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Abstract. 
Vertically aligned silver nanorods were good substrates for surface-enhanced Raman scattering. The surface-enhanced Raman scattering sensitivity of nanorods can be regulated through the method that the silver nanorod is divided into four uniform silver sections using five uniform silicon sections. And the length of silicon sections is the key factor in regulating the surface-enhanced Raman scattering sensitivity. In the regulation, the best surface-enhanced Raman scattering performance is about 4 times as large as the worst performance. The study provides an effective way to regulate the surface-enhanced Raman scattering sensitivity of silver nanorods and its possible explanation about mechanism.


1. Introduction
Surface-enhanced Raman scattering (SERS) is one of the most promising tools in detection at trace level of pollutants and biochemicals, due to its ultrasensitivity, convenience, and cheapness [1–4]. SERS was first discovered in 1974 that the intensity of Raman spectrum from organic molecules can be enhanced when molecules are adsorbed on the surface of silver electrode [2–5]. This effect has been verified in many kinds of metals such as silver, gold, copper, lithium, sodium, and potassium [1–4, 6]. The magnification of Raman intensity can be mainly attributed to electromagnetic mechanism and chemical mechanism [7, 8]. SERS seems to be obvious on surface that contains many coupled metal domains, referred to as SERS-active surface [9]; thus, devising ways has been a focus in the field to improve the performance of SERS substrates.
A quantity of structures have been discovered with good SERS sensitivity, such as the electrode surface formed by metals’ solution and redeposition into clusters [9] periodically arranged gold particles with hierarchical rough surface by electrochemical deposition [10] metal colloid, and so forth [6, 11–13]. A powerful means worthwhile mentioning in producing SERS substrate is the glancing angle deposition (GLAD) technique, which is capable of producing one-dimensional (1D) nanostructures of various morphologies [14–17]. For instance, slanted or vertically aligned silver nanorods on planar substrates can be deposited by this technique, which are proved to be excellent SERS substrates to detect organic molecules [3, 14–18]. A typical SEM image is shown from Figure 1(a) of the morphology of Ag nanorods deposited on planar silicon substrates. It is found that the silver nanorods are well vertically aligned and separated, with diameter of several ten nanometers. It is shown from Figure 1(b) that Raman spectrum of R6G molecules at trace level on this substrate can be detected [14, 15, 17].
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(b)
Figure 1: (a) The SEM image of vertically aligned Ag nanorods deposited on planar silicon substrates and (b) Raman spectra of R6G on these Ag nanorods as the SERS substrate, at a concentration of 10−12 M. 


The sensitivity of SERS substrate is one of the most important factor in the field of SERS, while much attention has been paid to develop effective methods to regulate the sensitivity of SERS substrate. It is reported that nanostructures arranged periodically might result in different localized electric field from that of nanostructures arranged randomly [2, 19, 20]. While vertically silver nanorods from GLAD technique are proved to be SERS substrate with excellent sensitivity, it is of great interest to reform each silver nanorod into periodical structure and investigate the effect of nanorods’ reformation on SERS sensitivity. In the study, five uniform silicon sections with specific length are brought in to separate the silver nanorod into four uniform silver sections. And it is found that the SERS sensitivity can be regulated by the length of silicon sections when the length of the silver section is fixed.
2. Materials and Methods
The substrates which nanorods grow on in this study were pristine (100) silicon substrates. The silicon substrate was cleaned in sequence, supersonically in acetone, ethanol, and deionized water baths and was then mounted on the substrate holder in e-beam deposition system (GLAD SYSTEM, Thermionics Laboratory, Inc., with a background vacuum level better than 2 × 10−5 Pa). Vertically aligned nanorods were then deposited on the substrate by the GLAD technique. During deposition, the substrate was cooled to −20°C by liquid nitrogen, revolving on its axis at a speed of 2 rpm. The angle was set ~88° between surface normal of substrate and the incoming vapor flux, while the deposition rate was ~0.5 nm/s monitored by a quartz crystal microbalance.
The film of nanorods is deposited in turn with silver sections and silicon sections. For one nanorod, first of all, one silicon section is deposited on the substrate with a specific length, then the silver section with length of 25 nm is deposited on the silicon section, and so on. In the end, nanorod is produced with five uniform silicon sections with specific length and four silver sections with length of 25 nm, so the final silicon section is the top of the whole nanorod. The nanorod can be considered as four silver sections separated by five silicon sections; meanwhile, the top and bottom of the nanorod are both silicon sections. Moreover, the length of uniform silicon sections in nanorods is designed to be 10 nm, 20 nm, 30 nm, 40 nm, 50 nm, and 60 nm. 
The morphology of nanorods with silver sections and silicon sections was characterized by scanning electron microscopy (JEOL JSM-7001F). The performance of nanorods as SERS substrate was evaluated by a Renishaw 100 Raman spectrometer using Rhodamine 6G (R6G) as the probing molecule. Before the Raman scattering measurements, all SERS substrates were dipped into aqueous solutions of 1 × 10−6 M R6G for 30 minutes and dried by a gentle continuous nitrogen blow. Then, the experimental Raman spectra of R6G on each substrate were obtained by Raman spectrometer using 633 nm He-Ne laser as the excitation source. During measurements, the laser power was decreased to 0.47 mW to avoid any damage to R6G molecules, with signal accumulation time of 15 second per 600 cm−1 and 50x objective lens. However, the Raman spectrum for analysis and process of R6G on specific substrate is derived by averaging experimental Raman spectra from six different areas on the same SERS substrate, to minimize the error from measurement. The SERS performance of nanorods is generated from silver sections because silicon can generate no SERS effect.
3. Results and Discussion
Tilt-view SEM images are shown in Figure 2, of nanorods consisted of four silver sections with length of 25 nm and silicon sections with lengths of 10 nm, 20 nm, 40 nm, and 60 nm respectively. It is found that each nanorod with about 70 nm diameter is divided into sections, and the length of nanorod in different samples is variable owing to different length of silicon sections. The pixel length ratio of nanorods in the four samples is about 1 : 1.31 : 2.02 : 2.45, approximately the same as 1 : 1.33 : 2.00 : 2.66 (150 : 200 : 300 : 400), which is the designed length ratio of nanorods in the four samples.
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(d)
Figure 2: Oblique-view SEM images of vertically aligned nanorods consisted of four silver sections with length of 25 nm and silicon sections with length of (a) 10 nm, (b) 20 nm, (c) 40 nm, and (d) 60 nm, respectively. 


Raman spectra are shown in Figure 3 of R6G molecules with concentration of 1 × 10−6 M, which are measured from nanorods with silicon sections’ length of 20 nm, 30 nm, and 60 nm. It is shown that each spectrum presents the Raman features of R6G molecules and that the signal intensity of the Raman spectrum is very dependent on the length of silicon sections in nanorods. For example, the signal intensity is the highest, when the length of silicon sections is 20 nm, and is the lowest, when the length of silicon sections is 60 nm. Difference in the Raman intensity is noticed among films of nanorods consisted of silicon sections with different length. Although the amount of silver section is fixed, the SERS sensitivity of nanorods can be regulated by the length of silicon sections. And the reproducibility of Raman spectra is shown in Figures 4(a) and 4(b), respectively, by the average value and standard deviation of experimental Raman spectra (after baseline correction) from six different areas on nanorods consisted of silicon sections with 50 nm length.


	
	
	


	
	
	


	
	
	
	


	
	
	
	


	
	
	
	



	


	
	
	


	
	
	


	
	
	


	
	
	



	
	
	





	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


	
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
	
	
		
	
	
		
	


	
		
		
	
	
		
		
	


	
		
	
	
		
	
	
		
		
	


	
		
	
	
		
	
	
		
		
	













Figure 3: Raman spectra of R6G (concentration of 10−6 M), characterized by aligned nanorods, consisted of four silver sections with 25 nm length and five silicon sections with length of 20 nm, 30 nm and 60 nm, respectively; the Raman spectra are substracted by baseline and added by constant line to make the three Raman spectra separated. 
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(b)
Figure 4: (a) Average value and (b) standard deviation, of experimental Raman spectra (after baseline correction) of R6G measured from six different areas on nanorods consisted of silicon sections with 50 nm length. 


To gain a better understanding of the law how the length of silicon sections regulates the SERS sensitivity of nanorods, the intensity of one characteristic peaks of R6G molecules, peak 612 cm−1 which is assigned to the xanthene ring stretching vibration mode [21, 22], is plotted as a function of the length of silicon sections. And the intensity of 612 cm−1 peak versus the length of silicon sections in nanorods is shown in Figure 5(a). It is inferred roughly that the SERS sensitivity of film is getting weaker when the length of silver sections is fixed and the length of silicon sections is getting larger. By careful observation, it is found that the intensity of peak 612 cm−1 is highest when the length of silicon sections is 20 nm, while the intensity of peak 612 cm−1 is weakest when the length of silicon sections is 60 nm. The intensity of peak 612 cm−1 from the film with silicon sections of 20 nm length is 3.8 times as large as that from the film with silicon sections of 60 nm length. It is proved that changing the length of silicon sections is an effective way to regulate the SERS sensitivity of film of nanorods.
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(b)
Figure 5: (a) The intensity of the characteristic peak 612 cm−1 from R6G on films of nanorods consisted of silver sections and silicon sections and (b) the reflection of the films versus the length of silicon sections in nanorods, when the wavelength of incident light is 632 nm. 


The amount and morphology of four silver sections is unique in different films, while SERS cannot be generated from silicon sections. It is interesting to investigate the reason why the different films of nanorods have different SERS sensitivity which have fixed silver sections and different silicon sections. It is shown in Figure 5(b) that the reflection of films of nanorods is getting larger at first and getting smaller later as the length of silicon sections is getting larger, when the wavelength of incident light is 632 nm approximately the same as the wavelength of incident laser in Raman measurement. So as the length of silicon sections is getting larger, the absorption of nanorods is getting larger overall, but the SERS sensitivity is getting weaker overall. So it is probable that the length of silicon sections has effects on the absorption of silicon sections and even the amount of incident laser photon that silver sections can accept. The regulation of SERS sensitivity of nanorods may be probably caused by the difference of absorption of silicon sections. Moreover, it is reported that SERS performance of nanostructure consisted of periodical blocks can be tuned [4, 6, 23–26]. While the separation distance of periodical uniform silver sections is the length of silicon sections, the interaction between the localized surface plasmon electrical fields of silver sections may be a probable factor that regulate, the SERS sensitivity of nanorods.
4. Conclusion
In this paper, it is reported that, by dividing the silver nanorod into four silver sections with 25 nm length using five uniform silicon sections with specific length, the SERS sensitivity of nanorods can be regulated and that the SERS sensitivity of nanorods is getting weaker overall when the length of silicon sections is getting larger. The regulation of SERS sensitivity is realized possibly by the absorption of silicon sections or interaction between localized surface plasmon electrical fields of silver sections.
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