[image: image1]Surface-enhanced Raman spectroscopic activity study on topological ZnSe nanostructures

		ORIGINAL RESEARCH
published: 14 November 2022
doi: 10.3389/fphy.2022.1057992


[image: image2]
Surface-enhanced Raman spectroscopic activity study on topological ZnSe nanostructures
Mei Liu1*†, Pengyi Duan1†, Muhammad Shafi1, Wenying Liu1, Wenjie Zhang1, Can Zhang1, Xiaoxuan Hu1, Jing Gao2 and Chao Zhang1*
1School of Physics and Electronics, Shandong Normal University, Jinan, China
2Shandong Normal University Library, Shandong Normal University, Jinan, China
Edited by:
Yufei Ma, Harbin Institute of Technology, China
Reviewed by:
Jun Dong, Xi’an University of Posts and Telecommunications, China
Weizhen Liu, Northeast Normal University, China
Ming Li Wang, Yanshan University, China
* Correspondence: Mei Liu, liumei@sdnu.edu.cn; Chao Zhang, czsdnu@126.com
†These authors have contributed equally to this work
Specialty section: This article was submitted to Optics and Photonics, a section of the journal Frontiers in Physics
Received: 30 September 2022
Accepted: 17 October 2022
Published: 14 November 2022
Citation: Liu M, Duan P, Shafi M, Liu W, Zhang W, Zhang C, Hu X, Gao J and Zhang C (2022) Surface-enhanced Raman spectroscopic activity study on topological ZnSe nanostructures. Front. Phys. 10:1057992. doi: 10.3389/fphy.2022.1057992

Topological nanomaterials generally exhibit different defect structures, high specific surface areas, and varying bandgaps. These special geometries, energy-level structures, and interfacial interaction properties provide possibilities to explore interesting properties in the surface-enhanced Raman scattering (SERS). Such properties offer unexplored possibilities for exploring interesting physics and materials science in the field of SERS physical property research and further enhancing substrate materials’ SERS activity. In this paper, the ZnSe topological nanowire crystallite structure was grown using the chemical vapor deposition method, twin defects were introduced, and a topological branched structure that caused the corresponding changes in SERS activity was systematically investigated. On topological ZnSe nanowires, rhodamine 6G (R6G), methylene blue (MB), and crystalline violet (CV) molecules were detected using Raman spectroscopy. The Raman signal enhancement of MB on topological branched nanowires was about 1.9 times that of the trunk nanowires. Finally, the national standard measurement of malachite green (MG) content in water bodies were realized. The results suggest that semiconductor ZnSe topographical nanowires are an emerging class of SERS substrates, and a thorough investigation into the relationship between material structure and SERS performance in specific topological regions will provide new evidence for the principle of chemical enhancement of SERS, as well as recommendations for developing precisely functionalized SERS substrate nanomaterials.
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1 INTRODUCTION
Recently, surface-enhanced Raman scattering (SERS) is an accurate and reliable molecular fingerprint technology widely used in biological medicine, environmental monitoring, disease diagnosis, chemical reagent detection and homeland security [1–5]. The scattering enhancement observed in SERS mainly has two mechanisms: electromagnetic (EM) and chemical (CM) enhancement mechanism [6–8]. EM is mainly based on surface plasmon resonance generated by the interaction between the laser source and the SERS active substrate [9, 10]. With the ultra-high SERS enhanced factor up to 1012, noble metal nanomaterials (such as gold, silver, and copper) enhanced via this mechanism enable ultra-sensitive molecular detection [6, 11]. However, because their local surface plasmon resonance covers the majority of visible and near-infrared wavelengths, their selectivity to target molecules is not strong. Meanwhile, the high cost, poor biocompatibility, and poor spectral stability seriously limit their practical applications [12, 13]. The CM-SERS activity mainly comes from the charge transfer (CT) between the substrate and probe molecules. With the development of materials science, various semiconductor materials have been introduced into the research of SERS and CM-SERS has played an important role [14, 15]. The study found that when semiconductor nanomaterials are used as SERS substrates, many parameters such as exciton Bohr radius, band structure, doping type, electron density, chemical stability, stoichiometry, geometric metrology, and crystallinity are controlled. Meanwhile, semiconductor substrates’ spectral stability and repeatability are better than metal substrates.
For semiconductors, doping elements and constructing new structural morphologies can contribute to the improvement of SERS performance [16–18]. One-dimensional nanomaterials exhibit special properties, such as lateral quantum confinement and high specific surface area, resulting in severe uncoordinated surface atoms, providing more active sites for adsorbed molecules. The surface-trapped state of a surface-modified W48O19 nanowire provides an intermediate energy level for charge transfer to further improve the SERS performance of the substrate [19]. A self-assembly superstructured CuO2 with a large number of copper vacancies demonstrates that defect states facilitate the resonant coupling of charge-transfer complexes with incident light and enhance the Raman scattering of target molecules [20]. Constructing the topological structure of one-dimensional materials and studying the SERS performance of topological branches will establish the connection between topological materials and SERS research.
ZnSe is a SERS active semiconductor compound with a bandgap of 2.7 eV at room temperature, which is a kind of short-wave optoelectronic device material with wide application prospects [21–23]. At room temperature, ZnSe is a SERS activity semiconductor compound with a bandgap of 2.7 eV [24]. ZnSe nanomaterials tend to have point defects (such as Zn vacancy, Zn interstitial and Se vacancy) and bulk phase defects (dislocation, stacking faults and twins) when growing in a stoichiometric atmosphere, thus introducing new energy levels. Studies have revealed that the SERS properties of ZnSe nanowires can be changed by the crystal structure and modulation bandgap of ZnSe [25]. The special structural characteristics of ZnSe itself make it easy to produce topological defects at the location where twins are formed in the growth process. These defects promote the formation of more active sites in the secondary topological structure so that the energy level of the whole secondary topological structure changes. It is helpful for studying the SERS properties of topological ZnSe branched nanowires.
Here, we focused on the SERS activity of ZnSe nanowires with a topological branched structure. The relationship between the geometry, defects, electronic energy-level structure, interfacial interaction, and SERS activity of topological ZnSe nanowires was examined. The unique Se vacancy donor defects of the topological branched nanowires provide a proper bandgap for electron–hole separation and good matches with the energy band of the probe molecules. Therefore, the common probe and environmental pollutant molecules have a better enhancement effect on the topological branched nanostructures. On topological branches, the signal of methylene blue (MB) molecules is up to 1.9 times greater than that on the trunk. The results will help us to further investigate the enhancement mechanism of topological semiconductor nanostructures represented by ZnSe in SERS and design and develop some new potent SERS device application platforms.
2 EXPERIMENT SECTION
2.1 Synthesis of topological ZnSe nanowires
To prepare Ni-catalyzed ZnSe nanowires, the nickel catalyst (99.99% purity) was deposited on the surface of the substrate with a thickness of about 3 nm using a thermal evaporation method. The ZnSe powder (30 mg, 100 mesh, and 99.99% purity) was deposited in a ceramic boat in the center of the tubular furnace heating zone. Downstream the airflow, SiO2/Si substrates coated with Ni particles were placed 12 cm away from the central source powder as the substrate. In the growth, a high purity argon with a flow rate of 30 standard cubic centimeters per minute (sccm) was used to keep the growth environment close to atmospheric pressure. The pressure was about 96–100 kPa. The growth temperature of ZnSe was 850°C for 1 h, and then the samples were cooled to room temperature naturally.
2.2 SERS activity
The SERS activity of topological ZnSe nanowires with various position was measured using the probe molecules: rhodamine 6G (R6G), MB and crystalline violet (CV). In the experiment, R6G, MB, and CV aqueous solutions were prepared with a concentration of 10–5 M. In addition, we configured malachite green (MG) aqueous solution (1 × 10–6 M to 5 × 10–4 M) for the practical application of the substrate assay. In SERS measurements, 2 μL of molecule solution with different concentrations was deposited on the fabricated sample surface. The samples were tested after drying in the air for 30 min. For Raman and SERS measurements, some individual nanowires which were not tangled or disjointed with other wires were chosen to obtain the signal.
2.3 Characterization
The Zeiss Sigma 500 scanning electron microscope (SEM, Sigma 500, Zeiss, Germany) was equipped with an energy-dispersive spectrometer (EDS) to investigate the microstructure. Using an X-ray diffractometer (XRD, Ultima, Rigaku, Japan) with voltage: 40 kV, current: 40 mA, scan step: 0.02°, scan speed: 4°/min, and scan range: 10–60°, the crystal structure of topologically branched ZnSe nanowires was detected. The structure of the topological ZnSe nanowires was characterized using high-resolution transmission electron microscopy (HRTEM, JEM-2100, JEOL Ltd., Japan) with an accelerating voltage of 200 kV. All Raman spectra and photoluminescence (PL) were measured using an HR Evolution instrument produced by HORIBA Scientific, equipped with a 532 nm (Raman and SERS) and 325 nm (PL) laser. The spectrometer grating of 600 g/mm, the laser spot diameter of 2 μm, and the signal acquisition time of 4 s were chosen. A ×50 objective lens and a laser excitation energy of 48 mW and 12 mW were used for Raman and SERS measurements, respectively. A ×40 objective lens and a laser excitation energy of 6.25 mW were used for PL measurements. The resulting spectra are the average of the spectral signal intensity obtained from 20 locations in the same sample. All the measurements were performed at room temperature.
3 RESULTS AND DISCUSSION
Figure 1 shows a schematic diagram of the preparation of topological branched nanowires and the probe molecular detection. Figure 2 shows the SEM and EDS images of a topological grading tree-like structure of ZnSe nanowires. The diameters of the secondary branch (marked as B) and trunk (marked as T) are about 300 nm and 1200 nm, respectively. The branch is narrower than the trunk. Most of the branch nanowires are concentrated on the surface of the substrate. A crystal ball can be seen at the tip of the nanowires. The EDS results showed that the tip of the nanowires has little Zn element, but the dominant elements are Se and Ni. ZnSe topological nanostructures are grown by a vapor–liquid–solid (VLS) mechanism. The nanowire compositions are ZnSe with no detectable traces of other elements, except for the weak C and O signals originating from the substrate. The component proportion of the trunk and the topological branch differed under the same conditions. In the trunk, the atomic ratio of Zn and Se is closer to the stoichiometric ratio. The component ratio of Zn and Se is different along the growth direction of the topological branch and Se is a lesser element.
[image: Figure 1]FIGURE 1 | Diagram of the preparation of a ZnSe topological branched nanowire SERS substrate and the detection of SERS performance.
[image: Figure 2]FIGURE 2 | (A) SEM image of topological ZnSe nanowires. (C) EDS mapping scan of the image (B). (D–F) Spectra of EDS scanning on the trunk, topological branch, and top of nanowires, respectively. The table in the upper right corner of each image corresponds to the elements and their proportions in each test position.
XRD further characterized the crystal structure of the ZnSe nanowires as shown in Figure 3A. The strong signal at 2 [image: image] = 33.0° was attributed substrate (JCPDS 44-1394). The two characteristic peaks at 2 [image: image] = 27.2° and 45.2° of the topological branched nanowire sample were ascribed to the (111) and (220) lattice planes of the ZnSe zinc-blende structure (JCPDS 37–1463). Two weak peaks appearing at 2θ = 29.6° and 40.4° correspond to the (101) and (102) lattice planes of hexagonal wurtzite-ZnSe structure (JCPDS 15-0105). As shown in Figure 3B, the lattice spacings on both the trunk and topological branches of ZnSe nanowires correspond to the zinc-blende (200) plane and wurtzite (102) plane, respectively. At the position where the topological branched nanowires start to extend, twinning defects appear in the intact single crystals on the trunk, extending the secondary nanowire branches. The lattice spacing parallel to the trunk nanowire direction in Figure 3C corresponds to the (200) lattice plane of the zinc blende. It shows that the trunk is growing in a direction parallel to the (100) plane. The lattice spacing in Figure 3D corresponds to the (002) lattice plane of the wurtzite, and the growth direction of the topological branch is along the (001) plane. These results show that the secondary branched nanowires grow mainly on the (100) lattice surface of the zinc-blende structure’s trunk. However, the lattice at the interface between the trunk and the topological branch is irregular and exhibits a twinned crystal delineation interface, indicating the presence of defects. The topological branches grow at the defective positions.
[image: Figure 3]FIGURE 3 | (A) XRD spectra of ZnSe nanowires, labeled with diffraction plane of the zinc blende-, wurtzite-ZnSe crystal structure. (B) HRTEM of the junction of the trunk and topological branch of the topological branched nanowires, and the inset in the upper left corner shows the full view of this position. HRTEM of the (C) trunk and (D) topological branched nanowires.
Under the low dissolution temperature, Se ions are evaporated firstly from the source powder during the growth process. The Se atoms were transported from the evaporation source to the growth zone downstream and combined with the Ni nanoparticles on the substrate to form a Ni-Se solid solution alloy, which plays a nucleation role in the growth of ZnSe nanowires. The Zn ions are combined with the Se-Ni solid solution. When the number of these atoms exceeds the equilibrium concentration in the liquid phase, the crystallized ZnSe nanowires precipitate underneath the alloy droplet, while the alloy remains at the tip of the nanowires. At the initial stage of nanowire growth, sufficient source powder can make nanowires with fewer Se defects. The topological branched nanowires precipitate at the side of the trunk, as shown in Figure 2A. During the growth of ZnSe nanowires, the atomic binding energy varies with pressure and temperature, resulting in defects. Ni particles not involved in the nucleation initiation stage can move on the substrate surface at a certain temperature. The Ni catalyst will be absorbed in the defects of the first-formed ZnSe nanowires, which will lower the surface energy and result in the sprouting of subnanowires from the defects and the formation of secondary topological nanostructures.
Furthermore, the Ni droplets remaining at the trunk defects are smaller than the clustered droplets on the SiO2/Si substrate. Hence, the diameter of the grown topological branched nanowires is narrower. Simultaneously, a large amount of Se was consumed with the extension of growth time, and the Ni particles of the grown catalysts melted and mixed with Zn and Se. Se element of the topological branch is less than that of the trunk. In addition, some Se atoms still were re-evaporated in the deposition, so the amount of Se element is less than that of Zn both in trunks and branches. Based on the VLS growth mode, the V, L, and S phases are closely coupled, and changes in the gas phase may affect the solid phase. It is difficult to obtain complete stoichiometry of ZnSe and many other II-VI semiconductors [26].
Figure 4A shows the Raman peaks of the trunk and the topological branches of the ZnSe nanowires, respectively. Raman peaks at 205 cm−1 and 252 cm−1 can be found in the trunk and topological branches, which are corresponding to the scattering of transverse optical ([image: image]TO) and longitudinal optical ([image: image]LO) phonon modes of ZnSe, respectively [27]. The trunk also has weak peaks at 142 cm−1, 189 cm−1, 236 cm−1 and 291 cm−1. The peak at 142 cm−1 corresponds to the two-phonon transverse acoustic (2 [image: image]TA) mode, which presents the defective states in the ZnSe nanowire structure. Peaks at 189 cm−1 and 291 cm−1 correspond to double-phonon excitation [189 cm−1: 2 [image: image]TA(K) and 291 cm−1: [image: image]TA(X, K) + [image: image]LA(X)] [28]. The 236 cm−1 peak corresponds to the surface phonon mode, a characteristic feature of small-sized nanostructures. A significant contribution to the Raman scattering of this peak comes from LO phonons propagating in the surface loss layer [29]. The peak at 232 cm−1 of the branch shows a redshift compared with that of the trunk, which corresponds to the decreasing of the diameter of the nanowire. The peaks at 178 cm−1 and 302 cm−1 on the topological branches are different from those on the trunk. The peak at 302 cm−1 is attributed to [image: image]LO(X) + [image: image]TA(X, K) vibrational modes [30]. The peak at 178 cm−1 may be the contribution of two-phonon scattering from phonons in the directions near the K symmetry point or the contribution from the disorderly activated band-edge LA phonons [31]. The mapping diagram at 205 cm−1 is obtained to characterize the Raman signals of the trunk and the topological branches of the nanowires, as shown in Figure 4B. The high Raman signal of the trunk indicates that a good quality of the trunk for ZnSe nanowires.
[image: Figure 4]FIGURE 4 | (A) Raman spectra of ZnSe nanowires (the ordinate of topological branches is ×3 times for the result) and (B) corresponding mapping at 205 cm−1.
Figure 5 shows the PL spectra of the trunk, and the topological branched nanostructures of ZnSe measured in the wavelength range of 300–700 nm to investigate the optical properties of ZnSe nanostructures. The PL spectra of both the trunk and topological branched nanowires consist of three emission bands: a peak at about 380 nm, a narrow half-width ratio near-band edge (BE) peak at 460–470 nm, and a broad half-width ratio deep-defect (DD) band at 500–750 nm. In the trunk, the peak at 378 nm (3.28 eV) is the exciton emission peak generated by the direct recombination of electron–hole pairs, and the peak at 462 nm (2.68 eV) belongs to the intrinsic peak of ZnSe material. The DD broad emission band of the trunk can be divided into two peaks centered at 566 nm (T1) and 654 nm (T2) by fitting a Gaussian function. The emission at 566 nm is attributed to deep-defect-related emission, ascribed to the recombination of a donor–acceptor pair involving Zn vacancies and interstitials and surface emission [32–34]. A single local level mainly determines the characteristic peak at 654 nm (1.89 eV) to confirm that the recombination emission peak is caused by the direct transition of the Zn interstitial electron donor to the valence band and the higher emission intensity is caused by the higher Zni concentration excited by more Se ions [35]. The DD peaks on the topological branches can be fitted to three sub-bands centered at 512 nm (B1), 576 nm (B2), and 626 nm (B3) by the Gaussian function in the PL spectra for topological branches, and the peaks at 381 nm, 471 nm, and 576 nm are similar to the trunk. The emission peak at 512 nm (2.43 eV), which is different from the trunk peak, is derived from the surface trap state. The emission wavelength is caused by the conduction band (CB) to the single negatively charged Zn-vacancy (VZn−) due to the high surface volume ratio [36]. Another unique PL peak at 626 nm (1.98 eV) of the topological branches corresponds to a donor–acceptor pair, charged Zn-vacancy (VZn−) from VSe.
[image: Figure 5]FIGURE 5 | PL spectrum of ZnSe nanowires with the (A) trunk and (B) the topological branch.
According to the PL spectra of ZnSe nanowires, BE emission peak intensity on the trunk is weaker than DD emission peak intensity. In contrast, BE peak intensity on the topological branches is stronger than DD peak intensity. This is related to the growth conditions. The growth may introduce inherent point defect Zn interstitial when the Se content is rich in the early growth stage, which may cause the strong DD emission in the trunk. The lower concentration of Zn vacancy leads to the lower intensity of the DD emission peak on the topological branches when the nanowires grow under zinc-rich conditions at the later growth stage due to the lower melting point of Se in the source powder, longer growth time and higher Se activity [33]. According to the aforementioned evidence, there are emission peaks caused by different structural defects in the PL spectra of the trunk and topological branches. Therefore, different defect levels generated by the two have different effects on charge transfer, which may affect SERS results.
R6G and CV have a large Raman scattering cross section. The absorption peak of R6G is near 532 nm [37]. The excitation wavelength in the absorption region will lead to molecular resonance and cause a strong resonance Raman effect [38]. The maximum absorption wavelengths of CV and MB are 590 nm and 664 nm, respectively, and there is no resonance Raman effect under 532 nm excitation light [39]. CV is a cationic industrial dye with a complex structure and hard degradation [40]. It is widely used in the area of aquaculture disease prevention and control. MB is often used to localize sentinel lymph nodes in medical and prevent black spot disease for fish in aquaculture [41]. However, R6G, CV and MB dyes pose a hazard to the environment and animals, plants and human health [42]. Focusing on the SERS activity of the topological structure of ZnSe nanowires on these three dye molecules can help us study the topological structure’s effect on the SERS activity and analyze the generality of the SERS activity based on topological nanowires of different chemical molecules. The SERS results of MB, CV and R6G molecules shown in Figure 6 indicate that the enhanced Raman signals of MB, CV and R6G absorbed on the topological branches are better than those absorbed on the trunks of ZnSe nanowires. Among them, the Raman peak intensity of the MB molecules at 1625 cm−1 is about 1.9 times higher than that of the trunk, and the peak of the CV molecules at 1622 cm−1 is about 3.2 times higher than that of the trunk. The relative intensity of the 1651 cm−1 peaks of R6G molecules on the topological branches reached 1.5 times higher than that on the trunk. For the Raman enhancement of R6G molecule, the contribution of resonance excitation is much greater than that of charge transfer. Therefore, the differences in the relative peak intensities of R6G molecules on the trunk and branches are the smallest among the three probe molecules.
[image: Figure 6]FIGURE 6 | Raman spectra of (A) MB, (B) CV, and (C) R6G deposited on trunks and topological branches of ZnSe nanowire substrates; all concentration is 10−5 M. (D) Intensities of the peaks of MB (10−5 M) deposited on the trunks, topological branches, and blank SiO2/Si substrate. (E) Spatial mapping of the SERS intensity at 1625 cm−1 of MB probe molecules on ZnSe SERS substrates over an area larger than 21 μm × 21 μm. (F) SERS peak values of MB (10–5 M) were taken from 15 random positions on the trunk and branch of the topological nanowire SERS substrate.
The SERS signals of different peaks of MB molecules with a concentration of 10–5 M were further analyzed to obtain the different enhancement mechanisms of the trunk and topological branches of ZnSe nanowires. The weak peaks at 448, 772, 951, and 1502 cm−1 of MB molecules correspond to skeletal deformation of C-N-C, in-plane bending of C-H, in-plane bending of C-H, and asymmetrical stretching of C-C, respectively. Two prominent peaks at 1397 cm−1 and 1625 cm−1 are attributed to symmetrical stretching of C-N and ring stretching of the C–C vibration mode, respectively [43]. The intensities of Raman peaks of MB on the different positions of ZnSe nanowires were compared to those on the empty substrate and are shown in Figure 6D. The enhancement of the peak at 1625 cm−1 is the largest. The different enhancement of different vibration modes inhibits some surface molecular vibration due to the coupling binding effect of substrate and probe molecules [44, 45].
Figure 6E shows that the mapping scans of the peak at 1625 cm−1 of MB (concentration of 10–5 M) adsorbed on different positions of ZnSe nanowires. At the tip of the nanowires, there is almost no enhancement of the signal of the MB molecule, which indicates that the catalyst nickel metal particles do not contribute to the enhancement of the Raman signal of the probe molecule. The areas and boundaries of the enhancement of the Raman signal exhibited a higher relative peak intensity around the topological branched nanowires than around the trunk nanowires. The relative peak intensities in the SERS mapping of MB molecules on the topological branches and trunks are opposite to the results presented in the Raman mapping of the sample. We collected 15 points arbitrarily at different locations on the substrate as SERS spectra of MB, as shown in Figure 6F. It can be observed that the average peak intensity on the branch is higher than that on the trunk, indicating that the topological nanowires on the SERS substrate have high repeatability.
It is generally known that chemical enhancement consists of three main contributions: 1) molecular resonance due to laser excitation; 2) Raman enhancement due to electrostatic charge transfer caused by the substrate–molecule interaction; and 3) charge transfer resonance between the molecule and substrate. Figure 7 shows the energy levels of CB, VB, and defect states of ZnSe and the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) of MB molecules. This plot is based on the PL spectrum of the topological branched nanowires [46]. When the photon energy is high enough, electrons are excited from the VB of the substrate to higher energy levels in the CB of the substrate coupled to the molecular energy levels above LUMO during charge transfer between ZnSe nanostructures and MB-adsorbed molecules. These excited state electrons (except those leaping to the valence band to be recombined) are transferred to the molecular energy levels above LUMO via vibrational coupling of the energy levels, causing the molecular polarization tensor to amplify, giving rise to the SERS effect or electrons are excited from the HOMO of the molecule to higher levels of the LUMO of the molecule that are coupled to the energy levels above the substrate conduction band and transferred to the CB by vibrational coupling. New defect energy levels are also introduced by a defect during growth. The relative energy of the Se vacancy energy level to the VB of ZnSe is about 2.24 eV, very close to the energy of the excitation light (2.3 eV) since there are more Se vacancy donor defects on the topological branches than on the trunk. After absorbing the incident light energy, the electrons on the branch valence band are more easily excited to the defect level and then jump to the coupling level above the CB level and then inject into the LUMO of MB through vibration coupling so that the polarization tensor of the MB probe molecule becomes larger, and the SERS signal becomes stronger. Moreover, the special structural properties of ZnSe itself make it easy to produce topological structure defects at the sites where twinning occurs during the growth of nanowires. The generation of these defects induces more active sites in the secondary topological dendritic structure, which causes energy-level changes in the entire secondary topology and facilitates the further enhancement of the SERS activity.
[image: Figure 7]FIGURE 7 | Energy-level diagram presenting the SERS ability mechanism on ZnSe microstructures using methylene blue. Abbreviation: VZn− = monoionized zinc vacancy defect; Zni = zinc interstitial monodionized donor defect; VSe = monoionized selenium vacancy defect.
To present the practical application of this SERS active substrate, MG were tested. MG is an ingredient contained in the “potent drug” used in aquaculture to fight against water mold disease in fish and water mold disease in fish eggs, which can be carcinogenic when used in excessive amounts for a long time and is prohibited in the field of pollution-free aquaculture. Figures 8A,B show the concentration gradient detection of MG by the branch and trunk as active substrates, respectively. The branch showed a better detection performance with a limit of detection of 5 × 10–6 M (the limit of detection of the trunk was 1 × 10–5 M). Both were lower than the newly revised national use standard of 6.85 × 10–5 M in the Food Safety Law. Figure 8C shows the detection at the trunk and branch of the topological ZnSe nanowires and the obvious linear relationship between the concentration of MG and the peak intensity at 1616 cm−1, and the R2 values of the trunk and branch are above 0.93, showing good SERS performance and quantitative detection results.
[image: Figure 8]FIGURE 8 | (A,B) Raman peaks in the range of 5 × 10–4 M–10–6 M for MG concentration on the branch and trunk of the ZnSe topological branched SERS substrate, respectively. (C) SERS spectra at 1616 cm−1 on trunk and branch substrates versus different MG concentrations on a logarithmic scale.
4 CONCLUSION
In conclusion, physical vapor deposition prepared topological ZnSe nanostructures on silicon substrates. The growth mechanism for the formation of such topological branched structures is discussed. The defects caused by the different structures developed independently are characterized. It is also examined that it leads to different enhancement effects when used as an SERS active substrate. It is shown that the formation of topological nanostructures of ZnSe nanowires in the absence of metal addition enhances surface Raman scattering in which the Se vacancy donor defects in the branches have a prominent contribution to SERS. The nanobranched active ZnSe substrates were identified better than nanotrunks when the enhancement was tested with several probe molecules. In the detection of toxic substances, MG reflected good quantitative detection results, the detection limit of MG reached 5 × 10–6 M. Studying the SERS activity of ZnSe topological nanostructures offer suggestions for using semiconductors in optoelectronic materials and active substrates to improve molecular detection and show great potential applications in different fields.
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