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Abstract 

In this paper, individual split Au square rings were numerically proposed as novel substrates for surface enhanced Raman and 
hyper-Raman scattering (SERS and SEHRS) simultaneously. The peak wavelengths of their localized surface plasmon 
resonances (LSPR) are revealed to fall in the near-infrared and visible light region, respectively, which are able to be finely 
tuned to match well with the wavelengths of the incident laser and hyper Raman scattered light beams. Their SEHRS and 
SERS performances along with electromagnetic (EM) field distributions are numerically investigated by finite element 
method. With the enhancement of near electric-fields generated by LSPRs, the maximum SEHRS and SERS enhancement 

factors are demonstrated to reach 1.22×1012 and 108, respectively. Meanwhile, the corresponding SERS based refractive-
index (RI) sensitivity factor reaches as high as 258nm/RIU and 893nm/RIU, at visible and near-infrared wavelengths, 
respectively. The proposed structure is believed to hold great promise both for developing SEHRS, SERS and SERS based RI 
sensing substrates, which shows strong potential applications in nano sensing and enhanced Raman scattering. 

Keywords: Split Au square ring, Surface enhanced hyper-Raman scattering (SEHRS); Surface enhanced Raman scattering 
(SERS); Localized surface plasmon resonance (LSPR); Finite element method (FEM) 

 

Introduction 

As a two-photon excitation analogue of surface enhanced 
Raman scattering (SERS), surface enhanced hyper Raman 
scattering (SEHRS) has found fascinating applications in 
plasmon based bio/chemical molecule sensing and detection 
[1] as that of SERS [2]. This benefits from the excitation of 
localized surface plasmon resonance (LSPR), which is 
accompanied by significantly enhanced near electromagnetic 
(EM) fields. Compared to SERS, SEHRS gets most of SERS 
characteristics, but gets larger sensitivity to surface     
E-mail: cldu@nuaa.edu.cn 
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environmental changes and stronger EM field enhancements 
due to its nonlinearity of excitation [1, 3-6]. Under incidence, 
the two photons with the same frequency of   are in-
elastically scattered from a ground state to a virtual state with  



Plasmonics 

 

energy of 
vib2   , which corresponds to the Stokes and 

anti-Stokes scattering of hyper Raman scattering (HRS), 
respectively. Herein, 

vib  is the vibration frequency of 

adsorbed bio/chemical molecules [7]. Benefited from the 
development of SEHRS, the weak signals of HRS are able to 
be significantly amplified, whose enhancement factor 
(GSEHRS) has been experimentally and/or theoretically 
reported to reach as high as 1013 [8-9]. Similar to SERS, by 
absorbing bio/chemical molecules on the surface of noble 
metal nanoparticles, strongly enhanced near electric-fields 
will be generated with the excitation of their LSPR, further 
enhances the weak HRS signals of molecules. By ignoring 
chemical enhancement and taking the EM enhancement to be 
the dominant enhancement mechanism, the enhancement 
f a c t o r  o f  S E H R S  c a n  b e  e s t i m a t e d  b y 
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enhancements of the localized electric fields at  and 

 s 2s vib     , respectively. To access efficient SEHRS 

substrates, the matching of frequencies or wavelengths 
between LSPR modes of noble metal nanostructure and that 
of both the incident laser and HRS light is anticipated. In the 
last two decades, the development of efficient SEHRS 
substrates are getting growing interest. Different kinds of Ag 
nanostructures, such as nanowires [12], nanodimers [13], 
nanorices [15], nanocavities [16], nanorice multimers[17], 
etc [9,11,14] have been developed. Yet, SEHRS reports 
about Au nanostructure substrates are still limited in 
literature to the best of our knowledge. The SEHRS 
enhancement of spherical gold nanoparticles and nanorods 
has been reported to get 107 in 2018 [18]. In 2019, 
Madzharova et al. compared the SEHRS performances of 
silver and gold nanocavities, and highlighted the better 
stability under laser excitation of gold [19]. It is interesting to 
design appropriate gold nanostructures to access as high as 
GSEHRS and simultaneously take the advantage of gold 
stability under laser excitation. It is also desirable to develop 
substrates working efficiently for SEHRS and SERS 
simultaneously. Compared to experiments, numerical 
simulation has proved to be an efficient method to deliver 
this [20]. 

Accordingly, in this work, individual split Au square rings 
were proposed to investigate the corresponding LSPR 
properties. Their extinction spectra and EM field 
distributions are numerically calculated by the finite element 
method (FEM), both of which are tuned as functions of the 
incident light wavelength, structure parameters, and 
polarization angles. The peak wavelengths of the LSPR of 
the optimized nanoparticle matche well with both the 
incident laser and HRS light. The corresponding GSEHRS and 
GSERS successfully demonstrate their strong potential 

applications in SEHRS and SERS simultaneously. In 
addition, their SERS based refractive index sensing 
performances are also discussed.  

Structures and simulations 

The upper-left inset of Figure.1 schematically presents the 
structural diagram of the concerned individual split Au 
square rings along with the incident light configuration. The 
extinction spectra and EM field distributions are then 
numerically simulated by the RF module of the commercial  

Figure 1. The typical FEM calculated Cext spectra of the 
proposed split Au square ring. The upper-left inset illustrates 
the incident light configuration and schematic geometry of 
the proposed split Au square ring. 

FEM package of COMSOL Multiphysics 4.1 
(http://www.comsol.com). In our simulations for each 
concerned split Au square ring, the surrounding medium was 
assumed to be air, while the optical constants of Au is 
obtained from the experimental tabulated data of Johnson 
[21]. To avoid false reflections, a perfect matching layer has 
also been adopted surrounding the simulation domain, whose 

size is set to be 2max  with max  being the maximum 

wavelength of the incidence. Meanwhile, the maximum 
meshing grid is set as 8max  to confirm the convergence of 

the problem. After obtaining the EM field distributions, their 
absorption and scattering cross sections are then calculated 
by the following two equations. 

dvP
I

C lossabs 
0

1
                    (2)  

  s
1

sca
0

sca dSn
I

C                    (3)

 
Herein, I0, n, Ploss and Ssca refer to the normalized incident 
light intensity, the normal unit vector (pointing outward the 
split Au square ring), the power loss, and Poynting vector, 
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respectively. Then, the extinction cross section of each the 
concerned split Au square ring is calculated by summation its 
absorption and scattering cross sections. 

Results and discussion 

The multiple LSPR peaks and wide tunability of LSPR of the 
concerned nanoparticles promises their strong potential 
applications in both SEHRS and SERS. Fig. 1 shows the 
FEM calculated typical extinction spectra of the proposed 
split Au square ring with L =86 nm, h =49 nm, t =22 nm, 
θ=0º. It uncovers two obvious LSPR peaks, which locate at 
~1064 and ~581nm, respectively. We label them as peak 1 
(P1) and peak 2 (P2), which fall in the near-infrared region 
and visible light region, respectively. According to the EM 
enhancement mechanism of Eq(1), to achieve efficient 
SEHRS substrates, the peak positions of the two LSPR peaks 
are anticipated to match with both the incident laser and HRS 
wavelengths. Interestingly, the peak position of P1 just 
match well with the normally available SEHRS incident laser 
wavelength 1064nm in experiments. The corresponding 
scattered HRS light wavelength s  under 1064nm laser 

excitation is given by [15]: 
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Herein,  is HRS frequency shift of the adsorbed 
molecules with unit being cm-1. The Raman frequency shift 
is chosen to be 1585cm-1 for discussion in this work, which is 
the dominant Raman shift of easily obtained molecule of 
pMBA [22]. Then, the corresponding 

s  is calculated to be 

~581nm, which just match well with the peak position of P2 
as illustrated of Fig.1. The corresponding GSEHRS is predicted 
to reach as high as 1.22×1012. It is comparable with GSEHRS 
of Ag substrates reported elsewhere [4,15,24] and even larger 
than Au nanoparticle substrates reported in literature [18] as 
listed in Table 1. Hence, the proposed split Au square ring 
shows strong potential applications in SEHRS, which also 
shows the advantage of more stable than those of Ag 
counterparts. 

Table 1. The GSEHRS comparison between different substrates 

Substrates 
 

GSEHRS 

Split Au square ring (this work)  ~1012 
Au nanosphere and Au nanorods[18]  ~107 
Ag disk[4]  ~108 
Al nanoantennas[4]  ~105 
Ag nanospheres[24]  ~109 
Ag nanorice[15]  ~109 
Mg2N nanoantenna[25]  ~109 
Roughened Ag electrodes[9]  ~1013 

 
The LSPR of split Au square ring can be finely tuned both 

by the geometry parameters of L, h and t, and by the  

polarization angle θ. Figure 2 shows some of the calculated 
typical extinction spectra. Figure. 2(a) demonstrates that the 
peak position of P1 (P2) decreases from 1097nm (594nm) at 
L=66nm to 1043nm (576nm) at L=106nm. Hence, P1 blue 
shift more with L increasing than that of P2. Similar response 
character is observed for the obtained peak wavelengths of 
P1 and P2 with respect to geometry parameters of t and h as 
demonstrated by Fig.2b-2c. Taking advantage of these 
geometry dependent multiple LSPR properties, one of these 
wavelengths is noted to be adjusted to match with the 
normally access laser wavelength of 1064nm in experiments.   

 

Figure 2. The FEM calculated L (a), h (b), t (c), and θ (d) 
dependent Cext spectra of the proposed nanoring. 

Hence, it paves the way for developing SEHRS substrates 
besides SERS. According to Eq (4), the corresponding HRS 
scattered wavelengths is able to be predicted for specific 
Raman frequency shifts of  under specific laser 
wavelength excitation. Thanks to the develop of bottom-up 
nanoparticle fabrication, the split Au square ring with 
different structural parameters can be prepared by adjusting 
experimental conditions [23]. Therefore, the proposed split 
Au square ring can be used to simultaneously enhance both 
Raman and HRS signals. Herein, P1 and P2 is able to be 
tuned to 1064 and 581nm by adjusting L, h, and t, which 
shows simultaneously SERS and SEHRS strong potential 
applications. Yet, the LSPR properties of this substrate is 
also adjustable by the incident polarization angle θ as 
presented by Fig.2d. It reveals that the peak intensity of P1 
gets weaken with θ increasing from 0° to 90° while that of 
P2 gets strengthen. However, the peak wavelength of P1 of 
this split Au square ring is not sensitive to θ, which shows 
neither blue nor red shift with θ varying. This is significant 
and advantageous both for SERS and SEHRS. A closer 
check of Fig.2d seems indicates that the polarization angle θ 
will tune P2 off the above-mentioned HRS wavelength, 
which is not desirable for SEHRS application. Yet, it is noted 
that P2 is asymmetric, which can be fitted well by two peaks 
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under different θ. Figure.3 shows some of the typical peak 
fitting results at θ=30°,45°,60°,90°, which reproduce the 
original spectra excellent at each θ. Interestingly, one of the 
fitted peak is insensitive to θ. Therefore, Fig.3 along with 
that of Fig.2d demonstrates that the peak positions of the two 
peaks at 1064nm and 581nm exhibit θ independent. This 
further confirms that the proposed split Au square ring with 
L =86 nm, h =49 nm, t =22 nm, and θ=0° serves as 
simultaneously excellent SERS and SEHRS substrate 
candidate.  

 

Figure 3. The obtained peak fitted Cext spectra at θ=30°(a), 
45°(b), 60°(c), 90°(d), respectively. 

 

Figure 4. The FEM calculated enhancements of |g(ν)|4 and 
|g(νs)|

2 (a), and GSEHRS under different polarization angles (b). 

As EM enhancement is the dominant enhancement 
mechanism of SEHRS, the enhancement of SEHRS of the 
1585cm-1 Raman mode of the optimized split Au square ring 
is then calculated with respect to θ. It is proportional both to  
the excitation enhancement (|g(v)|4) and scattering 
enhancement (|g(vs)|

2) and they are contributed by the LSPR 
resonances at ~1064nm and ~581nm, respectively. The 
obtained results of Fig.4 show that |g(v)|4 decreases with the 
increase of θ, while |g(vs)|

2 increases with the increase of the 
θ. The calculated GSEHRS under different polarization angles 
are shown as Fig. 4(b), which is revealed to be sensitive to θ. 
It demonstrates that the maximum GSEHRS of the proposed 
split Au square ring reaches as high as 1.22×1012 under 

θ=15°. As listed in Table 1, the predicted GSEHRS of the split 
Au square ring herein is larger than that of the previously 
proposed Au substrates [18], which also exceeds some of Ag, 
Al and Mg2N of based SEHRS substrates [4,15, 24-25]. The 
outstanding GSEHRS further proves the excellent SEHRS 
capabilities of the optimized split Au square ring.  

It is necessary to have two different LSPRs at the same 
position of the SEHRS substrate [26]. To further compare the 
SEHRS enhancement factor under the different polarization 
directions, the corresponding near |E| distributions of the  

 

Figure 5. The FEM simulated typical |E| distributions of the 
proposed nano structure. 

split Au square ring under different polarization angles are 
simulated and the results are presented as Fig. 5. Fig.5(a1)-
5(d1) reveals that the |E| field around the opening gap region 
of the split Au square ring is significantly enhanced, 
especially around the opening two corners, serving as "hot 
spots" for SEHRS under the incidence of 1064nm. 
Meanwhile, |E| at the gap region of the ring and all the ring 
corners is noted to be enhanced under excitation of the HRS 
scattered wavelength of 581nm as shown by Fig.5. This is 
greatly beneficial for the proposed ring application in 
SEHRS although it gets only ~5 fold increase compared to 
the incident electric field. It also provides multiple "hot 
spots" both at the inner ring gap region, outside surfaces and 
corners, which facilitates the EM signal enhancement for 
adsorbed molecules to be detected by SEHRS. With the 
increase of θ, the maximum |E| at the LSPR wavelength of 
~1064nm is simulated to gradually decrease, while the 
maximum |E| at the LSPR wavelength of ~581nm gradually 
increases. It contributes to the above-mentioned θ dependent 
GSEHRS response of Fig.4. The detailed |E| distributions of 
Fig.5 also indicates that the molecules to be detected by 
SEHRS can be absorbed on both the inner and outer surfaces 
of the split Au square ring. It increases the adsorption area of 
the molecules to be detected and tends to increase the 
substrate efficiency for SEHRS as well. 

The matching between the peak wavelength of the LSPR 
mode at 1064nm and the normally adopted laser in 
experiments also promises the potential candidate of the 
proposed nanoparticle for SERS and SERS based refractive 
index sensing. Similar to that of SEHRS, the enhancement 
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factor of SERS (GSERS) is the crucial parameter to estimate 
SERS performance of the proposed substrate. Fig. 6 shows 
the FEM calculated GSERS response of both LSPR peaks of 
P1 and P2 with respect to θ. Herein, GSERS is taken to equal 
|E|4

max, with |E|4
max being the obtained maximum enhanced 

electric field by ignoring chemical enhancement. The 
obtained GSERS is revealed to exhibits similar changing 
character with respect to θ as illustrated in the left-y of Fig.4a. 
For P1, the obtained enhancement factor GSERS11 is revealed 
to reach maximum 2.23×108 at θ=0°, while GSERS2 reaches 

maximum 1.71×108 at θ=75°. The predicted enhancement 
factor is comparable for Au based SERS substrates reported 
elsewhere [27-28]. Yet, the proposed structure shows the 
advantage of working simultaneously at visible and near-
infrared regions. Additionally, the refractive index (RI) 
sensitivity factor S of these two LSPR peaks are calculated as 
well, which is the key parameter to estimate the 
corresponding RI sensing performance of the concerned split 
Au square ring. In literature, S is defined as the derivative of 
the corresponding LSPR peak wavelength to the refractive 
index n of the surrounding medium [29-30]. Then, S of P1 
and P2 are calculated to be 893 nm/RIU and 258 nm/RIU, 
respectively, which is comparable and even larger than other 
Au LSPR based sensors reported elsewhere [31-33]. 
Accordingly, besides SEHRS application, the excellent 
LSPR properties of the proposed split Au square ring 
contribute its excellent both SERS and SERS based RI 
sensing substrates in both visible and near-infrared light 
regions, which originates from the geometry and incident 
light configuration dependent electromagnetic field 
distributions. 

 

Figure 6. The FEM calculated responses of SERS 
enhancement factors (GSERS) with respect to θ. 

Conclusion 

The LSPR properties of individual split Au square rings are 
numerically optimized to provide efficient substrates for 
simultaneously SEHRS and SERS applications. By tuning 
split ring geometry and incident light configuration, their 
multiple LSPR peaks are interestingly tuned to match both 

the incident laser and hyper Raman scattered light beams. 
The corresponding GSEHRS is predicted to reach 1.22×1012  
with L =86 nm, h =49 nm, t =22 nm, and θ=15°. It also 
provides excellent SERS substrate, which works 
simultaneously at visible and near-infrared regions and get 
maximum GSERS 1.71×108 and 2.23×108 at visible and 
near-infrared regions, respectively. The obtained 
enhancement factors are even larger than some experimental 
report of Au/Ag nano substrates elsewhere and shows more 
stability than Ag. Its SERS based RI sensitivity factor is also 
predicted, which reaches 258nm/RIU and 893nm/RIU in the 
visible and near-infrared wavelengths, respectively. The 
present work paves the way for the development of new and 
efficient SEHRS , SERS and RI sensing substrates that can 
operate efficiently in both visible and near-infrared light 
regions. 
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