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Abstract

Surface-enhanced Raman scattering (SERS) has been explored and acts as a 

practical analytical detection approach. However, constructing highly sensitive SERS 

substrates usually involves expensive materials and tedious preparation processes, and 

SERS substrates often cannot be reused. Herein, direct hetero-integration of three-

dimensional graphene (3D-graphene) with silicon-on-insulator (SOI) substrate can be 

utilized as a highly stable, ultra-sensitive, low cost and reusable SERS substrates 

through plasma-assisted chemical vapor deposition (PACVD). The novel nanocavity 

construction of the 3D-graphene combines with the optical cavity system of the SOI to 

improve the interaction between the incident light and 3D-graphene, which is a model 

for doubly-reinforced Raman scattering. These properties enhance electronic 

interactions between 3D-graphene, target molecules, and SOI substrates, thereon 

improving chemical/charge transfer effects in heterojunctions. The as-designed 3D-

graphene/SOI heterojunction has detection limits of ~10–10 M for rhodamine B (RB) 

and rhodamine 6G (R6G), and detection limits for crystalline violet (CRV) is ~10–8 M, 

which is better than the existing reported graphene-based SERS. Our study confirms 

the efficient carrier transfer mechanism in the 3D-graphene/SOI heterojunction and 

enhances the chemical/charge transfer mechanism of SERS by double-enhanced high-

light absorption. In addition, erythrosine B (EB) and carmine, considered a harmful 

pigment additive in fruit-flavored beverages, were selected as the detection target with 

a detection limit of about 10–9 M and 10–8 M, suggesting that 3D-graphene/SOI 

heterojunction-based SERS can be applied in the food safety field.

Keywords: SERS, 3D-graphene, Reusable, Chemical/charge transfer, Food safety
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1. Introduction

SERS technology has been widely employed in biological sensing, drug 

resolution, environmental monitoring, and food safety detection.1-5 It mainly relies on 

two mechanisms, namely the electromagnetic mechanism (EM) and chemical 

mechanism (CM)6-10: (i) EM is mainly derived from noble metal nanoparticles, such as 

gold and silver etc.;13 and (ii) CM arises from the interaction between nanostructures 

and the electronic levels of the target.11,12

However, the cost of preparing these SERS substrates is very high due to the many 

complex and uncontrollable processes involved.14 Noted that due to the active chemical 

properties of noble metal, the SERS substrate of this kind has poor stability and often 

cannot be reused.15 Thus, to meet the needs of practical applications, it is required to 

explore new Raman-enhanced substrates. Recently, two-dimensional (2D) graphene 

films and their derivatives have been used as noble metal-free SERS substrates. The 

special SERS effect is mainly derived from the CM established on its outstanding 

optical and electrical features.16-22 Compared with noble metals, graphene-based 

materials have the advantages of chemical stability and low cost.23-26 Unfortunately, the 

weak ability to absorb light (only 2.3%) of a 2D-graphene monolayer means light 

interacts poorly with the matter, limiting its performance in practical Raman 

enhancement applications.27

3D-graphene is a natural graphene plasmonic nano-resonator arranged vertically 

growing on a target substrate. It combines many unique characteristics of 2D-graphene 

(chemical inertness, specific surface area and high electrical conductivity)28-32 and 
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possesses different properties from planar graphene owing to the special 3D structure. 

The large specific surface area of 3D-graphene is attributed to its porous structure, 

providing more prominent adsorption sites for target molecules. At the same time, many 

exposed edges of atomic levels lead to a high electroactive surface area and thus fast 

electron transport dynamics.33 Based on the porous structure of 3D-graphene, the 

interaction of incident light and 3D-graphene can be substantially stronger than planar 

graphene.34 These special features suggest that 3D-graphene could be suitable for 

designing high-performance SERS substrates.

SOI is a substrate technology that replaces the traditional bulk substrate silicon 

with an "engineered" substrate formed by three layers: a nanoscale top layer of 

monocrystalline silicon, a relatively thin interlayer of insulating silicon dioxide and a 

very thick layer of the bulk silicon substrate.35-37 The unique resonator construction of 

the SOI substrate can serve as a bottom reflector in the 3D-graphene/SOI heterojunction, 

which means that a multi-channel reflection strategy can recover light that the 3D-

graphene has not absorbed.

This work depicts highly stable, ultra-sensitive, low-cost and reusable SERS 

substrates to synthesize 3D-graphene/SOI heterojunctions based on PACVD. PACVD 

is a low-temperature, easily scalable, and inexpensive method for directly preparing 

3D-graphene with clean surfaces and interfaces on arbitrary substrates. Furthermore, 

the nanocavity structure of 3D-graphene integrated with the optical cavity structure of 

the SOI dramatically enhances the interaction between incident light and 3D-graphene, 
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thus resulting in markedly improved light detection sensitivity of 3D-graphene/SOI 

heterojunctions surface.

The 3D-graphene/SOI heterojunction arrays acted as SERS substrates for 

detecting three probe molecules: R6G, RB, and CRV. The experimental results indicate 

that our novel SERS substrate is ultra-sensitive to different molecules: the lowest 

detection limits of the 532 nm laser for R6G, RB, and CRV were determined to be 

approximately 10–10, 10–10 and 10–8, respectively. In addition, washing these SERS 

substrates with ethyl alcohol can effectively remove the adsorbed molecules and enable 

their reuse. Furthermore, the 3D-graphene/SOI heterojunction SERS substrates are 

highly uniform in SERS performance with relative standard deviations (RSDs) of ~4% 

for a size 10 × 10 mm2 sensing area. In addition, the as-designed 3D-graphene/SOI 

heterojunction can detect the harmful pigment additive EB and carmine in fruit-flavored 

beverages with high sensitivity with a detection limit of about 10–9 M and 10–8 M. All 

these performance characteristics shows an excellent potential to open a new avenue 

for applying this improved SERS technique in biosensing, drug analysis, food safety 

detection and other emerging fields.

2. Experimental Section

2.1 Probe molecular materials

R6G, RB, CRV, EB and carmine were purchased from Aladdin Reagents 

(Shanghai, China Co., Ltd.) as dye probe molecules. The test concentrations for both 

R6G and RB were diluted to 10–10–10–4 M, while CRV was diluted to 10–8–10–4 M, EB 

Page 5 of 29 Journal of Materials Chemistry C



6

was diluted to 10–9–10–4 M, and carmine was diluted to 10–8–10–4 M.

2.2 Fabrication of 3D-graphene/SOI

3D-graphene growth was achieved via the low-temperature PACVD technology. 

Put the SOI substrate into the target position of the chamber, first vacuum the chamber 

to about 5 Pa, then add 1 sccm hydrogen (H2) and 10 sccm argon (Ar) mixed gas flow 

before heating the PACVD temperature zone system. When the temperature reaches 

550 oC, turn off the H2 and Ar, and pass through the growth gas of 10 sccm methane 

(CH4). Turn on the plasma source and set its power to 200 W for 60 min growth. After 

the growth is finished, turn off the CH4 gas, cool the growth chamber to room 

temperature by passing 10 sccm of Ar gas. Turn off the vacuum pump, wait until the 

chamber reaches atmospheric pressure, then turn off the Ar gas and take out the SOI 

samples. Similarly, the 3D-graphene growth process on other substrates of interest, 

such as Si and SiO2 was done similarly.

2.3 Characterization

The surface morphology and height of the 3D-graphene/SOI were measured via 

atomic force microscopy (AFM, Oxford Instruments, Cypher S) and scanning electron 

microscopy (SEM, HITAGHT S-3400N). Crystallographic information of SOI and 3D-

graphene were determined by transmission electron microscopy (TEM, FET-Tecnai 

G2F20 S-7WIN). Scanning Kelvin probe microscopy (SKPM) and conductive-AFM 

(C-AFM) was used to measure the potential distribution and current response of the 

3D-graphene/SOI. The hydrophobicity of the 3D-graphene was measured by the 
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contact angle drop meter (JCA-1). The absorption spectrum was collected by 

ultraviolet–visible–near infrared spectroscopy (Cary 5000). Raman scattering (Jobin 

Yvon HR800) using a 532 nm wavelength laser was performed to evaluate the quality 

of the 3D-graphene structure.

2.4 SERS Measurements

Drop 5 μL of the probe solution on the SERS substrates before performing the 

SERS measurement, which was then allowed to dry naturally (about 10 min) for the 

SERS measurement. In the SERS test, a laser with a wavelength of 532 nm was 

operated as the excitation source, and the laser spot diameter was ~12.5 μm. The laser 

power was selected to 2.5 mW, and the data acquisition time was set to 10 s.

2.5 Simulation Method

The finite-element method simulations (COMSOL Multiphysics) were employed 

to simulate the spatial distributions of electromagnetic field intensity and power loss 

density of the 3D-graphene/SOI heterojunction. The incident light (532 nm) was set 

with an electric field (E0=1 V/m) with X-polarization travelled along the Z-direction. 

The optical properties of graphene were calculated with the Lorentz-Drude model. The 

height of 3D-graphene is 300 nm.

3. Results and Discussion

Fig. 1(a) illustrates a schematic of a characteristic 3D-graphene structure in-situ 

grown on SOI. The cross-section TEM image indicates that the thickness of the top Si 
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and BOX layers of the SOI are ~150 nm and ~400 nm, respectively, as shown in Fig. 

1(b). A high-resolution TEM image is shown in Fig. 1(c) reveals the appearance of 

lattice fringes and the spacing between Si planes. The interplanar spacing is 3.14 Å, 

corresponding to Si (111) crystal planes. The inset of Fig. 1(c) depicts the fast Fourier 

transform diffraction pattern, implying the Si layer is highly crystalline (effectively a 

single crystal). As exhibited in Fig. 1(d), the cross-sectional TEM image of a 3D-

graphene/SOI heterojunction implies that the height of the 3D-graphene layer is ~ 300 

nm thick. The 3D topography of the 3D-graphene surface, as captured using AFM, is 

displayed in Fig. 1(e). The AFM image confirms the vertical features of the 3D 

structure (nanocavity), and the thickness is again ~300 nm (see also Fig. 1(f)), in 

agreement with the TEM image in Fig. 1(d). Fig. 1(g) shows water contact angle 

images obtained on the 3D-graphene/SOI surface versus that on a virgin SOI. As can 

be obtained, the 3D-graphene is highly hydrophobic (water contact angle of 132°), 

mainly due to the vertical nature of the 3D structure. The porous nature of the 3D-

graphene is illustrated in Fig. 1(h), an estimated porosity of ~ 83%. The large surface 

area to volume ratio of the 3D-graphene/SOI surface provides more adsorption sites for 

target molecules. Fig. 1(i) compares Raman spectra obtained from a 3D-graphene/SOI 

SERS surface and virgin SOI substrates. The 3D-graphene produces four prominent 

Raman peaks: i.e., D-peak (1,349 cm–1), G-peak (1,580 cm–1), D′-peak (1,610 cm–1), 

and 2D-peak (2,698 cm–1). The Si component produces the other prominent peak at 

around 520 cm–1. Note that the D and D′ peaks arise from the edge effects in the 3D-

graphene structure.

Page 8 of 29Journal of Materials Chemistry C



9

The local electric field and normalized power loss density distribution were 

simulated using the finite-element method simulations to explore the interaction of 3D-

graphene/SiO2, 3D-graphene/Si, and 3D-graphene/SOI with light, respectively. Figs. 

2(a-c) show the simulated local electric field distribution of the 3D-graphene on various 

substrates. Fig. S1 depicts the local electric field intensity distribution along the Z-

direction in Figs. 2(a-c) and the local electric field distribution of 3D-graphene with the 

optical cavity system of the SOI along the black dashed lines in Fig. 2(c) are extracted 

and shown in Fig. 2(d). It can be attended that the 3D-graphene/SOI heterojunction has 

a stronger local electric field compared to the other two substrates. Notably, the SOI 

substrate on which the 3D-graphene is grown significantly influences on the local 

electric field distribution. The local electric in the 3D-graphene and upper Si layer is 

very strong, indicating that 3D-graphene (nanocavity) and SOI (optical cavity) could 

improve the interaction between the incident light. The unique resonator construction 

of the SOI substrate can serve as a bottom reflector in the 3D-graphene/SOI 

heterojunction, which means that a multi-channel reflection strategy can recover light 

that the 3D-graphene has not absorbed. Moreover, the optical absorption spectra of the 

3D-graphene/SOI system are presented in Fig. 2(e). The results show that the optical 

absorption of the 3D-graphene/SOI system (blue line) is significantly higher than that 

of the 3D-graphene/Si (red line) and 3D-graphene/SiO2 (black line) system, which 

benefits from the unique nanocavity of 3D-graphene combined with the multiple light 

reflection strategy of the SOI optical cavity. The interaction between 3D-graphene and 

incident light is improved in the 3D-graphene/SOI heterojunction. In general, the 
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stronger the local electric field, the stronger the absorption of incident light.38,39 To 

study the influence of SOI on SERS sensitivity, by comparing SOI with its parts (e.g., 

Si and SiO2), the advantages of the result of SOI are illustrated. The enhancement factor 

(EF) is an essential parameter of SERS sensitivity,40-42 it can be attended that the SOI 

has a higher EF compared to Si and SiO2. The relationship equation about the EF is as 

follows43: EF , E0(ω) is the original electric field intensity of incident light ≈ │
𝐸(𝜔)
𝐸0(𝜔)│

4

and E(ω) is the electric field intensity excited by incident light. The specific values of 

E0(ω), E(ω) and EF for SOI, Si and SiO2 are listed in Table S1. The EF value of SOI is 

the largest. Thus, it is demonstrated that the nano-cavity structure of 3D-graphene 

combined with SOI greatly enhances the interaction between the incident light and 3D-

graphene, resulting in a significant improvement in the light detection sensitivity of the 

3D-graphene/SOI heterojunction surface. Moreover, the detection limits for these three 

different substrates (e. g., SOI, Si, and SiO2) are measured, as shown in Fig. S2, 3D-

graphene/SOI heterojunction has the highest detection limit, which can be measured to 

a concentration of 10-10 M, further indicating that the sensitivity of 3D-graphene/SOI 

heterojunction is the highest compared to 3D-graphene/SiO2 and 3D-graphene/Si 

heterojunction. Figs. 2(f-h) represents the normalized power loss density distribution 

of the 3D-graphene/SiO2, 3D-graphene/Si and 3D-graphene/SOI. A statistical plot of 

the normalized power loss density distribution along the Z-axis, as shown in Fig. S1, 

indicates that the normalized power loss density of the 3D-graphene/SOI heterojunction 

is the largest. The high local electric field and normalized power loss density 

distribution are attributed to the unique reflective structure of the SOI substrate and the 
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natural nano-resonant cavity of 3D-graphene, which helps to increase the intensity of 

light absorption.

Figs. 3(a-b) shows the measured Raman spectra from three SERS substrates: 3D-

graphene/SiO2, 3D-graphene/Si, and 3D-graphene/SOI, for detecting 10–6 M R6G and 

RB, respectively. Fig. 3(c) summarizes the measurement sensitivity plots for the peak 

intensities representing R6G and RB molecules and clearly shows that the 3D-

graphene/SOI heterojunction has the best light absorption capacity and molecular 

adsorption efficiency of the three SERS substrates. The 3D-graphene/SOI SERS 

detection sensitivity was then tested for all three molecules (R6G, RB and CRV) in 

solutions of different concentrations through ethanol dilution, as shown in Figs. 3(d-f), 

where the insets represent the molecular structures of R6G, RB, and CRV, respectively. 

These Raman spectra confirmed that the intensities of the characteristic Raman peaks 

in the R6G, RB and CRV spectra increased with their molecular concentrations. The 

minimum detection limits of these those types of molecules were determined to be 10–

10 M for both R6G and RB, and 10–8 M for CRV, demonstrating the high sensitivity of 

the 3D-graphene/SOI substrate.

Uniformity and reproducibility of SERS substrates are critical characteristics that 

must be possessed in practical applications to ensure reliable detection results.44 3D-

graphene is chemically inert and less susceptible to chemical changes, thus enabling 

improved repeatability and stability of 3D-graphene/SOI SERS substrates. The 

reproducibility and uniformity of 3D-graphene/SOI substrates were evaluated by 

selecting 30 random spots on the substrate of 10 mm × 10 mm, and the results are shown 
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in Fig. 4(a). According to the Raman spectra, the intensities of the four characteristic 

peaks of graphene did not change significantly with the position of the spots used, 

indicating the super-uniformity of this SERS substrate. Figs. 4(b-c) presents the 

statistical plots of the G-peak and 2D-peak intensities, respectively, suggesting that the 

intensities of the 30 spots were reproducible. Based on the statistics of the primary 

characteristic peak intensities, the RSDs of the G-peak and 2D-peak of 3D-graphene 

are ~3.9 and ~4.1%, respectively. The small difference indicates the excellent 

uniformity and stability of the 3D-graphene/SOI SERS substrate. The stability analysis 

of the 3D-graphene/SOI substrate adsorbed with RB molecules (10–6 M) was also 

performed. Similarly, 30 points were randomly selected for Raman analysis, and the 

results are displayed in Fig. 4(d). Figs. 4(e-f) summarize the 30 peak intensities at 1506 

and 1647 cm–1. The RSDs at 1506 and 1647 cm–1 in the Raman peak positions are ~4.7 

and ~4.2%, respectively. Again, the small difference means that the designed 3D-

graphene/SOI heterojunction can act as a reliable SERS substrate with a uniform SERS 

signal.

Target molecules adsorbed on SERS substrates based on 3D-graphene/SOI need 

to be easily removed to achieve the reusability of SERS substrates. We used ethanol to 

clean 3D-graphene/SOI substrates in our current work. Several experiments were 

performed to demonstrate the reusability of the SERS substrates based on 3D-

graphene/SOI, as exhibited in Fig. (5). Fig. 5(a) displays AFM images of 3D-

graphene/SOI before washing and after washing cycles: no significant change in the 

surface morphology of 3D-graphene. In addition, the water contact angle of 3D-
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graphene was almost the same before and after each cleaning, as revealed in Fig. 5(b), 

implying that the surface structure was not noticeably changed during the ethanol 

washing process. Besides, we provide SERS spectra of 3D-graphene/SOI substrates 

before and after cleaning, as shown in Fig. S3, indicating that the adsorbed molecules 

are completely removed from the substrate after cleaning with alcohol. To demonstrate 

the SERS based on the 3D-graphene/SOI substrate before and after washing, 10–6 M 

R6G and RB were selected as probes, and the measured SERS spectra are depicted in 

Figs. 5(c-d). The results showed that the characteristic peaks of R6G (i.e., 614, 774, 

1364, 1511 and 1651 cm–1) and their intensities are virtually the same whether the 

substrate was pre-washed or not, demonstrating that the SERS substrate based on 3D-

graphene/SOI is highly stable and reusable.

To confirm the SERS enhancement mechanism in our 3D-graphene/SOI structure 

originated from CM-based charge transfer (CT),15, 45-47 we performed combined SKPM 

and C-AFM characterizations. The CT values between R6G molecules and 3D-

graphene/SOI were studied as an example, and the results are shown in Fig. (6), 

demonstrating that the CT generated between 3D-graphene and SOI substrates and 

between 3D-graphene and R6G molecules. The surface potential distributions of 3D-

graphene/SOI and R6G/3D-graphene/SOI samples were measured by SKPM and are 

shown in Figs. 6(a-b). Since the potential distribution on the graphene surface is related 

to the distribution of its carriers, the surface potential changes reflect the internal 

distribution of probe carriers. From the inset plot, the average potential on the R6G/3D-

graphene/SOI surface is significantly higher than that of the 3D-graphene surface, 
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implying that the average potential will increase when an effective CT is generated 

between 3D-graphene, R6G molecules, and SOI substrates. These potential changes 

lead to a decrease in the energy difference between the Fermi energy level of 3D-

graphene and the lowest unoccupied molecular orbital (LUMO) of R6G, promoting 

more efficient CT between 3D-graphene and R6G molecules and thus enhancing the 

SERS effect.48 In addition, photocurrent mapping experiments were performed on the 

R6G/3D-graphene/SOI heterojunction using C-AFM under dark and light conditions, 

demonstrating that the photocurrent generated in the dark environment (Fig. 6(c)) is 

significantly smaller than that generated during the light illumination (Fig. 6(d)). More 

specific current value changes can be obtained in the corresponding spatial current 

distribution contours, as shown in Figs. 6(e-f). This indicates rapid separation and 

transfer of light-generated charge carriers between the 3D-graphene, R6G molecules, 

and SOI, demonstrating that the CM contributes significantly to the enhanced SERS 

effect.

EB was selected as the detection molecule to verify the application of 3D-

graphene/SOI heterojunction-based SERS in practical food safety. EB is a harmful food 

coloring additive commonly used to color foods such as beverages, seasoning, and 

candy. Long-term consumption of foods containing EB can easily cause adverse 

symptoms such as hyperactivity, emotional instability, and inability to concentrate. Fig. 

7(a) displays the measurement setup for SERS detection of EB in the actual analysis. 

The appearance of the 532 nm laser irradiated on the sample is shown in Fig. 7(b), 

where the inset is a fruity drink containing EB. Fig. 7(c) shows that the characteristic 
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Raman peaks of EB are located at 1605, 1492, 1344, 1305, and 1269 cm–1, respectively, 

and the detection limit is as low as 10–9 M. Linear fitting of two characteristic peak 

intensities of EB, as shown in Fig. 7(d), R2 values reached around 0.983 and 0.985, 

respectively, proving the quantitative detection ability of EB molecules. Furthermore, 

the 3D-graphene/SOI heterojunction-based SERS exhibits good reproducibility. Fig. 

7(e) shows the characteristic peaks of 10–6 M EB cycled 6 times, and it is observed that 

the results after cycling are almost the same. To study the long-term stability of the 

prepared SERS substrate, as exhibited in Fig. 7(f), the characteristic peaks of EB can 

still be detected after 30 days of storage, indicating that the intensity of the characteristic 

peaks does not change significantly with time. Similar experiments using carmine have 

shown that SERS substrates also has detection limits as low as 10-8 M for this substance 

(the corresponding Raman spectra of carmine on 3D-graphene/SOI are presented in 

Fig. S4). These results further validate the practical application potential of the 

proposed 3D-graphene/SOI heterojunction substrate in food safety. Meanwhile, the 3D-

graphene/SOI substrate was also compared with other reported ones for carmine and 

EB detection, as shown in Table S2 and Table S3. The results show good SERS 

sensitivity, indicating the excellent accuracy and great potential of the SERS sensor for 

clinical applications.

4. Conclusions

In summary, novel SERS substrates based on the 3D-graphene/SOI heterojunction 

were demonstrated using a simple PACVD method to detect multiple analytes 
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simultaneously. The novel nanocavity structure of 3D-graphene combined with the 

optical cavity of SOI improved interactions between 3D-graphene and incident light, a 

model for doubly-reinforced Raman scattering. These properties enhance electronic 

interactions between 3D-graphene, target molecules, and SOI substrates, improving 

chemical/charge transfer effects in heterojunctions. The minimum detection limits of 

R6G, RB, and CRV were found to be approximately 10–10, 10–10, and 10–8, respectively. 

The 3D-graphene/SOI heterojunction-based SERS substrates exhibit excellent overall 

versatility, sensitivity, homogeneity, uniformity, stability, and reusability. In addition, 

EB and carmine as a food safety detection target has a detection limit as low as 10–9 M 

and 10–8 M. This work provides a facile fabrication method for 3D-graphene/SOI 

heterojunction-based SERS substrates. We hope many practical sensing applications 

could become possible in the near future.
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Fig. 1 Characterization of 3D-graphene on SOI substrate. (a) Arrangement of the layers 

in 3D-graphene/SOI heterojunction. (b) TEM image of the SOI. (c) HR-TEM image of 

the top Si layer (inset corresponds to FFT image). (d) Cross-sectional TEM image of 

3D-graphene/SOI heterojunction. (e) 3D topographic AFM image of the 3D-

graphene/SOI heterojunction. (f) Height of 3D-graphene along the white dotted line 

shown in (e). (g) Waterdrop images high-light the hydrophobic nature of the 3D-

graphene surface. (h) Porosity plot of the 3D-graphene. (i) Raman scattering spectra of 

SOI and 3D-graphene/SOI.
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Fig. 2 The finite-element method simulations of the local electric field distribution and 

power loss density distribution of 3D-graphene/SOI. The finite-element method 

simulations of local electric field distribution of 3D-graphene on the (a) SiO2, (b) Si, 

and (c) SOI substrates subjected to 532 nm laser excitation. (d) Electric field profile 

along the dotted vertical line is shown in (c). (e) The optical absorption spectra of 3D-

graphene/SiO2 (black line), 3D-graphene/Si (red line) and 3D-graphene/SOI (blue line). 

The 3D distribution perspective view of the normalized power loss density spatial 

distribution of (f) 3D-graphene/SiO2, (g) 3D-graphene/Si and (h) 3D-graphene/SOI.
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Fig. 3 Comparison of various SERS substrates. (a-b) SERS spectra of R6G and RB as 

probes on 3D-graphene/SiO2, and 3D-graphene/Si, 3D-graphene/SOI. (c) A statistical 

plot of characteristic peak intensities of R6G and RB increasing with substrates. (The 

changes in the order of 3D-graphene/SiO2, 3D-graphene/Si, 3D-graphene/SOI) (d-f) 

SERS spectra of R6G, RB and CRV at different concentrations. The insets represent 

R6G, RB, and CRV molecular structures, respectively.
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Fig. 4 Uniformity of 3D-graphene/SOI-based SERS. (a) Raman spectra were randomly 

collected at 30 points in a 3D-graphene/SOI heterojunction. (b-c) Raman intensity 

distribution of the 30 points G-peak and 2D-peak on a 3D-graphene/SOI heterojunction. 

(d) SERS spectra were randomly tested from 30 spots on a 3D-graphene/SOI 

heterojunction of 10–6 M RB. (e-f) Raman intensities of peaks at 1506 and 1647 cm–1 

in 30 spectra are shown in (d).
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Fig. 5 Reusability of 3D-graphene/SOI-based SERS. (a) The AFM images of 3D-

graphene during five ethanol washing cycles confirm the reusability of 3D-

graphene/SOI as a SERS substrate. (b) The water contact angle of 3D-graphene during 

ethanol washing cycles. (c-d) SERS spectra of R6G and RB (concentration of 10–6 M) 

on 3D-graphene/SOI substrate during the ethanol washing.
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Fig. 6 Investigation of the detection mechanism of 3D-graphene/SOI-based SERS. (a-

b) Surface electric potential distributions were measured on 3D-graphene/SOI and 

R6G/3D-graphene/SOI surfaces (concentration of 10–6 M). (c-d) Current plots 

measured using R6G (concentration of 10–6 M) drops over 3D-graphene/SOI 

heterojunction under dark and light conditions. (e-f) The corresponding current 

distributions in (c-d) are plotted.
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Fig. 7 Application of 3D-graphene/SOI-based SERS in food safety. (a) Photograph of 

the SERS measurement instrument. (b) Microscopic images of EB/3D-graphene/SOI. 

The inset indicates the solution to be measured. (c) SERS spectra of EB in drinks with 

different concentrations. (d) The logarithmic curve of 1605 and 1344 cm–1 of EB versus 

concentration. (e) SERS spectra of EB (concentration of 10–6 M) on 3D-graphene/SOI 

substrate after the ethanol washing. (f) Long-term stability of the EB spectra recorded 

on 3D-graphene/SOI SERS substrate.
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