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a b s t r a c t

The pesticide residues with low concentration are important to detect in food safety.

Although a lot of methods, such as spectrophotometry, colorimetry and liquid chroma-

tography, are used to detect pesticide residues, they often suffer from low efficiency and

long detection time. Here, a hybrid Surface Enhanced Raman Scattering (SERS) substrate,

namely, Au nanoparticle/copper-based graphene/arrayed cone cavities (Au@GR@Cu cone

cavities), is fabricated for pesticide residues detection through sputtering Au nanoparticle

and generating periodical cone cavity structures on the copper-based graphene surface. By

actively controlling the interspace between adjacent cone cavities, both surface topogra-

phies and the number of graphene layers on the SERS substrate could be modulated,

creating an effective control on the functional performance of the SERS substrate. Both

sensitivity and reliability of the hybrid SERS substrate were evaluated by Raman Spec-

troscopy detection. The experimental results indicated that both 10�9 mol/L malachite

green and 10�7 mol/L paraquat could be detected, respectively. Moreover, the detected

Raman intensity of malachite green only dropped by 11.89% in a month and 29.8% in two

months, respectively. The hotspot distribution was also characterized by 2-dimensional

Raman mapping. The research finding is expected to provide a new insight in develop-

ment of innovative SERS substrates.

© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Low-concentration detection of Malachite green (MG) and

Paraquat (PQ) is of great importance to ensure food safety and

human healthy. MG is widely employed in aquaculture,

especially fishery due to its low price and good bactericidal

effect [1]. MG is a Class II health hazard with thermally sta-

bility and may not fully degrade in conventional fish pro-

cessing [2], which potentially threat the human health [3]. The

concentration of MG cannot exceed 5.727 � 10�9 mol/L in the

National Food Safety standard of China (GB 2763.1-2018). The

minimum required performance limit of MG approved by the

European Commission is 2 mg/kg [4] whereas MG is banned for

any aquatic species in U.S [5]. PQ is a herbicide for agricultural

weed growth, but it may induce cell damage and necrosis in

the heart, liver and kidney of human [6]. The maximum res-

idue limit for PQ in food in the U.S. is 0.01e1 mg/kg [7,8].

Currently, variousmethods have been applied to detect MG or

PQ, such as spectrophotometry [9], liquid chromatography

[10], gas chromatography [11] and colorimetry [12]. For

instance, Abbas Afkhami et al. [9] extracted and desorbed MG

combining nanoparticle adsorption and magnetic separation,

and realized the detection of the MG at a concentration of

0.28 ng/mL using the spectrophotometry method. Gao et al.

[10] fabricated melamine sponge using b-cyclodextrin and

graphene oxide as an extraction adsorbent, which was

coupled with liquid chromatography method to achieve the

detection of MG molecules at a concentration of 0.21 mg/L.

Headspace solid phase microextraction was employed to

determine the PQ of urine and the limit of detection was

0.1 ng/mL by gas chromatography method [11]. Jia et al. [12]

used a colorimetric aptasensor based on unmodified Au

nanoparticles for selectively detection of MG with a detection

limit of 15.95 nmol/L.

Overall, although current availablemethods can be applied

to accomplish the detection of pesticide residues, they are

time consuming and usually require complex pre-treatment

procedures, capital intensive instruments and well-trained

technicians. Therefore, developing innovative, simple, fast

and low-cost detection method is of great significance for

meeting rapidly-developed demand for low concentration

detection of pesticide residues.

SERS technology has found wide applications in high

accuracy detection of pesticide residues [13,14], pigment

additives in food, explosives and pathogens in the environ-

ment. At present, scholars generally believe that the

mechanism of SERS enhancement includes the electromag-

netic enhancement (EM) [15] and the chemical enhancement

(CM) [16]. EM caused by local surface plasmon resonance

(LSPR) is the mainly factor of the SERS enhancement. CM is

related to the charge transfer between the adsorbed mole-

cule and the SERS substrate, improving the resolution of the

signal.

Especially, three-dimensional periodical functional micro/

nanostructures were found to effectively modulate the per-

formance of SERS substrates through changing structural

shape, size and distribution. However, the wide application of

SERS techniques is still limited by challenges in substrate

fabrication, including structural homogeneity, stability,
complexity and low cost. In this context, various fabrication

methodswere utilized for generatingmicro/nanostructures as

SERS substrates. He et al. [17] combined arrayed Si nanopillar

fabricated by photolithography and deep-Si etching, sputtered

Au nanoparticles and assembled Ag nanoplates, achieving the

detection of 10�12 mol/L 3-nitro-1,2,4-triazol-5-one. Kundan

Sivashanmuga et al. [18] fabricated a SERS substrate by using

FIB technology to produce arrayed hemispherical ZnO dome

structures on a Si plate, and electron beam deposition to de-

posit Ag nanoclusters. It can realize the detection of MG at a

concentration of 10�17 mol/L. A porous Si/Au SERS substrate

with an enhancement factor (EF) of 1011 were formed on the

Al/Si alloy surface by combining laser-induced periodical

structure generation and sputtering methods [19]. By

combining electrodeposition and self-assembly methods,

Wang et al. [20] generated the Au/Ag alloy microstructures on

arrayed Si pillar as SERS substrates that are capable of

detecting 10�12 mol/L R6G.

Dong et al. [21] fabricated an Au-coated TiO2 macroporous

as SERS substrates. The best SERS performance is generated

that the pore size of the porous structure is 290 nm and the

thickness of the gold film is 80 nm. The prepared porous

substrate can capture exosomes in the plasma. Zhang et al.

[22] fabricated hollow nanocones at the bottom of microbowls

to form volume enhanced Raman scattering substrates (VERS)

and the adenovirus type 5 was detected by using the VERS

substrates. Due to the controllability of the nanocone size, the

substrate can capture a single virus and complete the work of

collecting a comprehensive Raman signal of a single virus.

Giovanna Palermo et al. [23] fabricated a gold-plated inverted

pyramid-shaped nanopore SERS substrate on a glass substrate

by combining EBL lithography and electron beam evaporation

method and the hepatitis A virus with a concentration of

13 pg/mL was detected. Durmanov et al. [24] fabricated size-

controlled porous SERS substrates of silver nanofilms with

rough surfaces by electron beam vapor deposition. The four

virus are identified by using the SERS substrates. The Au

covered polymer arrayed nanostructures are machined by

combining roll-to-roll ultraviolet and nanoimprint lithog-

raphy methods and the highest enhancement factor is

1.21 � 107 [25].

The addition of graphene in SERS substrates can not only

increase the adsorption amount, but also decrease the back-

ground fluorescence of detection probe molecules, thereby

effectively improving the molecule sensitivity of detection

probe [26,27]. Zhao et al. [28] produced a hybrid structure of

arrayedAuNPs/graphene/hexagonAgnanoholes by combining

electron beam lithography (EBL), magnetic sputtering with

chemical vapor deposition (CVD) methods, and the crystal vi-

oletwasdetectedat a concentrationof 10�12mol/L. Thearrayed

graphene/Au nanopyramids with an enhancement factor of

109 for R6G andmethylene blue could be fabricated by combing

colloidal lithography,O2 plasmaetching,magnetronsputtering

with CVD methods [29]. Zhao et al. [30] fabricated arrayed

graphene vertical gold nanorods as SERS structures using self-

assembly andwet-etchingmethods. In addition, the 10�9mol/L

R6G and CV were detected, respectively.

In our previous study, the enhancement effect of graphene

on the detection sensitivity was also demonstrated [31].

However, the influence of surface topography and the number
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of graphene layers on Raman spectrum intensity of target

molecules are not known, which has become one important

knowledge gap for the design and development of innovate

and optimal hybrid SERS substrate of Au nanoparticle copper-

based graphene arrayed cone cavities.

For this reason, in our study, a hybrid SERS substrate of Au

nanoparticle/copper-based graphene/arrayed cone cavities

was first fabricated through sputtering Au nanoparticle and

fabricating periodical cone cavity structures on copper-based

graphene surface. On this basis, both the surface topogra-

phies and the number of graphene layers onto the SERS sub-

strate were analyzed. And MG were employed as a target

molecule for SERS performance evaluation. In addition, the

characteristic peak of PQ residues on the SERS substrate was

identified. Finally, the electromagnetic enhancement mecha-

nism of hybrid SERS substrate was studied.
2. Materials and methods

Copper-based graphene template was purchased from

Nanjing Jicang Nano Technology Co., Ltd. Malachite Green

(MG, 99% purity) dye and Paraquat (PQ, 99% purity) were

purchased from Aladdin. All the samples were cleaned in

ethanol.

The home-built normal force control system established in

our previous works was used to fabricate mirco/nano-

structures [32e35]. Fig. 1 showed the schematics of the fabri-

cation and performance evaluation process of the hybrid SERS

substrate. The arrayed cone cavities on the copper-based

graphene surface were first generated by a conical tip-based

indentation method, in which the interspace of the adjacent

cavities in the X and Y direction could be changed by varying

themachining feed. Then, a 10 nm gold filmwas coated on the

copper-based graphene surface by magnetron sputtering to

avoid the influence of oxidation and enhance the plasmon

effect. Finally, the probe molecule solution at a concentration

of 1 mL was dropped on hybrid substrate. After the solvent
Fig. 1 e Schematic diagram of fabri
ethanol was evaporated, Raman spectra detection was sub-

sequently conducted.

The surface morphologies of the SERS substrate were

detected by a scanning electron microscope (SEM, Zeiss).

Atomic force microscopy (AFM, Dimension Icon, Bruker) was

employed to detect the 2D and 3D surface topographies. The

UVeVis adsorption spectra were employed in the range of

200e800 nm using a UV-3600 spectrophotometer. Raman

spectra on the sample were recorded using a Renishaw InVia

Raman spectrometer and a confocal microscope employing a

diode laser operating at 633 nm. A 50 � , 0.75 NA Leica

objective was employed to focus the laser light on the

samples.
3. Results and discussion

3.1. Characterization of the arrayed micro/nano cone
cavities

As described above, the interspace between adjacent cone

cavities in the X and Y directions was changed to produce

different surface topography, which ranged from 1 mm to

10 mm in an area of 30 � 30 mm2. Table 1 summarized the

surface morphologies and typical structural features of the

fabricated substrates, which were referred to Cone 1-Cone 9,

respectively. Fig. S1 showed the SEM images of samples after

sputtering gold film (a) Cone 1, (b) Cone 5, (c) Cone 6, (d) Cone 8,

(e) Cone 9.

Fig. 2 showed the surface topographies of different pre-

designed interspace of cone cavities. On cone 1, paraboloid-

shaped cone cavities were formed at a large interspace of

10 mm, as illustrated in Fig. 2 (a). The typical surface topog-

raphy features of the cone 1 were cavity structure, except for

the large original flat area of substrate. As the interspace de-

creases in both x- and y-directions, the adjacent cone cavities

were gradually overlapped, which not only changes the sur-

face topography, but also varies the SERS performance.
cation of the hybrid substrate.

https://doi.org/10.1016/j.jmrt.2022.12.001
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Table 1 e The cone cavities with different X and Y direction interspaces.

Abbreviated
Name

X-direction interspace (mm) Y-direction interspace (mm) SEM image Typical structural features

Cone 1 10 10 Single Cavity

Cone 2 5 4 Cavity＆Flat

Cone 3 5 3 Cavity＆Flat

Cone 4 5 2 Cavity＆Pile-up

Cone 5 5 1 Cavity＆Pile-up

Cone 6 3 3 Cavity＆Flat

Cone 7 2 4 Cavity＆Pile-up

(continued on next page)
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Table 1 e (continued )

Abbreviated
Name

X-direction interspace (mm) Y-direction interspace (mm) SEM image Typical structural features

Cone 8 2 2 Cavity＆Pyramid

Cone 9 2 1 Cavity＆Pyramid
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On the Cone 2, Cone 3 and Cone 6, due to the decreased

interspace, the flat area between cavities also plays essential

role in enhancing the electrochemical properties of the SERS

substrate. In this case, the shrunk flat area could serve as one

kind of functional structure on the substrate surface, which is

different from the large flat area on the Cone 1. Besides, on the

Cone 4, Cone 5 and Cone 7, at the x-direction interspace of 5 mm

and y-direction interspace of 1e2 mm, the fabrication-induced

pile-up structures will replace the flat area as the dominating

topographical structure. Especially, at the interspace of 1 mm,

evident ribbon structures are generated on the substrate sur-

face (see Fig. 2(b)). Moreover, on the Cone 8 and Cone 9, the

pyramid structures became a part of the cone cavities with

good consistency, as illustrated in Fig. 2(d). Overall, as the

interspace changes, the typical structural feature of the SERS

substrate undertakes an evident transformation across cavity,

flat area, pile-up and pyramid structures, effectively modu-

lating the performance of SERS substrate, which will be dis-

cussed in-detail in the subsequent sections.

The peak-to-valley height of copper-based graphene cone

cavities were further characterized, as shown in Fig. 3. As the

interspace of adjacent cone cavities decreases in either x- or y-

direction, both peak-to-valley height and area of cone cavities

decrease, while the cone density increases. On Cone 1, the

peak-to-valley height of cone cavities was 2.3 mm and there

were 9 cone cavities generated in an area of 30 � 30 mm2.

Differently, the peak-to-valley heights of cone cavities on

Cone 9 was only approximately 150 nm, and 450 cone micro-

cavities are formed in an area of 30 � 30 mm2. The surface

roughness tends to increase with the decreased interspace

distance (Table S1), which should be ascribed to the increase

in the density of cone cavity, pile-up and pyramid structure

formed on the surfaces. Overall, both morphology and

roughness of the substrate surfaces are influenced by the

interspace of the cavities.

3.2. Analysis on the number of graphene layers

In the tip-based indentation process, the distribution of gra-

phene on the substrate surface is inevitably changed. It is
critically important to investigate the fabrication-induced

variation of the number of graphene layers on the processed

surface, which contributes to fully understand the underlying

mechanism of how the number of graphene layers affects the

Raman signal distribution of the substrate surface. Since it is

hard to directly identify graphene layers by SEM on the new

substrate surface, thus a conventional Raman measurement

was carried out. The Raman spectra of graphene with 3

random positions were measured on the pile-up region and

cavity region of Cone 5, respectively. The Raman spectra

hybrid substrate surface and the corresponding AFM images

are shown in Fig. 4(a). The D, G, and 2D characteristic peaks of

graphene were detected at 1360, 1580, and 2695 cm�1, which

indicates the presentence of graphene on the pile-ups and

cone cavities, as shown in Fig. 4(a). The D band related with

defects in graphene originates from the breathingmode of sp2

hexagonal carbons. The D peak should be attributed to the

overlapped cone cavities. The peak intensity ratio (IG/I2D) of

the Raman spectra could be used to identify the number of

graphene layers [36,37]. Fig. 4(b) compares the Raman spectra

of graphene of different substrate surface, namely, Cone 1,

Cone 2, Cone 3, Cone 5, and Cone 7, as well as the original flat

surface. On the flat surface, Cone 1 (single cavity), Cone 2

(cavities＆flat) and Cone 3 (cavities＆flat), the intensity ratio of

IG/I2D is less than 0.7, whichmeans the existence ofmonolayer

graphene on Cu surface. Differently, on the Cone 5 (cavities＆
pile-up), Cone 7 (cavities＆pile-up), Cone 8 (Cavity＆Pyramid)

and Cone 9 (Cavity＆Pyramid), the value of IG/I2D ranges from

0.7 to 1.3, which represents the typical features of bilayer

graphene, as shown in Fig. 4(b). Therefore, above research

results indicate that the number of graphene layers was

actually affected by different topographies.

3.3. Performance evaluation of the hybrid SERS
substrate

The three position of composite SERS substrate is chosen by

using Ultraviolet visible spectrophotometer. The absorption

spectrum curves basically coincide on the three position. The

absorption peaks at 320 cm�1 and 490 cm�1, and the peak

https://doi.org/10.1016/j.jmrt.2022.12.001
https://doi.org/10.1016/j.jmrt.2022.12.001


Fig. 2 e AFM images of two-dimension, three-dimension

and corresponding crossesectional profile (a) Cone 1. (b)

Cone 5. (c) Cone 6. (d) Cone 8.

j o u r n a l o f m a t e r i a l s r e s e a r c h and t e c hno l o g y 2 0 2 3 ; 2 2 : 1 5 5 8e1 5 7 1 1563
width becomes wider, as shown in Fig. S2. The decrease of the

absorption peak intensity and the broadening of the spectra

are resulted from a contribution of numerous smaller

different sizes surface features. The broadening of the plas-

mon resonance is owing to the nanoparticles aggregation,

resulting in stronger dipoleedipole interactions.

In order to estimate the SERS performance of the hybrid

substrates, Fig. 5(a) showed thecharacteristic peaksof 10�8mol/

L MG on different substrates. All the characteristic peaks of MG

were identified by different hybrid substrate and matched well

with results reported in the literature [38,39]. In the present

work, the SERS peak at 1362 cm�1 represented the average
Raman intensity of MG on the substrate surface. Fig. 5(b) sum-

marized the intensities of the SERS peak at 1362 cm�1 on

different substrate surfaces. Compare with the Cone 1 (single

cavities), the Raman intensities of Cone 2, Cone 3 and Cone 4

(cavities＆flat) were slightly increased, indicating that the den-

sity of cavities increased and the hot spots improved. The

Raman intensities of Cone 5 andCone 7 (cavities＆pile-up) were

larger than that of Cone 2, Cone 3 and Cone 4 (Cavities＆flat).

The Cone 8 and Cone 9 (Cavities＆pyramid) showed the highest

Raman intensity with a well-controlled derivation range of

smaller than 7%, indicating that the substrates exhibit the

highest SERS sensitivity and good stability. This phenomenon

was primarily due to the difference in cone cavity size, spacing

and density, which directly affects the hot spots distribution on

the SERS substrate. Compared with the other structures, more

pile-ups orpyramidswere generatedon themodifiedsubstrates

surfaces, which also represents that more hot spots were

formed substrate surface, thereby enhancing the Raman in-

tensity of MGmolecules.

Fig. 5(c) and (d) summarized the Raman intensity of 8

randomly measured positions on the pyramid region of the

Cone 8 and Cone 9 substrates, respectively. The relative

standard deviation (RSD) values of the peaks at 1292 cm�1 and

1362 cm�1 on Cone 9 were 6.34% and 6.35%. While those on

Cone 8 were 6.98% and 7.44%, respectively. The low RSD

values deviation (below 10%) of the peaks at 1292 cm�1 and

1362 cm�1 peaks on substrate surfaces indicates the high

homogeneity of surface topographies and number of gra-

phene layers.

The signal stability of the SERS substrate was also critically

important in practical applications. In this work, the SERS

substrates were also evaluated through Raman spectroscopy

detection of 10�8 mol/L MG after storage in air for 1 day, 1

month, and 2 months. As shown in Fig. 5 (e) and (f), the

detected Raman intensities of MG on the Cone 8 and Cone 9

after 1 month, were 94.34% and 88.11% of the initial value (1

day), while those were 69.8% and 70.2% of the initial value (1

day) after two months.

Overall, above Raman spectroscopy detection experiments

indicated high sensitivity, uniformity and stability of the

proposed hybrid SERS substrate.

Additionally, it is crucial to understand the underlying

mechanism of how the structural features on the hybrid

substrates affect SERS signal. Fig. 6(a)-(d) showed the results of

Raman mapping images of 10�8 mol/L MG on different sub-

strate surfaces. On Cone 1 and Cone 6, cone cavity exhibited

an evidently-enhanced Raman signal intensity, compared

with the flat surface, as indicated by the arrows in Fig. 6(a) and

(c). On Cone 5 and Cone 8, the maximum Raman intensities of

MG were 1400 and 2500 (see Fig. 6(b) and (d)), which were

much larger than those on Cone 1 and Cone 6. Such a large

difference is due to the pile-up and pyramid structures. Thus,

it can be inferred that pile-up and pyramid structures have a

larger enhancement effect on Raman spectrum intensity than

cone cavity, contributing to increasing the SERS activity of the

SERS substrate.

The Raman intensity at 1292 cm�1 on pile-up region of

Cone 5 was about 3 times larger than that on cavity in Fig. 6(e)

and (f). The Cone 6 cavity region showed a stronger Raman

intensity at 1292 cm�1, whichwas 1.8 times larger than that on

https://doi.org/10.1016/j.jmrt.2022.12.001
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Fig. 3 e Heights of peak-to-valley of cone cavities with

different topographies and the sectional views of

corresponding cone cavities.
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the flat region (Fig. 6(g) and h). On Cone 8 surface, the Raman

intensity at 1292 cm�1 of pyramid region was about 2.5 times

larger that of the cavity region (Fig. 6(i) and j). It can be inferred

that the enhancement effect of different structural feature on

Raman intensity follows the order of pyramid � pile-

up>Cavity> flat area, which provide new inspiring insights to

create accurate control on the activity of the SERS substrates.

In addition, all points from the same region produced almost

identical Raman signals under the same experimental
Fig. 4 e Raman spectra detection results of graphene (a) differen

cavity region on different substrates.
conditions, demonstrating the good reproducibility for the

hybrid substrates for low concentrations of the probe

molecule.

The concentrations of MG solution can not exceed

5.727 � 10�9 mol/L in the Food Safety standards of Chinese

National. Using the hybrid substrate, the detection limits for

MG was 10�9 mol/L (Fig. S3), proving the applicability of the

substrate for food safety.

To demonstrate detection capability of the hybrid sub-

strates for diverse molecules, the Raman spectra of PQ at the

concentration of 10e7 mol/L was also measured, as shown in

Fig. 7(a). Obviously, the Cone 8 and Cone 9 exhibit a highest

Raman spectra intensity and the RSDs were smaller than 8%,

as shown in Fig. 7(b). The RSDs of the Raman peaks of Cone

9 at 652 cm�1 and 1294 cm�1 were 6.55% and 6.73%, respec-

tively, as shown in Fig. 7(c). Moreover, the Raman intensity of

Cone 9 only decreased by 19% and 27% after the storage for 1

month and 2 months, respectively. The Raman signal in-

tensity of Cone 8 only decreased by 19% and 35% after 1month

and 2 months, respectively, exhibiting an extremely stable

SERS performance.

3.4. Study on the electromagnetic enhancement
mechanism of SERS substrate

The local electric field characteristics of the arrayed hybrid

substrates were calculated by the COMSOL software. Figs. S4
t regions on Cone 5 and corresponding AFM image. (b) Cone

https://doi.org/10.1016/j.jmrt.2022.12.001
https://doi.org/10.1016/j.jmrt.2022.12.001


Fig. 5 e (a) Raman spectra of 10¡8 mol/L MG on the different substrates. (b) Average Raman intensity of peak at 1362 cm¡1 on

different substrates. Raman intensity distributions of MG at 1292 cm¡1 and 1362 cm¡1 on Cone 9 (c) and Cone 8 (d). (e)

Raman spectra of 10¡8 mol/L MG and (f) Raman intensity of MG at 1362 cm¡1 on the Cone 8 and Cone 9 after 1 day, 1 month,

and 2 months, respectively.
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and 8 compare the calculated local electric field of different

hybrid SERS substrates in the XeZ plane to clearly illustrate

the influence of single cone cavity and pyramid structures.

The incident wavelength, the thickness of graphene and

diameter of Au NPs were set to 633 nm, 0.34 nm, and 80 nm

[31,40], respectively. The scale was logarithm jE/E0j. Figs. S4(a)
and S4(b) showed the electrical field distributions of Cone 1

and Cone 8, respectively. The electric field intensity of Cone 8

was 19.35 V/m, which was 4 times than that of Cone 1. With

the decrease of interspace, a stronger electrical field was

generated on the pyramid of adjacent cone cavities (Fig. S4(b)).

Thus, effective plasma coupling could be achieved between
adjacent cone cavities on the copper-based graphene surfaces

by controlling interspace, which can further improve the SERS

performance substrate.

Two enhanced electric field regions (hot spot) are formed at

the gaps between nanoparticles and copper-based graphene

surface, while a hot spot with the maximum electric field in-

tensity of 768.672 V/m is formed at the gap of nanoparticles on

the Cu-based graphene surface, as shown in Figs. S4(c) and

8(a). Due to the influence of surface topography, the electric

field distribution on the substrate surface is substantially

changed. As shown in Fig. 8(b), when the substrate surface is

modified with the single cone cavity structure, the electric

https://doi.org/10.1016/j.jmrt.2022.12.001
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Fig. 6 e Raman mapping images of 10¡8 mol/L MG on different substrates. (a) Cone 1, (b) Cone 5, (c) Cone 6, (d) Cone 8. The

Raman spectra of MG on cone cavity (e) and pile-ups (f) of the Cone 5, cone cavity (g) and flat area (h) of the Cone 6, cone

cavity (i) and pyramid (j) of the Cone 8.
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Fig. 7 e (a) Raman spectra of 10¡7 mol/L PQ on different substrates. (b) Average Raman intensity of PQ at 1294 cm¡1 for

different substrates. (c) Raman intensity of PQ at 652 cm¡1 and 1294 cm¡1 on pile-up region of Cone 9. (d) Raman signal of PQ

at 1294 cm¡1 on the Cone 9 and Cone 8 after 1 day, 1 month, and 2 months, respectively.
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field strength at the gap of Au nanoparticles is up to >2600 V/

m, and the enhancement factor is over 3.4 times larger than

conventional surface. The intensively localized and enhanced

electric field are initiated by resonance coupling at the gaps of

adjacent Au NPs and those gaps of Au NPs above cone cavity.

Compared with the gaps of nanoparticles on the conven-

tional Cu-based graphene surfaces, due to the generation of

the single cone cavity, a small volume is formed between

nanoparticles and cone cavity. In Raman spectrum detection,

when incident light is irradiated on SERS substrate, the inci-

dent light would be reflected inside the small volume with

many times, and is finally absorbed by nanoparticles, thereby

improving the Raman intensity in the detection area. Conse-

quently, more hot spots are formed at the gaps of Au nano-

particles within the single cone cavity within same area.

As shown in Figs. S4(e) and 8(c), on the pyramid structure-

modified substrate surface (Cone 8), the maximum electric

field intensity at the gap of Au nanoparticles is 10,646 V/m,

exhibiting an enhancement factor of 4 times larger than single

cone cavity-modified substrate surface. Additionally, due to

the pyramid formed by the overlapped cone cavities, the Au

nanoparticle on the Cone 8 show an increased hot spot dis-

tribution than that on Cone 1. The maximum enhanced

electric field lies between Au NPs in the pyramid structure, as

shown in Fig. 8(c). As shown in Figs. S4(f) and 8(d), on the

pyramid structure-modified substrate surface (Cone 9), the

maximum electric field intensity at the gap of Au nano-

particles is 17,250 V/m, exhibiting an enhancement factor of

6.6 times larger than single cone cavity-modified substrate
surface, respectively. The local electric field enhancement can

be effectively excited between two adjacent Au NPs, and also

formed between the Au NPs above pyramid.

Intensive localized electric field enhancements initiated by

resonance coupling are concentrated between two adjacent

Au NPs, and also formed between the Au NPs above pyramid.

Compared with the nanoparticles on the single cone cavity, a

pyramid structure is formed (see Fig. 8(c)), the tip of the pyr-

amid structures causes a larger plasma resonance, enhancing

the electric field intensity. Then, due to the change of topo-

logical structure, new small volumes are formed between

nanoparticles, pyramids and graphene. The light can be

focused to a very small volume, resulting in a huge near-field

enhancement effect. Compared with the cavity structure

shown in Fig. 8 (b), the number of small volumes per unit area

increases. The structure and volume of cavity have a signifi-

cant effect on the intensity of electric field so as to improve its

Raman strength.

As discussed above, the EM tightly correlates with the

spacing of adjacent graphene/Cu cone cavities and the Au NPs

on the structured substrate, which can amplify electrical field

intensity of the plasmonic resonance.
4. Discussion

The enhanced Raman detection capability of the proposed

hybrid substrate can be assigned to the following reasons: (1)

different surface topographies at different pre-designed

https://doi.org/10.1016/j.jmrt.2022.12.001
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Fig. 8 e Simulations of the electric field distributions of adjacent nanoparticles on the graphene/Cu surface (a), Cone 1 (b),

Cone 8 (c), Cone 9 (d).
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interspaces, (2) electric field distribution, (3) High surface

roughness, (4) the chemical enhancement effect brought by

different layer numbers of graphene.

The Raman intensity tends to gradually increase with the

decrease of interspaces. This phenomenon is primary due to

the different in cone cavities size and density at different in-

terspaces of cone cavities on the hybrid substrates, resulting

in the difference hot spot distribution on the SERS substrate,

as shown in Fig. 9. In addition, the pyramid and pile-ups were

generated with the decrease of interspaces, resulting in LSPR.

The surface roughness was increased and the more hot spots

were generated on the pile-up region (Fig. 9(b)), resulting in the

increasing of Raman intensity. The Raman intensity was

highest on the tip of pyramidal structures due to the larger

LSPR generated on the tip region of pyramidal structures [41].

The more cone cavities＆pyramid structures (Fig. 9(d)) can
Fig. 9 e Schematic diagram of different cone cavi
enhance the Raman intensity of target molecules. The

coupling effect of the cone cavities and Au nanoparticles

contribute to enhancing the local electromagnetic field

further. Then, Au NPs on the graphene/Cu cavities generated

new nanogaps and increased the density of hot spots, thus

enhancing electric field intensity. In addition, the warped

spaces can generate an effective refractive index gradient [42],

mitigating the change in the refractive index from air to the

gold nanoparticle/graphene/Copper cone cavities surface.

Benefiting from the large specific surface area of the 3D

pyramidal structure, the hot spots are resonantly excited by

the adsorbed AuNPs, thereby contributing to the improve-

ment of the SERS performance. Hot spots can be formed in

experimentally fabricated cone cavities because Au NPs and

graphene can assist with uniform nanogap formation. The

more Au NPs are aggregated on the same area, the easier it is
ties topographies fabricated by a conical tip.

https://doi.org/10.1016/j.jmrt.2022.12.001
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for resonance coupling to occur, providing stronger hot-spots

for SERS. On the hybrid substrate, the Au plasmons will be

excited by the irradiation of the incident light. For the co-

existence of the resonant cavity between graphene and

AuNPs on the pyramids, the reflected light can be absorbed

again by AuNPs when the light is constantly reflected in

resonant cavity, contributing to the generation of the

maximum electric field enhancement. Therefore, the excel-

lent SERS behaviors of the proposed hybrid SERS substrate can

be enhanced: (1) the pyramidal structure can be employed as

the amplifier for incident light and induced large electrical

field intensity of the plasmonic resonance. (2) the Au plas-

mons will be excited again on resonant cavity between gra-

phene and AuNPs on the pyramids.

Similar work have been studied on the electric enhance-

ment of two dimensional material/NPs by other scholars.

Zhang et al. [43] fabricated hat-shaped Ag NP/MoS2/Au NP

structureswith different space curvatures SERS substrate. The

electromagnetic field intensity of the 500-AgNPM-AuH is

much larger than that of the flat substrate, contributing to the

improving of the exciting light location. Zhang et al. [44]

fabricated MoS2/Au/Ag SERS substrate by the hydrothermal

method. The “hot spots” were formed between AuNPs and

AgNPs due to the LSPR effect of nanoparticles.

The roughness of micro/nanostructures is an important

geometrical factor that affect the Raman signal. Nanometric

surface roughness could further increase the Raman intensity.

Our experimental results show that the SERS performance

improved with the increase of the surface roughness. The

pile-up or pyramid on the substrate surfaces with high

roughness can produce more adsorption sites for target

molecules.

The number of the graphene layers is influenced by the

topographies. Chang et al. [45] used molecular dynamics to

simulate the nano-indenter scratching process of few-layer

graphene. The simulation results show that the pile-up of

graphene is generated during the scraping motion of the

indenter. The disorder and plastic mobility of graphene

increased during nanoscratching. Fang et al. [46] studied the

effect of nanoindentation on graphene by molecular dy-

namics simulation. As the depth of the indentation increases,

the stress wave diffuses from the center, generating ripples,

pile-up and wrinkles of graphene. Peng et al. [47,48] studied

the load bearing capacity of Cu-graphene substrate using

molecular dynamics simulation. The Cu-based graphene

substrate prevents the dislocation slipping. The interaction

between dislocation and graphene is the mainly strength-

ening mechanism.

According to the above scholars' research, the winkle and

pile-up of graphene are generated using the nanoindentation

method. The cone cavities with a larger machining parame-

ters (Cone 1, Cone 2) are formed. The graphene do not formed

the concentration of stress and the wrinkles of graphene do

not stacked due to the dispersing stress. The single layer is

generated on the Cu-based graphene with the larger

machining parameters. In addition, the substrate surface

morphology changed greatly with the smaller machining pa-

rameters (Cone 8, Cone 9). Wrinkled graphene was induced by

the concentration of stress. The graphene on the pile-ups
region or the pyramid region was folded or bended through

the overlap of adjacent cone cavities, resulting in the

increasing number of layers of graphene.

Due to the high affinity of the probe molecule to the gra-

phene layer, graphene is used to chemical enhancement of

SERS, and the enhancement mechanism is induced by the

strong chemical bond interaction between the molecule and

the graphene layer. Graphene could serve as not only a pro-

tective layer for suppressing the oxidation of the Cu, but also a

molecule harvester for target molecules adsorption, thereby

effectively improving the performance of the SERS substrate.

In addition, one graphene layer is distributed on Cone 1, Cone

2 and Cone 3 while two layers of graphene are distributed on

Cone 5, Cone 7, Cone 8 and Cone 9. Other scholars show the

similar conclusions. Ling et al. [49] found that the chemical

enhancement of bilayer graphene was stronger than that of

monolayer graphene. Monolayer and bilayer graphene have

different electronic structure and then doping effect of probe

molecules. The Fermi level of monolayer graphene with the

low concentration of the probe molecules declined more than

that of bilayer and trilayer graphene. The Fermi level of

monolayer graphene with the low concentration of the probe

molecule is much lower than the HOMO of the probe mole-

cule, and the Fermi level of bilayer graphene is higher. In

addition, the electron density of bilayer graphene is greater

than that of monolayer graphene. The two reasons show that

the SERS based on graphene intensity of bilayer graphene is

greater than that of monolayer graphene at low concentra-

tion. Hao et al. [50] fabricated nanopore array microstructure

by EBL lithography. Due to the CM enhancement induced by

the charge transfer between graphene and probe molecules,

the nanostructured substrate with graphene shows about 3

times or 9 times of MB Raman signal enhancement compared

with the gold-coated nanopore or nanoparticle substrate

without graphene. Therefore, in the tip-based indentation, the

distribution of graphene layers onto the substrate surface is

also evidently affected by the predesigned interspaces be-

tween adjacent cone cavities which increases the activity of

the SERS substrates through chemical enhancement.
5. Conclusions

In this study, a hybrid substrate of the arrayed Au nano-

particle/graphene/Cu cone cavities was fabricated using

conical tip-based indentation. The enhanced Raman spec-

trum intensity of the SERS substrate was attributed to coupled

effect of the tip-based indentation-induced structural fea-

tures, high surface roughness and graphene.

By varying the interspace of pre-defined cone cavities,

which can be achieved by using different machining feed in

tip-based indentation process, the SERS signal of hybrid sub-

strate could be enhanced. The typical Raman peaks of Cone

9 at 652 cm�1 and 1294 cm�1 were chosen and the RSDs were

calculated as 6.55% and 6.73%, respectively. Using the fabri-

cated hybrid substrates, both Raman spectrum of 10�7 mol/L

PQ and the 10�9 mol/L MG were successfully detected. The

new hybrid SERS substrate possess excellent potential to

detect agricultural residues.
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