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Seeking plasmonic nanostructures with large field confinement and enhancement is significant for 

photonic and electronic nanodevices with high sensitivity, reproducibility, and tunability. Here, we report 

the synthesis of plasmonic arrays composed by two-segment dimer nanorods and coaxial cable nanorods 

with ~1 nm gap insulated by self-assembled Raman molecule monolayer. The gap-induced plasmon 10 

coupling generates intense field in the gap region of dimer junction and cable interlayer. As a result, the 

longitudinal plasmon resonance of nanorod array with high tunability is obviously enhanced. Most 

interesting, the field enhancement of dimer nanorod arrays can be tuned by the length ratio L1/L2 of two 

segments, and the maximal enhancement appears at L1/L2 = 1. In that case, the two-photon luminescence 

(TPL) of dimer nanorod array and the Raman intensity in the dimer junction is enhanced by 27 and 30 15 

times respectively under resonant excitation. In the same way, the Raman intensity in the gap region is 

enhanced 16 times for the coaxial cable nanorod arrays. The plasmonic nanorod arrays synthesized by the 

facile method, having tunable plasmon properties and large field enhancement, indicate an attractive 

pathway to the photonic nanodevices. 

1. Introduction 20 

Amplification of optical signals is greatly desired in many 

applications like sensing [1], molecule detecting and 

identification [2-4], optical information process [5,6], etc. 

Localized surface plasmon resonances (LSPRs) of metallic 

nanostructures could concentrate light energy into sub-25 

wavelength nanoscale and lead to large electromagnetic field 

confinement and enhancement [7,8]. The spectral responses and 

spatial field distributions of LSPRs are greatly determined by the 

composition, shape, size and environment of metallic 

nanostructures, which provide LSPRs highly tailorability in the 30 

system of light-matter interaction [9,10]. Then, LSPR is 

considered as a powerful tool to realize the optical amplification 

and exhibit attractive potential in acting as building block in 

photonic nanodevices [11].  

With the help of metallic nanostructure having unique LSPRs 35 

properties, many efforts have been devoted to improve the 

enhancement factor of optical signals and explore the extreme 

applications of plasmon, for example, single molecule detecting 

[12-14], nanolaser [15-17], etc. For seeking large field 

enhancement, target molecules are designed to locate in the 40 

surface of arbitrary and anisotropic nanoparticles, where the 

small curvature could produce large local field [18-20]. The inter-

particle gap and junction is a more ideal position as hot spot 

because the inter-particle plasmon coupling could induce 

dramatic field confinement and enhancement compared with 45 

single nanoparticles [14,21]. Recently, the research has gone deep 

into the accurate controlling of the inter-particle distance from 

tens of nanometers to ~1 nm [22,23]. The plasmonic array with 

periodic hot spots is an ideal substrate and has been widely 

applied and studied [24-27]. Lithography fabrication can produce 50 

metallic arrayed nanostructures with highly controlled shape and 

size [28,29], then with highly tunable plasmon properties. At 

present, the fabrication of sub-10 nm gap is a challenge process 

for lithography [30,31]. The substrate of self-assembled 

nanoparticle array can be produced facilely, while lack of 55 

reproducibility and uniformity is a problem [32,33]. The 

electrodeposited metallic nanorod (NR) array with vertically 

aligned structures is an interesting substrate possessing tunable 

plasmonic resonance dependent on the rod-length and unique hot 

spot distribution induced by the inter-rod coupling [34-36]. 60 

Moreover, the post-treatment like lateral aggregation and 

deposition of nanoparticles on top could produce narrow gaps 

namely hot spots with intense field between the adjacent NR tips 

[37,38]. 

Surface-enhanced Raman scattering (SERS) and plasmon-65 

enhanced luminescence are the representative examples of optical 

signal enhancement produced by plasmon [39-42]. For SERS 

application, the contribution of plasmon is determined by: i) the 

field enhancement factor near the metallic surface [19,43]; ii) the 

spatial overlap of the field hot spot and Raman molecule location 70 

[44]; iii) the resonance situation of plasmon wavelength and 

excitation light as well as Raman emission [29,45]. All these 

factors influence the sensitivity, reproducibility, and tunability of 

the SERS applications and thus the preparing of SERS substrate 
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is very important for the final detecting of Raman signal. 

However, for usual SERS application, the distribution of target 

Raman molecules is random on the substrate. The weight of 

effective Raman molecules located in hot spots with high 

enhancement as well as high SERS reproducibility is limited. 5 

Recently, many literatures have reported that using specific 

Raman-active molecules (thiol-group, DNA-anchored, etc.) 

[23,46,47] as both Raman tag and binding linker to assemble and 

synthesis metallic nanostructures with ultra-narrow and 

accurately controlled gap. These structures exhibit outstanding 10 

SERS performance because the target Raman molecules are 

almost all located in the gap, which generates a perfect spatial 

overlap with the intense and uniform field.   

In this paper, we use two-step deposition method to prepare 

two-segment dimer NR arrays and coaxial cable NR arrays in the 15 

anodic aluminum oxide (AAO) template. Between the two 

depositions, a single layer thiol Raman molecules are self-

assembled onto the uncovering surface of the 1st gold NRs 

(AuNRs). The two-step deposition produces an interior ~1 nm 

gap with large field confinement and enhancement in the junction 20 

of two-segment dimers as well as in the interlayer of coaxial 

cable. The method integrates the advantages of electrodeposited 

metallic NR array and molecule mediated self-assembly, which 

could produce sub-10 nm gap more effective than lithography 

route and fabricate periodic array beyond normal self-assembly. 25 

The optical responses of extinction spectra, two-photon 

luminescence (TPL) and Raman scattering are investigated to 

reveal the nature of plasmon enhancement and the dependent 

properties on the detail structural parameters. The studies in this 

paper are important for the fundamental understanding and 30 

photonic application of LSPRs. 

2. Experimental Section 

2.1 Preparing of AAO template 

The high-order AAO used in this work was prepared through a 

two-step electrochemical anodization process, which is described 35 

elsewhere [48]. Anodization was carried out at a constant DC 

voltage of 40 V and the constant temperature 4 °C in a solution of 

0.3 M H2C2O4 for 4 h. After the first anodization step, the 

alumina layer was removed by wet chemical etching in a mixture 

of 1.8 wt% H2CrO4 and 6 wt% H3PO4 at 60 °C for 1 h. The 40 

sample was anodized for 2.5 h again at the same condition as the 

first anodization. The barrier layer of AAO templates was thinned 

stepwise with reducing potential at the end of the second 

anodization process.  

2.2 Electrodepositing and functionalize of samples  45 

The preparation procedures of the two-segment dimer NRs and 

coaxial cable NRs arrays within AAO template are illustrated 

schematically in Figure 1(a) and 4(a), respectively. Following the 

approach and ideas has been recently described in reference [49] 

and [50-53]. The Au (Ag) was electrodeposited in the 50 

nanochannels of AAO templates by alternating-current 

electrolysis (50 Hz, 7 V) in an electrolyte containing HAuCl4 

(0.01 M) and H2SO4 (0.1 M) (AgNO3 (0.03 M) and H2SO4 (0.03 

M)). Firstly, The Au was electrodeposited in the nanochannels of 

AAO templates and washed with distilled water. For coaxial 55 

cable Au@Ag NRs arrays, the pore diameter of AAO films with 

Au NRs filled was enlarged by a wet chemical etching in an 

aqueous solution of 5 wt% H3PO4 for 15 min at 35 °C. To 

chemically functionalize the structures, the entire film was then 

submerged into a 1 mM ethanol solution of 1,4-benzenedithiol 60 

(1,4-BDT) for 22 hours and then washed several times in ethanol 

to remove weakly bound molecules. The Raman molecules self-

assembled on the tip and/or surface of Au NRs deposited in the 

pores. Then Au/Ag was deposited again after washing with 

ethanol. The 1,4-BDT molecules act as spacers, preventing the 65 

Au/Ag from touching each other. After deposited, the Al substrate 

was removed by using the mixture of HCl and CuCl2 solution. 

The barrier layer was removed and the alumina matrix was 

partially etched to expose the tips of NRs by immersing the 

samples in a 5 wt% H3PO4 solution for 25 min at 35 °C. After 70 

partially etching aluminum, the back-end alumina serves as a 

SERS substrate. 

2.3 Characterizations 

The morphology and structures of the SERS substrates were 

characterized by using scanning electron microscopy (SEM, 75 

Hitachi S-4800), transmission electron microscope (TEM, JEOL 

2010 HT), and high resolution TEM (HRTEM, JEOL 2010 FET). 

EDX analysis was performed on an EDAX instrument 

incorporated in the HRTEM. The extinction spectra were 

measured at room temperature using an Ultraviolet-visible-near 80 

infrared (UV-Vis-NIR) spectrophotometer (Varian Cary 5000) 

whit a p-polarized source, the incident angle was set at 70°. 

2.4 SERS measurements 

The SERS spectra were measured using a micro-Raman system 

(HORIBA Jobin Yvon LabRAM HR800) equipped with a 85 

thermoelectrically cooled CCD detector and in the normal way by 

laser beam irradiation perpendicular to the surface of the sample 

with vertical NRs A typical 785 nm wavelength diode laser 

coupled to a holographic notch filter was used to excite the 

samples. Scans were taken on an extended range (600–1650 cm-1) 90 

with the excitation power of 100 mW, 10× microscope objective 

and the acquisition time of 10 s. 

2.5 TPL measurements 

The excitation source for TPL was a mode-locked Ti/sapphire 

pulsed laser (Mira 900, Coherent) with pulse width 95 

approximately 100 fs and a repetition rate of 76 MHz. The laser 

wavelength was fixed at 785 nm. The p-polarized light was 

obliquely incident to the samples. The TPL signals at room 

temperature were collected by a reflection measurement and 

recorded through spectrometry (Spectrapro 2500i, Acton) with a 100 

liquid-nitrogen-cooled charge-coupled device (SPEC-10, 

Princeton).  

2.6 Simulations 

The simulations were carried out by using 3D finite-difference 
time domain (FDTD) method with the software FDTD Solutions 105 

8.6 (see detail in SI). The dielectric constant of gold and silver are 
taken from Johnson and Christy’s article [54] and Palik’s book 
[55]. The rod diameter d = 30 nm, the array period a = 100 nm, 
and the gap size ∆ = 2 nm. The refractive index of AAO is 1.6 
[42]. 110 

3. Results and Discussion 
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The two-step deposition method introduced here is a facile and 

effective way for making two-segment dimer NRs and coaxial 

cable NRs. We firstly demonstrate the preparing and performance 

of the dimer NR arrays. The detail fabrication procedure is shown 

in Fig. 1a. 1,4-BDT molecules were employed as the assembled 5 

insulators as well as the Raman probes, because of its ability to 

adsorb on gold or silver surfaces (with thiol groups) and its 

distinct Raman fingerprint. Through the process of adsorption and 

washing, a monolayer of 1,4-BDT molecules was assembled on 

the uncovered top end surface of the 1st AuNRs and then was 10 

confined in the dimer junction after the deposition of 2nd AuNRs. 

As the mouth-side of an AAO template shown in Figure 1b, the 

prepared AAO template possesses highly ordered nanopore arrays 

with an average diameter approximately 32 nm and a period 

(interpore distance) about 100 nm. For pursuing the high quality 15 

of optical spectra, the barrier layer of AAO was removed and the 

alumina matrix was partially etched to expose the NRs tips by 

immersing the samples in a 5 wt% H3PO4 solution for 25 min at 

35 °C. Figures 1c show the etched back-side of the highly ordered 

nanopores filled with dimer AuNRs. The entire barrier layer has 20 

been removed and the network of dimer AuNRs is revealed. The 

tips of AuNRs protrude slightly above the alumina matrix, it can 

be seen that almost every pore of the alumina structure was filled. 

The ~28 nm average diameter of dimer AuNRs is a little smaller 

than that of pores shown in Fig. 1b, because the pore size at the 25 

mouth-side is larger compared with that at the back-side during 

the anodization [56]. The inset in Fig. 1c shows a ~1.3 nm gap 

separated by a monolayer 1,4-BDT molecules [57]. 

 
Fig. 1 (a) Schematic illustration for preparing two-segment dimer AuNR 30 

array. SEM images of (b) mouth-side of a AAO template and (c) etched 

back-side of a two-segment dimer AuNRs. The inset shows ~1.3 nm gap 

in a two-segment dimer AuNR. 

The NR arrays exhibit more tunable and intense plasmon 

resonances compared with the individual NR due to the side-to-35 

side coupling of the periodic structure [34-46]. Here, the end-to-

end arrangement along the longitudinal direction of two-segment 

NRs would introduce a new coupling effect based on array 

structure. Due to the bonding of thiol group on the surface of Au 

and the specific configuration ways of molecules, the gap 40 

distance is near 1 nm [57]. Previous literatures show that the 

ultra-narrow gap of ~1 nm could introduce ultra strong fileld 

enhancement compared with the single nanoparticles [22,58]. 

Figure 2a compares the extinction spectra of the one-segment Au 

NR array and two-segment dimer Au NR arrays embedded in the 45 

AAO templates (the barrier layers were removed), which were 

recorded by using p-polarized source with the incident angle 70°. 

The extinction spectra have two characteristic bands due to the 

transverse (T-SPRs, at ~530 nm) and longitudinal (L-SPRs, at 

~785 nm) surface plasmon resonances. For comparing the 50 

plasmon intensity, the L-SPR wavelengths of the two samples are 

set nearly same. It can be obviously seen that the L-SPR 

extinction intensity of two-segment dimer NRs shows greatly 

enhanced and much narrower in width. We speculate that the 

enhanced extinction corresponding to the enhanced plasmon 55 

resonances is caused by the end-to-end coupling induced intense 

field confined in the gap region of the dimer AuNR unit.  

 
Fig. 2  (a) Extinction and (b) SERS spectra of one-segment and two-

segment AuNRs arrays with1,4-BDT molecules adsorbed on the top end 60 

of Au NRs and confined in the junctions of two-segment dimer AuNRs, (c) 

SERS spectra of five two-segment dimer AuNR array samples with 

different length ratio L1/L2 of the two segment. The length ratio L1/L2 is 

1:5, 2:4, 3:3, 4:2 and 5:1, respectively; (d) SERS intensity at 1067 cm−1 as 

a function of the length ratio L1/L2. 65 

We firstly apply the SERS measurement to demonstrate the 

large local field enhancement. Figure 2b show the Raman spectra 

of the two-segment dimer array and the one-segment AuNR 

array. The excitation is a 785 nm laser and then resonates with 

the L-SPRs of both samples. In the micro-Raman system, the 70 

excitation light polarization is parallel to the short axis of NRs 

before objective lens. However, at the edge of lens with short 

focal length, part of the laser beam is refracted with a wide angle 

and irradiates the NRs at some angle, having a polarization 

component parallel to the long axis of NRs [59]. The tips of 75 

AuNR dimers were etched out for avoiding the obstruction of 

Raman signals by the barrier layer in AAO (see detail in Fig. S1). 

The four main peaks at 730 cm−1 (7a vibrational mode), 1067 

cm−1 (combination of the phenyl ring breathing, CH in-plane 

bending, and CS stretching, ν1), 1180 cm−1 (CH bending, 9a 80 

mode), and 1556 cm−1 (phenyl ring stretching, 8a mode) agree 

well with the pattern of 1,4-BDT molecules reported in references 

[60-63]. The strongest peak at 1067 cm−1 is utilized to compare 

the SERS intensity. The SERS signal of the two-segment dimer 

array is approximation 30 times larger than that of one-segment 85 
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AuNR array. In our experiments, the adsorbed 1,4-BDT 

molecules are all located in the specific position (a monolayer 

with nearly same area in the junction of the dimer AuNRs or on 

the top end surface of the one-segment AuNRs) while the residual 

molecules on the AAO wall are negligible (see reference sample 5 

in Fig. S2). Therefore,  all the molecules are the effective Raman 

tags experienced large local field. The SERS results imply that 

field intensity in the gap of the dimer AuNRs is far larger than 

that of the one-segment AuNRs confined near one end region. 

Here, using dimer AuNR arrays as SERS substrate has three 10 

advantages: 1) the L-SPR of array is determined by the rod-length 

and then could be easily tuned for excitation or emission 

resonance; 2) the intense local field in the gap region induces 

large SERS enhancement; 3) the perfect spatial overlay of the 

Raman molecules and the hot spots leads to high stability and 15 

reproducibility (see Fig. S3). Besides the Au-Au dimer NRs, the 

Au-Ag dimer NRs (Fig. S4) and the Ag-Ag dimer NRs [49] also 

exhibits high SERS performance. 

The field enhancement in the dimer gap could be tuned by the 

length ratio L1/L2 of two segments. We prepared five two-20 

segment dimer AuNR arrays with different length ratio L1/L2, 

which could be controlled by the deposition time of two steps 

(Fig. S5). The length ratio L1/L2 was set as 1:5, 2:4, 3:3, 4:2 and 

5:1, respectively. The overall length was set same and then the L-

SPR wavelength was stable (Fig. S6). Figure 2c shows the SERS 25 

spectra of five samples. The SERS intensity at 1067 cm−1 peak as 

a function of the length ratio is shown in Figure 2d. It is clear 

seen that the SERS intensity of dimer NR array with  L1/L2 = 3:3 

shows the highest intensity. The variation of SERS intensity 

indicates the field enhancement is dependent on the length ratio 30 

L1/L2, which is consistent with the previous reports [49].  

We further demonstrate the existence of a large local field 

enhancement in the gap of two-segment AuNR arrays by 

measuring the TPL. As shown in Fig. 3a, with the excitation 

wavelength of 785 nm and the excitation power P = 140 mW, 35 

one-segment and two-segment AuNR arrays exhibit a broadband 

spectra ranged from 500 nm to 680 nm, which is attributed to the 

TPL of Au (see then inset of Fig. 3b and Fig. S7). The TPL signal 

is very weak for the one-segment AuNR arrays, while TPL 

intensity is enhanced over 11-27 times at the emission 40 

wavelength at 672 nm by the two-segment AuNR arrays. The 

TPL intensity of the peak at λemi = 672 nm as a function of the 

length ratio L1/L2 is shown in Fig. 3b. The dependence of TPL 

intensity on the length ratio L1/L2 is well consistent with the 

profile that of Raman intensity in Fig. 2d and the two-segement 45 

dimer AuNR array with L1/L2 = 3:3 shows the highest TPL 

intensity. Au nanostructures have been reported to exhibit the 

strong TPL and TPL is a nonlinear optical process showing more 

sensitive to the field intensity [64-66]. The observed strong TPL 

is ascribed to the manifestation of local field enhancement [67-69] 50 

and displays a well agreement with the Raman measurement.  

Here, the fabrication method and the resulting products provide 

an interesting pathway to the plasmonic application. The 

molecular self-assembled monolayer introduces an ultra-narrow 

gap of ~1 nm in the AuNR dimer and then induces a large field 55 

enhancement in the junction for plasmonic antenna. Meanwhile, 

the molecules also act as Raman tags and the dimer AuNR arrays 

serve as the fine SERS subtrate. The intrinsic advantage is that 

the Raman molecules are entirely and accurately located in the 

gap region and experienced highly confined and enhanced field. 60 

Now, we turn to the observation and understanding of coaxial 

cable NR arrays. Figure 4a shows the fabrication procedure of 

Au@Ag core@shell cable NR arrays. After the deposition of 

AuNRs, the pore widening treatment produced an “air shell” 

around the AuNR (Fig. S8). Then the 1,4-BDT molecules could 65 

be adsorbed and assembled on the uncovered surface of AuNRs 

including the top end and all side surfaces. The subsequent 

deposition of Ag filled the “air shell” and produced an array of 

AuNR core-Ag shell coaxial cable (Fig. S9) [50-53]. Figures 4b 

and 4c show the top-view SEM images of etch-out bare AuNRs 70 

and cable NRs, respectively. It can be seen that the diameter of 

cable NRs is ~37 nm, which is obviously larger than ~28 nm 

diameter of the bare AuNRs. The pore widening effect and the 

deposition of Ag as shells could also be verified the extinction 

spectra (Fig. S10). 75 

 
Fig. 3 (a) TPL spectra of five two-segment dimer AuNRs arrays with 

different length ratio. The length ratio L1/L2 is 1:5, 2:4, 3:3, 4:2 and 5:1, 

respectively. (b) TPL intensity at λemi = 672 nm as a function of the length 

ratio L1/L2. The inset shows the log-log plot of the luminescence intensity 80 

on the excitation power. 

The L-SPRs of the bare AuNR array and coaxial cable Au@Ag 

NR array are set nearly same at ~785 nm and resonant with the 

Raman excitation (Fig. 5a). For the coaxial cable Au@Ag NR 

array, the new band at 413 nm is corresponding to the SPR of Ag, 85 

and the T-SPR band shows a slight blue-shift from 530 nm to 515 

nm due to the silver coating [70,71]. More interesting, the L-SPR 

extinction intensity is greatly enhanced, which is due to the 

coupling induced large field enhancement confined in the gap 
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region between the AuNR core and Ag shell. Similarly as the 

dimer NR array, Raman molecules adsorbed on the side surface 

of core AuNRs experience the intense field generated in the gap. 

As shown in Figure 5b, the SERS signal of cable NR array is 

enhanced, over 16 times compared with  the bare AuNR array, 5 

and shows good stability and reproducibility (Fig. S11). Another 

interesting phenomenon is that the Raman pattern is different for 

the dimer and cable NR arrays. The strongest peak is changed 

from 1067 cm−1 for Au-Au dimer NRs to 1573 cm−1 for Au@Ag 

cable NRs, and the intensity ratio of 1067 cm−1 to the 1556 cm−1 10 

changes from 1.318 to 0.959. We also observe the variation of 

Raman peak position and width in Fig. 2c and Fig. 5d. We 

attribute these evolutions to the different adsorption configuration 

of 1,4-BDT molecules on the surface of Au and Ag [57,61] as 

well as the charge-transfer mechanism [72].  15 

 
Fig. 4 (a) Schematic illustration for preparing coaxial cable Au@Ag NR 

arrays. SEM images of (b) etched back-side of a bare AuNRsarray and (c) 

etched back-side of a coaxial cable Au@Ag NRs array. 

 20 

Fig. 5 (a) Extinction and (b) SERS spectra of bare Au NRs and coaxial 

cable Au@Ag NR arrays with 1,4-BDT molecules adsorbed on the 

uncovered surface of AuNRs and confined in the junction of coaxial cable 

Au@Ag NRs. (c) Normalized extinction and (d) SERS spectra of four 

coaxial cable Au@Ag NR arrays with different deposition time of Ag (tAg),  25 

tAg = 3 s, 6 s, 9 s and 12 s, respectively. 

The L-SPR band and the field enhancement can be tuned by  

the deposition time of Ag shell. As the extinction spectra shown 

in Fig. 5c, the L-SPR band red-shifts from 710 nm to 783 nm as 

the deposition time of Ag increases from 3 s to 12 s. It should be 30 

noted that, for the sample with the Ag deposition time of 12 s, the 

Ag palsmon band near 400 nm red-shifts obviously, which 

possibly implies the “air shell” is fully filled in vertical by the Ag 

shell. The Raman signal intensity increases with the deposition 

time of Ag (Fig. 5d) , which could be ascribed to two factors: 1) 35 

the red-shifted L-SPR band is more near the Raman excitation of 

785 nm; 2) as Ag grows in vertical and fills the air shells, more 

Raman molecules are packaged into the gap region.  

The local field confinements and enhancements of two-

segment dimer and coaxial cable NR arrays are revealed by using 40 

3D finite-difference time domain (FDTD) simulations. Figure 6 

shows that the local field distributions of AuNR, two-segment 

dimer Au-Au NR and coaxial cabel Au@Ag NR arrays. It can be 

seen the field is greatly confined and enhanced in the gap region 

for dimer and cable NRs.  45 

 
Fig. 6 FDTD simulations of local field distribution. (a) AuNR array, (b) 

Au-Au two-segment dimer NR array, (c) and (d) Au@Ag coaxial cable 

NR array. The directions of wave vector and polarization are marked.  

4. Conclusions 50 

In summary, plasmonic arrays of two-segment dimer Au-Au NRs 

and coaxial cable Au@Ag NRs with ~1 nm gap insulated by self-

assembled Raman molecule monolayer have been fabricated by a 

two-step electrodeposition method. The gap-induced plasmon 

coupling generates intense field in the gap region of dimer 55 

junction and cable interlayer. Hence, the L-SPRs of NR arrays are 

greatly enhanced and show high tunability. The field 

enhancement can be tuned by the length ratio of two segments for 

the dimer NR arrays and the deposition time of Ag shells for the 

cable NR arrays. Furthermore, the TPL and Raman scattering 60 

under resonant excitation are investigated to reveal the nature of 

plasmon induced field enhancement. As a nonlinear optical 

process showing more sensitive to the field intensity, the TPL of 

dimer NR arrays is enhanced by 27 times comparing with the 

bare AuNR arrays. Causing the intrinsic advantage that the 65 

Raman molecules are all accurate placed in the gap region, the 

SERS is enhanced by 30 times and 16 times for the dimer NR 

arrays and the cable NR arrays, respectively, and exhibits 

excellent performance with high sensitivity, reproducibility, and 

tunability. The studies in this paper have potential to be used as 70 

functional meta-materials, nano-antenna for manipulating light 

emission, and reliable quantitative SERS device in bio-

application. 
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