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Abstract

:

We fabricated surface-enhanced Raman scattering (SERS) substrates using gold nanoparticle (AuNP)-decorated zinc oxide (ZnO) nanorods (NRs). Prior to decoration with AuNPs, ZnO NRs on the glass substrate fabricated using the sol–gel method could enhance the SERS signal for detecting 10−5 M rhodamine 6G (R6G). Microscopic analysis revealed that the thermal-annealing process for fabricating the seed layers of ZnO facilitated the growth of ZnO NRs with the highly preferred c-axis (002) orientation. A decrease in the diameter of ZnO NRs occurred because of the use of annealed seek layers further increased the surface-to-volume ratio of ZnO NRs, resulting in an increase in the SERS signal for R6G of 10−5 M. To combine the localized surface plasmon resonance (LSPR) mode with the charge transfer (CT) mode, ZnO NRs were decorated with AuNPs through pulsed-laser-induced photolysis (PLIP). However, the preferred vertical (002) orientation of ZnO NRs was prone to the aggregation of AuNPs, which hindered the SERS signal. The experimental results revealed that ZnO NRs with the crystalline structure of horizontal (100) and (101) orientations facilitated the growth of homogeneous, independent and isolated AuNPs which serves as “hot spots” for SERS signal of detecting R6G at a low concentration of 10−9 M. Comparing to previous fabrication of SERS substrate, our method has advantage to fabricate AuNP-decorated ZnO NR in a short time. Moreover, the optimization of the SERS behaviors for different fabrication conditions of AuNPs using the PLIP method was investigated in detail.
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1. Introduction


Raman spectroscopy, a spectroscopic analysis based on the inelastic scattering of light (laser as the excited light source) from excited molecules, reveals information on the vibration of functional chemical bonds in molecules and enables reliable identification of unknown species [1]. However, because of the extremely small scattering intensity and persistent problem of photoluminescence of Raman spectroscopy, which increases the background noise and results in a low signal-to-noise ratio. The surface-enhanced Raman scattering (SERS) technique, first observed by Fleischman in 1974 [2], can efficiently enhance the Raman signal through localized surface plasma resonance (LSPR) from metals. When electromagnetic waves travel along the surface of a metal plate with a wave frequency smaller than the plasma frequency of electrons in the metal, the interaction between the wave and the electron clouds amplifies the electric field locally, leading to large-intensity Raman signals [1].



Dielectrics—especially nanostructured semiconductors—exhibit enhanced Raman signals due to a series of optical effects, such as light absorption and trapping, photo-induced charge transfer (CT) and optical resonance, occurring in the dielectric or between the targeted molecules and dielectric [3]. The zinc oxide (ZnO) nanostructure, a unique material exhibiting semiconductor and piezoelectric dual properties [4], has proven to be a suitable SERS substrate [5,6]. The enhancement of Raman signals is due to the inherent nanostructure with a large surface-to-volume ratio and the CT between the absorbed analyte and substrate [7]. A combination of metallic and ZnO nanostructures further amplifies the Raman signal because of the resulting effective CT and LSPR effect. Metallic nanostructures, such as silver (Ag) or gold (Au), facilitate not only additional absorbance due to LSPR, but also effective electromagnetic enhancement and CT [7].



We fabricated a SERS substrate comprising ZnO nanorods (ZnO NRs) decorated with Au nanoparticles (AuNPs). Previous studies have demonstrated Ag–ZnO [8,9,10,11,12,13,14,15,16,17,18,19] or Au–ZnO [20,21,22,23,24,25] hybrid nanostructures with enhanced Raman signals. However, the deposition process of metallic nanostructures is complex and time consuming. We introduced a pulsed-laser-induced photolysis (PLIP) method for fabricating AuNPs on ZnO NRs in the short time of 30 min without further treatment. The ZnO NRs fabricated using the sol–gel method on glass substrate were immersed in an auric acid (HAuCl4) and hydrogen peroxide (H2O2) aqueous solution, and AuNPs were grown on the surface of ZnO NRs. Under pulsed-laser irradiation of only eight minutes, H2O2 reduced Au ions, forming AuNPs solution. By controlling the surface morphology of ZnO NRs and growth conditions of AuNPs, a 10−9 M concentration of rhodamine 6G (R6G) was feasibly detected. The experimental results indicate that thermal annealing promotes the growth of ZnO NRs in the (002) direction and enhances the Raman signal. However, ZnO NRs in the (002) direction are not preferred for the growth of individual AuNPs to enhance the Raman signal. ZnO NRs with the vertical c-axis (002) orientation are prone to AuNP aggregation, and the Raman signal is weakened because of the nonhomogeneous distribution of AuNPs on the ZnO NR surface. Under the same AuNP growth conditions, by using the PLIP method, ZnO NRs with the horizontal (100) and (101) orientations promote the growth of individual and homogeneous dispersed AuNPs, which offers the “hot spot” for enhancing the Raman signal. Moreover, the optimization of the SERS behaviors for different fabrication conditions of AuNPs using the PLIP method was investigated and found out short pulsed laser irradiation of eight minutes and chemical bath immersion time of 15–30 min are suitable for AuNP-decorated ZnO SERS substrate.




2. Materials and Methods


ZnO seed layers were first fabricated using the sol-gel method [26]. In detail, the precursor for preparing the seed layers was a mixture of 15 mL sol solution containing 0.75 M zinc acetate dihydrate (Zn(CH3COO)2 · 2H2O) mixed with the solvent containing equal quantities of monoethanolamine (HOCH2CH2NH2) and 2-methoxyethanol (CH3OCH2CH2OH). The solution was stabilized at room temperature for 24 h. The dip coating of the seed layer was performed at a rate of 3 cm/min after immersing the glass slide in the sol solution for 10 min. The process was repeated three times. After the dip-coating process, the substrate was dried and annealed on a hot plate at 100–250 °C for 30 min, leading to the gelation of the sol solution on the substrate surface and the formation of the seed layer. The growth of ZnO NRs was prepared by immersing the sample in a chemical bath containing a solution of zinc nitrate hexahydrate (Zn(NO3)2 · 6H2O) and methenamine (C6H12N4) at the same 0.1-M concentration at 85 °C for 2 h. The growth of AuNPs on ZnO NRs was facilitated using the PLIP method. The ZnO NR substrate was placed inside a glass vial containing 5 mL of 0.33 mM HAuCl4 and 2 mL of the 10 mM H2O2 aqueous solution. The aqueous solution was then irradiated using a Nd:YAG nanosecond pulsed laser operated in 532 nm and 47 mJ laser energy at different irradiation time. Then, the samples were kept placing inside glass vials at different immersion times. The process of fabricating AuNP-decorated ZnO NRs is illustrated in Figure 1. The X-ray diffraction (XRD) patterns of ZnO NRs were obtained in the 2θ range of 0°–90° on a high-resolution X-ray diffractometer. SERS measurements were performed using a micro-Raman system (LabRAM HR800; HORIBA Jobin Yvon) with a helium–neon laser as the excitation source operating at a 633 nm wavelength and equipped with a 40× objective lens. Scanning electron microscopy (SEM) was conducted using a JEOL JSM-7800 F field-emission scanning electron microscope (JEOL, Tokyo, Japan).




3. Results and Discussion


3.1. Surface Morphology, XRD and SERS Characteristic of ZnO NRs


The main advantage of growing ZnO NRs through dip coating and decorating AuNP through PLIP is that unlike complex sputtering deposition in high vacuum, the two-step process is a simple technique that allows precise control over the growth of ZnO seed layers. However, the ZnO seed layer may have a random coplanar orientation and a c-axis (002) perpendicular to the substrate, resulting in an incomplete c-axis orientation after chemical bath immersion [26]. Figure 2a illustrates the SEM images of the surface morphology of ZnO NRs, which reveals the hexagonal morphology of ZnO NRs with a diameter and length of approximately 300 nm and 4 μm, respectively and random orientation. During the growth of ZnO NRs, nucleation first occurs near the grain boundaries between two adjacent particles in the ZnO seed layer [27]. Not all nanowire arrays are c-axis orientated because of the polycrystalline nature of the seed layers [27,28]. Figure 2b depicts the XRD pattern of ZnO NRs, indicating a well-defined crystalline vertical c-axis (002), horizontal polar-terminated (001) and horizontal nonpolar low-symmetry (101) faces. The sharp XRD peaks prove the growth of the ZnO wurtzite structure [29]. Figure 2c depicts the Raman spectra of the R6G solution at various concentrations detected using ZnO NRs as the SERS substrate. Bare glass was also used as the substrate for the control experiment, which exhibited no Raman signal for 10−3 M R6G. Strong Raman signals were observed at 612, 772, 1184, 1314, 1366, 1511 and 1650 cm−1 on the ZnO NR SERS substrate for 10−3 M R6G, which were attributed to xanthene ring bending and deformations, C–H bond bending, N–H bond bending and CH2 waggling [22]. However, when the concentration of R6G was reduced to 10−5 M, the Raman signal was considerably weak.




3.2. XRD, SERS and Surface Morphology of Annealed ZnO NRs


The quality of seed layers affects the preferred orientation of ZnO NRs. Previous studies have proved that surface morphology plays a critical role in the semiconducting nanostructure of the SERS substrate [4]. Therefore, we annealed seed layers at various temperatures to achieve superior ZnO NRs SERS substrates. Figure 3a illustrates the XRD patterns of ZnO NRs fabricated with annealed seed layers at various annealing temperatures. The polar-terminated (100) and nonpolar low-symmetry (101) faces disappeared in the ZnO NRs fabricated using seed layers annealed at temperatures higher than 150 °C. Figure 3b depicts the corresponding Raman signal for 10−3 M R6G, which indicated the enhanced Raman sensitivity of ZnO NRs grown using annealed seed layers. Figure S1 shows the SERS behaviors of ZnO NRs grown using annealed seed layers at the R6G concentration of 10−4 M and 10−5 M. Notably, the sample fabricated using ZnO seed layers annealed at 150 °C exhibited the highest sensitivity for the SERS signal. High annealing temperature was favorable for the growth of the c-axis (002) orientation and contributed to the increased SERS signal; however, the SERS signal decreased when the annealing temperature was higher than 150 °C. Figure 4 depicts the surface morphology of ZnO NRs fabricated using different seed layers annealed at various temperatures. The sample annealed at 100 °C exhibited a larger diameter (500 nm) of ZnO NRs than that of the unannealed sample (Figure 2a). However, the diameter of ZnO NRs decreased to 100 nm at the annealing temperature of 150 °C when using as-prepared seed layers. The diameter of ZnO NRs slightly increased at the annealing temperature of 250 °C. Compared with the corresponding SERS results in Figure 3b, applying the annealing technique when preparing seed layers decreased the diameter of ZnO NRs and further increased the SERS signal because of the increase in the surface-to-volume ratio of the SERS substrate. However, when the annealing temperature was higher than 150 °C, the diameter of ZnO NRs slightly increased, which was not favorable for the Raman signal enhancement of the ZnO NR SERS substrate.




3.3. SERS and Surface Morphology of AuNP-Decorated ZnO NRs


Studies have shown the enhanced Raman signal using Au- or Ag-decorated ZnO NRs, in which the 3D shape of Au or Ag offers a “hot spot” and enhances the Raman signal in the resonance and nonresonance mode [10,12,14,16]. The CT occurs in the interface between metal and ZnO, with positively charged metal and negatively charged ZnO [20,21]. The Raman signal of the analyte absorbed on the ZnO nanostructure with an increased surface-to-volume ratio was further enhanced because of additional absorption from the LSPR mode (resonance) and CT (nonresonance). Therefore, to investigate the ability of the SERS effect using metallic NPs, we decorated ZnO NRs with AuNPs through PLIP. Figure S2 depicts the Raman signal of R6G using Au-decorated ZnO NRs at concentrations ranging from 10−6 to 10−9 M. Comparing to the undecorated ZnO NR SERS substrate (Figure 3b, annealed T = 150 °C), AuNPs did not have any effect on the enhancement of Raman signal. Figure 5 illustrates the SEM images of Au-decorated ZnO NRs, which indicated the nonhomogeneous distribution of AuNPs. Moreover, AuNPs aggregated on the top and between ZnO NRs. Studies have proved that the surface morphology of decorated metallic NPs plays a critical role in enhancing the Raman signal [10,12,14,16]. Only the 3D and isolated metallic NPs enhanced SERS effectively and further increased the Raman signal of the analyte. The surface morphology of ZnO NRs directly affects the size and the shape of grown AuNPs. Therefore, we grew AuNPs on unannealed ZnO NRs using the same PLIP method. Figure 6a depicts the Raman signal of R6G using Au-decorated ZnO NRs as the SERS substrate, in which ZnO NRs were fabricated using unannealed seed layers. Notably, the Raman signal of R6G was enhanced by reducing the full-width of half maximum. Figure 6b illustrates the SEM images of Au-decorated ZnO NRs, which reveal that AuNPs were independently grown on the top and sidewall of ZnO NRs. The surface morphology of Au-decorated ZnO NRs fabricated using annealed (Figure 5) and unannealed seed layers was compared (Figure 6b), which revealed that the annealed seed layers enhanced the growth of the ZnO NRs with (002) c-axis orientation and improved the Raman signal because of higher surface-to-volume ratio and density of ZnO NRs. However, the c-axis orientation and high density of ZnO NRs were favorable to the growth of closely packed and aggregated AuNPs and inhibited the growth of independent AuNPs, which hinders the formation of “hot spots” for SERS [20]. By contrast, ZnO NRs grown using unannealed seed layers resulted in ZnO NRs with a large diameter and horizontal (100) and (101) orientations, which are ineffective SERS substrates because of the low density and surface-to-volume ratio. However, AuNPs could be grown homogeneously and independently on ZnO NRs, such that AuNPs offers effective “hot spots” for SERS enhancement. Previous studies have used complex and time-consuming methods to achieve 3D metallic NPs on the ZnO nanostructure for enhancing SERS signals [10,12,14,16]. Our method is a simple method of fabricating Au-decorated ZnO NR SERS substrates in a short time.




3.4. SERS and Surface Morphology of AuNP-Decorated ZnO NRs by Changing the PLIP Conditions


Finally, we evaluated the experimental conditions of fabricating AuNPs using the PLIP method, followed by the immersion process, to grow AuNPs on ZnO NRs. Figure 7a depicts the Raman spectra of R6G using AuNP-decorated ZnO NRs as the SERS substrate for AuNP fabricated for different laser irradiation times at a fixed immersion time of 30 min. The results indicate that a short laser irradiation time of 8 min is suitable for fabricating AuNP-decorated ZnO NR SERS substrate to support the LSPR mode and enhance the Raman signal. A longer laser irradiation time of 20 min had the best ability of the SERS effect with the highest Raman intensity for the same FWHM from the Raman peak. The sample fabricated with the laser irradiation time for 30 min was not favorable for the SERS effect, and the Raman signal decreased. Figure 7b illustrates the Raman signal of R6G using AuNP-decorated ZnO NRs as the SERS substrate for AuNPs fabricated at different immersion times at fixed laser irradiation time of 8 min. A suitable immersion time facilitates the growth of AuNPs, and an immersion time of 30 min was the most suitable. The SERS sample with a longer immersion time exhibited a decrease in the Raman signal. Figure 7c depicts the SEM images of AuNP-decorated ZnO NRs for AuNPs fabrication at an immersion time of 60 min. Nonhomogeneous and aggregated AuNPs growth on ZnO NRs could be the cause of the weak Raman signal. We tried to correlate the size, density and the degree of agglomeration of AuNPs, observed in the SEM images (Figure 6b and Figure 7c), with the SERS enhancement and found out the size of AuNPs has to be in ~50-nm-diameter, the density of AuNPs has to be less than 10 AuNPs per ZnO NR, and the AuNPs has to be isolated and independently grown on each ZnO NR without aggregation.





4. Conclusions


We developed AuNP-decorated ZnO NRs as SERS substrates, in which AuNPs were fabricated through a chemically reduced and solution-based PLIP method. This method is a simple process and was completed in 30 min. ZnO NR fabrication using annealed seed layers increased the SERS signal. Analysis of surface morphology indicates that the decrease in the ZnO NR diameter and increase in the surface-to-volume ratio increased the sensitivity of Raman signal for detecting 10−5 M R6G. The SERS signal could be further improved by using AuNP-decorated ZnO NRs grown using unannealed ZnO seed layers. The use of unannealed seed layers facilitated the growth of ZnO NRs with non-preferred c-axis orientations and promoted the growth of homogeneous and individual AuNPs, which function as an effective “hot spots” for the Raman signal. Further studies of the AuNP fabrication using the PLIP method indicate that a short laser irradiation time of eight minutes, followed by a suitable chemical immersion time of 15–30 min are optimum conditions. Our results present an alternative method of fabricating effective SERS substrates in a simple wet chemical process combined with the short-time PLIP method.
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Figure 1. Schematic of fabricating surface-enhanced Raman scattering (SERS) substrate using zinc oxide (ZnO) nanorods (NRs) decorated with Au nanoparticles (AuNPs) synthesized through pulsed-laser-induced photolysis (PLIP). 
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Figure 2. (a) SEM image of ZnO NRs fabricated using the sol–gel method on a glass substrate; (b) XRD patterns of ZnO NRs fabricated by the unannealed seed layer, indicating both vertical (002) and horizontal (100) and (101) growth direction; (c) Raman signal of rhodamine 6G (R6G) using bare glass and ZnO NR-coated glass as surface-enhanced Raman scattering (SERS) substrates. 
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Figure 3. (a) XRD patterns of annealed ZnO NRs indicating the disappearance of horizontal (100) and (101) growth direction with the increase in the annealing temperature applied on the growth of seed layers; (b) Raman signal of R6G (10−3 M) using ZnO NR-coated glass as the SERS substrate, in which ZnO NRs were fabricated using seed layers annealed at different temperatures. 






Figure 3. (a) XRD patterns of annealed ZnO NRs indicating the disappearance of horizontal (100) and (101) growth direction with the increase in the annealing temperature applied on the growth of seed layers; (b) Raman signal of R6G (10−3 M) using ZnO NR-coated glass as the SERS substrate, in which ZnO NRs were fabricated using seed layers annealed at different temperatures.



[image: Applsci 10 05015 g003]







[image: Applsci 10 05015 g004 550] 





Figure 4. SEM images of ZnO NRs fabricated using seed layers annealed at (a) 100 °C, (b) 150 °C, (c) 200 °C and (d) 250 °C. 
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Figure 5. SEM images of Au-decorated ZnO NRs of different magnification. 
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Figure 6. (a) Raman signal of R6G at different concentrations using Au-decorated ZnO NRs as the SERS substrate where the ZnO NRs was fabricated using the unannealed seed layer; (b) corresponding SEM images of Au-decorated ZnO NRs of different magnification. 
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Figure 7. Raman signal of R6G (10−6 M) at various concentrations using Au-decorated ZnO NRs as the SERS substrate for AuNP fabrication for (a) different laser irradiation times at a fixed immersion time of 15 min and (b) different immersion time at a fixed laser irradiation time of 8 min during PLIP; (c) corresponding SEM images of Au-decorated ZnO NRs fabricated using an immersion time of 60 min. 






Figure 7. Raman signal of R6G (10−6 M) at various concentrations using Au-decorated ZnO NRs as the SERS substrate for AuNP fabrication for (a) different laser irradiation times at a fixed immersion time of 15 min and (b) different immersion time at a fixed laser irradiation time of 8 min during PLIP; (c) corresponding SEM images of Au-decorated ZnO NRs fabricated using an immersion time of 60 min.
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