via 

self-assembly. The detection limit for carbaryl was 4.970×10 -6 mol/L.59  

Three SERS substrates, GR-Au film/Au nanorod, Au film/Au nanorod , and 

GR coupled with Au nanorods, were fabricated via seed-mediated and 

sedimentary methods to detect carbaryl pesticides. The Raman signal of 

carbaryl on the G-Au-AuNR was stronger than those on the G-AuNR and 

AuAuNR. However, the detection limit of the G-Au-AuNR was only 

2.48×10 -5 mol/L.60  

The MG and carbaryl detection limits achieved using the 

Au@GR@Cu micro/nanocavities in this study were higher than those of 

the MG and carbaryl detection methods described above. In addition, the 

previously reported methods involve complicated operations and more 

steps to machine the SERS substrates. Moreover, the chemical reagents 

used to fabricate the SERS substrates may remain on the substrate surface.  

Therefore, the Au@Gr@Cu micro/nanocavities fabricated by the Cube 

Corner tip can be applied to detect pesticides, providing an alternative 

method for real-world application.  
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4 Conclusions 

The arrayed Au@GR@Cu micro/nanocavities fabricated using the 

Berkovich and Cube Corner tips were successfully prepared via the 

continuous indentation method, and their SERS performances were 

compared. The Au@GR@Cu micro/nanocavities fabricated using the 

cube-corner tip exhibited excellent SERS performance for detecting R6G, 

superior to that exhibited by the micro/nanocavities fabricated using the 

Berkovich tip with the same machining feed. The superior performance was 

attributable to the smaller angles and larger ARs on the cube-corner 

tip-fabricated substrates. Additionally, the calculated RSDs on the C2 and 

C4 structures were 6.19% and 6.62%, respectively, showing good 

homogeneity and reproducibility. More importantly, the arrayed 

Au@GR@Cu micro/nanocavities fabricated using the cube-corner tip 

exhibited ultrasensitive and stable detection of 10-9 mol/L MG molecules 

and 10-6 mol/L carbaryl molecules. Thus, our findings demonstrate that the 

Au@GR@Cu micro/nanocavities fabricated using the cube-corner tip 

exhibit excellent sensitivity and can be produced at a low cost . The SERS 

substrates also exhibit great potential for  the detection of agricultural 

residues. 

Supporting Information 

Detail information about SEM images and AFM images were shown on the 

Au@GR@Cu cavities with different machining parameters using the 
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Berkovich and Cube Corner tips, respectively, the surface roughness (Ra) 

of the arrayed micro/nanostructures prepared by the Berkovich tip, the 

AFM images of Au nanopaticles on the GR@Cu surface, SEM images and 

surface roughness of C2 arrayed structure on pile-ups and cavities, 

respectively, Raman spectra of 10 -6 mol/L carbaryl on the C1, C2, and C4, 

respectively. 
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