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 ABSTRACT 

Improving hot-spot intensity is a key issue in surface-enhanced Raman 

scattering (SERS). The bowtie nanoantenna (BNA) is an effective device used to

concentrate light energy into a nanoscale volume and produce strong hot spots.

Nanosphere lithography (NSL) is a large-area and low-cost technique to produce

BNA arrays; however, the SERS activity of NSL-fabricated BNAs is limited. In this 

paper, we present a simple method to improve the SERS activity of conventional

NSL-fabricated BNAs by modifying their geometry. The new configuration is

termed “silver-coated elevated bowtie nanoantenna” (SCEBNA). SCEBNAs 

perform intensive near-field enhancement in the gap cavities owing to the 

integrated contribution of the “lightning rod” effect, resonance coupling, and

the formation of the plasmonic Fabry–Pérot cavity. Experimental measurements 

and finite-difference time-domain simulations revealed that the hot-spot intensity

and the substrate enhancement factor can be optimized by adjusting the silver

thickness. The optimal sample has the capability of trace-amount detection with 

fine reproducibility. 

 
 

1 Introduction 

Benefiting from recent developments in nanofabrication 

and the ongoing studies on plasmonics, surface- 

enhanced Raman scattering (SERS) spectroscopy is a 

powerful technique in chemical and biological sensing 

owing to its ultrasensitivity and the capability to provide 

molecular fingerprints [1–6]. One key issue concerning 

the practical application of SERS is the fabrication  

of highly active and reproducible substrates [7, 8]. 

According to the electromagnetic mechanism, the 

substrates use sites with small volumes and extremely 

concentrated electromagnetic fields to excite the 

remarkable Raman radiation of the adsorbed molecules; 

these sites are termed “hot spots” [9–11]. It has been 

experimentally demonstrated that only 1% of molecules 

at the hot spots with an enhancement factor (EF) larger 

than 107 can contribute almost 70% to the overall SERS 
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signal on a silver-film-over-nanosphere substrate [12]. 

This result illuminates the significance of increasing 

the hot-spot intensity for improving the average EF 

of the substrate [13]. 

A noble-metal bowtie nanoantenna (BNA) can serve 

as a device that confines and localizes optical radiation 

into a nanoscale volume, achieving excellent field 

concentration [14, 15]. It has been applied in not only 

surface-enhanced spectroscopies [16–19], but also 

nonlinear optics [20–22], optical tweezers [23], photo-

catalysis [24], and biosensing [25]. All these applications 

depend on the hot spots near the gap between two 

adjacent triangle tips where the “lightning rod” effect 

and the resonance coupling occur [11, 26, 27]. The 

“lightning rod” effect is a frequency-independent 

phenomenon, in which the local charge is fiercely 

compressed at the triangle tips under excitation by 

electromagnetic waves polarized along the tip axis; 

thus, the local fields in the vicinity of the tips are 

enhanced [28, 29]. Resonance coupling is the interaction 

of the frequency-dependent plasmon resonances of 

two individual nanotriangles. According to plasmon 

hybridization theory, the large field enhancement   

in the gap results from the admixture of the higher- 

order multipolar resonances of each individual 

nanotriangle into the bonding dipolar dimer modes 

of the BNA [30]. By decreasing the separation of   

the two nanotriangles, more higher-order multipolar 

resonances can contribute to this admixture. Therefore, 

the hot-spot intensity can be enhanced by minimizing 

the radius of curvature of the tips and the gap size. 

Considerable technical effort has been devoted to  

the fabrication of the subtle features, whereas high- 

precision fabrication techniques are difficult and 

time-consuming [18–20, 26, 31–34]. Moreover, shrinking 

the gap volume means decreasing the probability of 

Raman molecules being assembled in the hot-spot 

region, which degrades the performances of the SERS 

substrates, especially for low-concentration and repro-

ducible measurements [5, 8, 35]. The transformation 

of the BNA geometry is another solution to improve 

hot-spot intensity. Schuck et al. reported an evolved 

configuration termed “asymmetric bowtie nano- 

colorsorters”, where two BNAs are oriented in a “cross” 

configuration. The additional BNA induces a new 

coupling regime causing a further enhancement of 

the gap fields by adjusting the symmetry of the system 

[36]. Gu’s group fabricated an elevated BNA, which is 

a BNA supported by two underlying silicon pillars 

[17]. This configuration can reduce the substrate effect 

by exposing a larger volume with enhanced fields to 

excite the Raman scattering of molecules [37]. Besides, 

the silicon pillars maintain the localized surface 

plasmons (LSPs) of the BNA near the anti-node of the 

standing wave in the Fabry–Pérot cavity [17, 38–40]. 

This generates more efficient excitation of the bowtie 

LSP and, thus, stronger hot spots. 

BNAs, either with subtle features or evolved con-

figurations, are usually fabricated using scanning beam 

lithography (SBL) [41]. SBL can be used to precisely 

produce nano-bowties with a high resolution and an 

arbitrary variation of the geometrical parameters. 

However, the high cost and low throughput of SBL limit 

its extensive use as a serial technique. Nanosphere 

lithography (NSL) is another technique that can be 

used to fabricate BNA arrays in a large area with 

high throughput and low cost, but the geometrical 

parameters are limited. For example, the gap size and 

the triangle size of the bowtie restrict each other.   

As mentioned above, to achieve efficient resonance 

coupling, the gap size must be small enough [30], 

which requires a small diameter of the closely packed 

nanospheres. However, for the coupling of sufficient 

higher-order multipolar resonances of each nanotriangle 

with the bonding dipolar mode, the triangle size 

cannot be too small [30], which demands relatively 

large nanospheres. This intrinsic conflict limits the EF 

of NSL-fabricated BNAs to below the order of ~108, 

typically 107 [42]. 

Therefore, the parallel fabrication of BNA-based 

structures that can achieve improved field enhancement 

with no need for subtle features, e.g., sub-10-nm gaps 

[17], is significant for the practical applications of 

highly sensitive SERS. Herein, we demonstrate a 

method using NSL to produce an evolved BNA 

configuration, the silver-coated elevated bowtie nano-

antenna (SCEBNA). The SERS activity of SCEBNAs  

is superior to that of conventional NSL-fabricated 

BNAs. Intensive hot spots, located at gaps with a few 

tens of nanometers, can be generated owing to the 

integrated contributions of the “lightning rod” effect, 

resonance coupling, and the formation of plasmonic 
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Fabry–Pérot cavities. We investigated the dependence 

of the hot-spot intensity on the thickness of the silver 

coating. The optimized substrate was highly SERS 

active, showing a capability of trace-amount detection 

with fine reproducibility. 

2 Results and discussion 

Figure 1 shows the fabrication process of the SCEBNA. 

We first prepared a self-assembled monolayer (SAM) 

of close-packed polystyrene (PS) nanospheres on the 

Si substrate, as described elsewhere [43]. The diameter 

of the PS spheres was 360 nm, which is sufficiently 

small to produce high-density BNAs. The SAM of the 

PS spheres was etched by oxygen plasma to reduce 

the separation between adjacent triangular voids. 

30-nm-thick Au was deposited on the substrate with 

the etched SAM of the PS spheres as a template and 

then the PS spheres were dissolved in tetrahydrofuran. 

The remaining Au nanotriangles served as masks in 

the subsequent reactive ion etching to produce the Si 

pillars. The Si pillars were 80 nm in height and 

elevated the Au bowties, as shown in Fig. 2(a). We 

evaporated silver coatings of different thicknesses  

 

Figure 1 Schematic of the fabrication process of the SCEBNAs. (a) The SAM of PS nanospheres is prepared on the Si substrate. (b) The
PS spheres are etched by O2 plasma to reduce their diameter. (c) The PS spheres are coated with a layer of Au and then dissolved in
tetrahydrofuran to remain the Au bowtie array. (d) Si is etched by reactive ions to form the elevated bowties. (e) and (f) Silver coatings 
with different thicknesses are then deposited on the elevated bowties, forming two modes of SCEBNA arrays. 

 

Figure 2 (a)–(c) SEM images of SCEBNAs with different thicknesses of silver: (a) 0 nm, (b) 60 nm, and (c) 95 nm. The scale bars 
represent 100 nm. (d) SEM images of the SCEBNA array in a ~20 μm2 area. The scale bar represents 1 μm. (e) The average gap size of 
the SCEBNA arrays with different silver thickness. The error bars indicate the standard deviation. (f) The linkage probability at the
positions where gaps are expected to be present. 
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onto the substrates, so that both the Au bowties and 

the unmasked regions were covered. Herein, the silver 

film on the unmasked regions is termed “baseplate.” 

When the thickness of the silver coating was smaller 

than the height of the Si pillars, e.g., 60 nm, a vertical 

separation existed between the baseplate and the 

upper bowties, as shown in Fig. 2(b). When the silver 

thickness exceeded the height of the Si pillars, e.g., 

95 nm, this separation disappeared, as shown in 

Fig. 2(c). These two configurations are termed mode 1 

and mode 2, respectively. Scanning electron microscope 

(SEM) images of samples with different silver thickness 

are shown in Fig. S1 in the Electronic Supplementary 

Material (ESM). Moreover, by measuring the gaps 

within a large area, as illustrated in Fig. 2(d), we have 

plotted the average gap size and the linkage probability 

along with the variation of the silver thickness, as 

shown in Figs. 2(e) and 2(f), respectively. Every data 

point was obtained by statistical analysis of 100 random 

gaps. By increasing the silver thickness, the gap size 

decreased gradually and more linkages appeared at 

the positions where gaps were expected to be present. 

This is due to the isotropy of the silver evaporation 

process. 

To investigate the SERS activity of the SCEBNA, we 

measured the Raman spectra after the introduction of 

4-mercaptopyridine (4-MPy) as probe molecules (see 

Fig. 3(a)). 4-MPy molecules can disperse across the 

surface of the SCEBNAs free from the confinement of 

size selectivity because the coverage is only ~2.77 nm2 

per molecule [44]. In the Raman tests, as described in 

the Method Section, the elevated bowtie array is not 

SERS-active. Only after the deposition of silver, the 

Raman spectra of 4-MPy can be identified. All the 

profiles of the Raman spectra were analogous to 

previously reported ones, and it has been confirmed 

that every 4-MPy molecule is adsorbed on the silver 

surface monodispersedly and perpendicularly via a 

S-Ag bond [45]. The most intense peak, which can be 

used to characterize the SCEBNA arrays’ SERS 

sensitivities, was located at 1,091 cm–1 and generated 

by the vibration coupling between the substitute and 

pyridine ring of 4-Mpy [45]. Comparing all the peaks 

at 1,091 cm–1 with the aforementioned samples used 

as substrates (see Fig. 3(b)), it can be seen that the 

peak value first increases and then decreases with  

 

Figure 3 (a) SERS spectra of 10–5 M 4-MPy adsorbed on 
SCEBNAs with different silver coating thicknesses. The wavelength 
of the laser was 532 nm and the integration time was 2 s. The scale 
bar represents 50,000 counts. (b) Correlation between the SERS 
intensity at 1,091 cm–1 and the thickness of silver. 

increasing silver thickness. The highest enhancement 

is observed for the 95-nm sample, whose maximum 

EF is 9.8 × 109. Details about the EF calculation are 

provided in Section S2 of the ESM. 

The plasmonic resonance features of the SCEBNAs 

were studied using the finite-difference time-domain 

(FDTD) simulations. Figures 4(a)–4(f) are the contour 

plots of the electric field intensity distribution near 

the elevated bowties with 0-, 60-, and 95-nm-thick 

silver coatings. The incident plane wave was incident 

along the negative z-direction and polarized parallel 

to the x-axis with a wavelength of 532 nm. Here, the 

gap size in every sample equals to the average one, as 

shown in Fig. 2(e). More details about the modeling 

are illustrated in Fig. S3 in the ESM, and the field 

distribution plots with other silver thicknesses are 

shown in Fig. S4 in the ESM. In the absence of silver 

coating, as shown in Figs. 4(a) and 4(b), the electric field 

at the gap was weak because of the large separation 

between the adjacent gold triangles (~66 nm); as a result, 
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no efficient near-field coupling could be generated [17]. 

Clearly, the silver coating contributed to the con-

centration of the light fields. After introducing a 

60-nm-thick silver coating (mode 1), the gap size 

decreased to ~32 nm whereas the triangle size increased. 

In the horizontal direction, as shown in Fig. 4(c), the 

local fields at the tip-to-tip positions were further 

intensified owing to the increasing LSP momentum 

of the individual triangles and the improved coupling 

efficiency between them. The most intense sites were 

 

Figure 4 (a), (c), and (e) Top-view and (b), (d), and (f) side-view contour plots of the electric field intensity distribution near the
SCEBNAs for various thicknesses of silver: (a) and (b) 0 nm, (c) and (d) 60 nm, and (e) and (f) 95 nm. The altitude of each top-view 
plot is marked with the dash line in the corresponding side-view plot. The color bar is in the scale of log(E/E0)

4. (g) Correlation between 
the maximum EF of the SCEBNAs and the gap size. Modes 1 and 2 indicate SCEBNA arrays with 60- and 95-nm-thick silver coatings. 
(h) The simulated EF of the SCEBNAs with different silver thickness. Every data point was calculated with a gap size equal to the
corresponding average value. 
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located within gaps perpendicular to the x-axis because 

both the “lightning rod” effect and resonance coupling 

are polarization-dependent [28, 46]. In the vertical 

direction, as shown in Fig. 4(d), the fields were 

enhanced where the lower baseplate was close to the 

gap and the edge of the upper bowtie. This is because 

of the near-field coupling between the bowties and 

the baseplate [38, 47–49]. In mode 1, hot spots were 

distributed in a variety of positions and the strongest 

one was located at the bottom side of the gap, 

perpendicular to the polarization direction of the 

incident light. 

When the silver thickness was further increased to 

95 nm (mode 2), the baseplate was in contact with the 

bowties and the vertical coupling disappeared. In this 

configuration, the gap size was lowered to ~28 nm and 

the triangle size kept increasing. Both the “lightning 

rod” effect and resonance coupling were further 

reinforced. The horizontal location of the hot spots 

was similar to that of mode 1, as shown in Fig. 4(e). 

However, in the vertical direction, the hot spots 

shifted to the gap top, as shown in Fig. 4(f). Mode 2 

was a plasmonic Fabry–Pérot cavity mode [39, 50, 51]. 

Along the sidewalls of the gap, transverse surface 

plasmons were excited by the incident laser and 

interfered with the ones reflected by the baseplate. 

The sidewall length was approximately a quarter of 

the wavelength of the standing wave, whose node 

and anti-node were located at the baseplate and the 

gap top, respectively. Because of the disappearance of 

the vertical coupling, no other parts of the structure 

except the gaps could generate hot spots.  

The above analysis is based on the assumption that 

the gap size equals the average value. However, in the 

real samples, the gap size varied owing to fabrication 

deviations. To comprehensively discuss the hot-spot 

intensity variation during mode transition, we calculated 

the maximum EF of modes 1 and 2 with gap sizes 

ranging from 10 to 60 nm, as shown in Fig. 4(g). When 

the same gap size was considered for the two modes, 

the maximum EFs in mode 2 were larger than those 

in mode 1. This may be the consequence of the fact 

that the field-enhanced volume in mode 2 is smaller 

than that in mode 1. The electromagnetic energy can 

be better confined and concentrated in mode 2. Another 

resonance feature is the non-monotonic correlation 

between the maximum EF and the gap size in both 

modes. The mechanism is comprehensive. When the 

gap size decreases, the resonance coupling between 

adjacent triangles is enhanced [17]. On the other hand, 

the optical reflection at the 532 nm wavelength decreases 

with increasing the gap size, as shown in Fig. S5 in 

the ESM. This is due to the reduction of the effective 

refractive index of the structure, which induces better 

impedance matching between the air and the substrate 

[52]. More free-space light can couple into surface 

plasmons to generate stronger hot spots [53]. Mean-

while, the gap size increase reduces the wavelength 

of the standing wave in the cavity under the same 

excitation [50]. We speculate that the altitude difference 

between the anti-node of the standing wave and the 

top side of the gap is another factor that affects the EF. 

Nonetheless, the overall factors indicate that a dramatic 

field enhancement can be achieved even with a large 

gap size. In our simulation, the maximum EF was 

achieved with a 35-nm gap in mode 2. 

We collected the maximum EFs of all the samples 

with different silver thicknesses and plotted them in 

Fig. 4(h), which demonstrates the dependence of the 

field enhancement on the silver thickness. When the 

thickness is 0, the EF is the lowest because of the 

inefficient near-field coupling. When the thickness is 

45 or 60 nm, the EF is much higher owing to the strong 

coupling regime. The 60-nm sample has a stronger 

vertical coupling between the baseplate and the bowties 

than the 45-nm sample so that the EF increases with 

the thickness. When the thickness is further increased, 

the system transforms into mode 2. The EF increase 

during the mode transition is attributed to the impro-

vement of the integrated contribution of the “lightning 

rod” effect, resonance coupling, and the reduced hot- 

spot volume after the formation of the plasmonic 

Fabry–Pérot cavity. The four samples with 95-, 120-, 

140-, and 180-nm-thick silver coatings have the same 

length of bowtie sidewall, but the gap size decreases 

gradually. A smaller gap generates better coupling 

between adjacent triangles so that the EF increases 

gradually. However, in the real fabrication process, 

increasing the thickness means that more triangles 

interconnect laterally owing to the isotropy of the 

silver evaporation process, as illustrated in Fig. 2(f). 

This results in the decrease of the hot-spot density and 
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the experimental EF. Considering these results, the 

variation of the SERS activity, as shown in Fig. 3(b), 

can be qualitatively interpreted. 

As a result of the improved hot-spot intensity, the 

optimized SCEBNA array has the capability to detect 

trace-amount analytes. We measured the Raman 

spectra of 4-MPy molecules adsorbed on the 95-nm 

sample with concentrations ranging from 1.0 × 10–5 to 

1.0 × 10–13 M under a 16-mW laser excitation with 2 s 

integrating time. As shown in Fig. 5(a), the SERS 

intensity decreases when reducing the concentration 

of 4-MPy, but the 1,003, 1,091, and 1,576 cm–1 peaks 

can be identified even with a 4-MPy concentration 

lower than 1.0 × 10–12 M. The detection limit may be 

further lowered by other means, such as increasing the 

integration time. We measured the peak intensities  

(I) at 1,003 cm–1 with different 4-MPy concentrations 

(C) and plotted them in Fig. 5(b). The linear fit was 

determined as logI = 0.1102 × logC + 5.3493, and the 

multiple correlation coefficient was 0.95889. This shows 

the potential of quantitative detection. Furthermore, 

reproducibility is another important criterion for 

evaluating the performance of a SERS substrate. We 

collected the SERS spectra from 11 different positions 

in an area of 5 mm2 on the 95-nm sample, as shown 

in Fig. 5(c). From the statistical analysis of the peak 

intensity at 1,003, 1,091, 1,207, and 1,576 cm–1, we 

calculated the corresponding relative standard 

deviations as 15.45%, 13.27%, 10.58%, and 11.65%, 

respectively. The reproducibility is fine because of the 

ordered arrangement of the structure. Although the 

SCEBNA array is not absolutely ordered in the long 

range owing to the defects introduced by the assembly 

process, its ordering is still good enough to obtain 

reproducible SERS responses under an incident laser 

spot with a 50-μm diameter. Reproducible detectability 

is essential for both the accuracy of our experiment 

and the potential for further practical applications. 

3 Conclusions 

In conclusion, we demonstrate a simple method to 

fabricate SCEBNA arrays serving as highly active 

substrates, which can perform reproducible trace- 

amount detection. The maximum EF is 9.8 × 109 owing 

to the integrated contribution of the “lightning rod”  

 

Figure 5 (a) SERS spectra of 4-MPy with different concentrations 
adsorbed on the SCEBNA arrays with 95-nm silver coating. The 
wavelength of the laser was 532 nm and the integration time  
was 2 s. The scale bar represents 50,000 counts. (b) The linear 
relationship between logarithmic intensities (1,003 cm–1) and 
logarithmic concentrations. (c) SERS spectra of 4-MPy with a 
concentration of 10–5 M adsorbed at 11 random points. The 
integration time was 1 s. 

effect, resonance coupling, and the formation of   

the plasmonic Fabry–Pérot cavity. The near-field 

enhancement in the cavities can be tuned by adjusting 

the silver thickness. We believe that the substrate EF 

can be further optimized by precisely adjusting the 

thickness. The most intense hot spots can be generated 

even with no need for sub-10-nm gaps. This is 
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advantageous for SERS performance and facilitates 

fabrication. The developed methodology may also be 

suitable for other elevated structures. 

4 Method Section 

4.1 Fabrication of the SCEBNAs 

The SAMs of the PS spheres were fabricated using a 

previously reported method [7, 54]. The Si wafers 

[n-type (100)] were purchased from GRINM Advanced 

Materials Co. Ltd., China, and the PS spheres were 

prepared as described elsewhere [43]. All the dry 

etching processes were performed using a Plasmalab 

Oxford 80 plus (ICP 65) system (Oxford Instrument 

Co., UK). During the oxygen plasma-etching step, the 

gas flow was 20-sccm O2, the RF power was 30 W, 

and the chamber pressure was 10 mTorr. During the 

reactive ion etching step, the gas flow was a mixture 

of SF6 (6 sccm), CHF3 (45 sccm), and O2 (8 sccm). The 

RF power was 100 W, and the chamber pressure was 

8 mTorr. Metal thermal evaporation was performed 

in a homemade evaporation system, and the amount 

of evaporated metal was measured with a quartz 

crystal microbalance. The gold had 99.999% purity and 

was purchased from ZhongNuo Advanced Material 

(Beijing) Technology Co. Ltd., China. The silver had 

99.999% purity and was purchased from Sinopharm 

Chemical Reagent Co. Ltd., China. 

4.2 Sample characterization and SERS evaluation 

The morphology features of the SCEBNAs were 

characterized using a JEOL JSM 6700F field emission 

SEM operated at 3.0 kV. The SERS activity of the 

SCEBNA arrays was evaluated by introducing 4-MPy 

(Sigma Aldrich) as probe molecules. A 10-μL droplet 

of aqueous solution (1.0 × 10–5 M) was first dropped 

on the substrate. After the evaporation of water in air, 

the 4-MPy molecules were absorbed on the silver 

surface forming a circular spot with a 3.5-mm diameter. 

We measured the SERS signal of the spot using an 

optical-fiber portable Raman spectrometer (B&W Tek 

Inc.) in the backscattering mode. The wavelength, 

power, and diameter of the incident laser beam were 

532 nm, 16 mW, and 50 μm, respectively. The integration 

time was 2 s. 

4.3 FDTD simulation 

Lumerical FDTD Solutions software was used to 

simulate the field intensity and distribution near the 

SCEBNA structure. The dielectric coefficients of Au, 

Ag, and Si were obtained from Palik’s handbook [55]. 

The mesh size was 1.5 nm in all three dimensions. 

More details about the modeling and calculation are 

provided in the ESM. 
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