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Here we demonstrate a simple method to improve the 

plasmonic sensing performance of gold gratings. The gratings 

consist of periodic polymer gratings covered with gold layer, 

created by nanoimprint lithography and metal deposition. We 10 

investigated the effect of gold thickness and the incident 

angles on the plasmonic sensing performance. With the 

optimized gold layer, the full width at half maximum of this 

grating was reduced to 40% by using the oblique incident 

light instead of the normal incident light. A maximum value 15 

of the figure of merit at oblique incidence is 12, which is 

doubled of the one at normal incidence. 

1 Introduction  

Surface plasmon polaritons (SPP) are electromagnetic waves 

propagating at the interface between a metal and a dielectric 20 

material.1 In the perpendicular direction, surface plasmon are 

evanescent waves whose electric field amplitude decays 

exponentially into each medium with increasing distance from the 

interface.2 A strong absorption of the electromagnetic waves 

appears when the oscillations of the conductor’s electron plasma 25 

couple to the electromagnetic fields. This peak position is very 

sensitive to the refractive index change of the surrounding 

medium of the metal film.3, 4 A change in the refractive index of 

the surrounding environment results in a change in the 

propagation constant of the surface plasmon, which can be 30 

monitored by the shift of the peak positions of surface plasmon 

resonances (SPR).5 These unique properties of SPP can be used 

for chemical sensing6-9. Over the past decades, SPR sensors based 

on the peak shift of SPR have been widely investigated and 

applied in many fields, such as food quality10,11, medical 35 

diagnostics12-14, environmental monitoring15,16, renewable 

energy17 and photovoltaic devices18, 19.  

   Sensitivity (S) and figure of merit (FOM) are two main 

performance characteristics for evaluating SPR sensors.20, 21 S is 

defined as the ratio of resonant wavelength shift ∆λres to the 40 

variation of surrounding refractive index ∆ns: 
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where RIU means refractive index unit. FOM is considered as an 

important parameter in verifying nanosensor. It is defined as the 

ratio of the refractive index sensitivity to the resonance width ∆λ: 
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. The sensing performance can be improved by 45 

increasing the sensitivity and reducing the resonance peak width, 

which can be described as full width at half maximum (FWHM).  

To achieve better sensing performance, researchers mainly 

focus on the two approaches. (1) Confine or localize the light into 

a small area to get high sensitivity. The enhanced electromagnetic 50 

field localized at the spatial area can be exposed to surrounding 

medium directly and be accessible by molecular species. Some of 

the simple nanostructures are more suitable for refractive index 

sensors, including nanoholes22-24, nanorings25-27, nanodisks28-31 

and so on. Meanwhile, a number of coupled metallic 55 

nanostructures were reported due to their enhanced 

electromagnetic fields are sensitive for detecting the refractive 

index differences, including gold disk trimers32, gold nanoring 

dimers33, closely packed nanodisk clusters34. (2) Couple different 

resonance modes (e.g. localized surface plasmon resonance, 60 

propagating surface plasmon resonance, Wood’s anomaly) into 

one nanostructure unit to obtain narrow peak width and increase 

the FOM value. Shen et al.35 presented a gold mushroom array, 

which looks like a periodic array of mushrooms grown on a gold 

film with a periodic array of holes. The resonance mode of this 65 

array couples a localized surface plasmon resonances with 

Wood’s anomaly36 to obtain narrower peaks, leading to high 

sensitivity and high FOM. Zhan et al.23 reported the nanohole 

quadrumer system performed higher FOM, which surpassed the 

value achieved with conventional nanoparticle oligomers. They 70 

adjusted the geometrical parameters of the nanohole clusters to 

obtain strong mode coupling between either two antiparallel 

dipolar modes or dipole–quadruple modes in the nanohole 

quadrumer. Moreover, following the guidance of theoretical 

simulation, Evlyukhin et al.37 demonstrated a detuned electric 75 

dipoles, which included a pair of electrical dipolar scatterers 

resonating at different frequencies. And a high FOM of 200 was 

achieved by controlling the length of each dipole and the distance 

between the two dipoles. However, most of these works need 

complex nanostructures for improving the sensing performance. 80 

Generally, the fabrication of complex structures cannot avoid 

expensive equipments to maintain the high accuracy and they are 
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always time-consuming23, 38, 39. So the applications of these 

complex nanostructures in actual detection are limited. 

As one of the simplest nanostructures, metal grating has been 

widely investigated. SPP is produced and propagated along with 

the grating when the light illuminate on the metal grating surfaces 5 

directly.40 However, their waveguide coupling mode results in a 

wide peak and low sensitivity, leading to a poor sensing 

performance. Recently, Tsai et al.41 reported that the small 

oblique incidence induced a resonant coupling between metal 

surface and substrate surface plasmon modes of periodic gold 10 

nanoslits. And this resonant coupling increased the sensitivity and 

FOM of the arrays. Lee et al.42 reported there existed enhanced 

Fano resonance in capped gold nanoslit arrays. The cavity 

resonance mode in nanoslits and surface plasmon resonance 

mode on periodic metallic surface formed the enhanced Fano 15 

coupling, resulting in ultrasmall linewidth. Usually, high FOM 

can be obtained on the gratings with narrow slit width because 

slit width is related to the linewidth of spectra43. But the high 

accuracy is needed for the fabrication of narrow slit, which limits 

the applications of the narrow slits.  20 

In this paper, we fabricated double gold gratings of wide slit 

with nanoimprint lithography (NIL) and metal thermal 

evaporation. Nanoimprint lithography is more efficient than serial 

writing techniques. With the optimized thickness of gold layer, 

the plasmonic sensing performance is highly improved by using 25 

the oblique incident light instead of the normal light. 

2 Experimental Section 

2.1 Materials  

All chemicals including polymethylmethacrylate (PMMA, 

molecular weight Mw = 97000) and tridecafluoro-1,1,2,2-30 

tetrahydrooctyl-trichlorosilane (FDTS), were purchased from 

Sigma-Aldrich Inc.. One-side polished n-type (100) oriented Si 

wafers with a resistivity of 0.008–0.02 Ω·cm were purchased 

from GRINM Advanced Materials Co., Ltd., Beijing, China. NIL 

was performed in a clean room and the other processes were 35 

carried out in a standard chemistry laboratory. All glassware was 

washed with Potassium dichromate - Sulfuric acid lotion before 

use. 

2.2 Preparation of double gold nanogratings 

The silicon substrates were treated according to the paper44. A 40 

PMMA layer of 100 nm was spin-coated onto the silicon wafer 

followed by a baking at 90 ℃ for 10 min to remove residual 

solvent. The imprinting and metal deposition process were 

carried out as described elsewhere45. 

2.3 Characterization 45 

The morphology of the samples was characterized by atomic 

force microscopy (AFM, Digital Instrument, Santa Barbara, CA) 

running in tapping mode and scanning electron microscope 

(SEM, HITACHI SU8020 field emission scanning electron 

microscope). Reflectance spectra were recorded on R1-A-UV 50 

series spectroscopy meter (Shanghai Ideaoptics Technology Co., 

Ltd., China).  

To examine the performance of the double gold gratings as a 

refractive index sensor, we measured the zero-order reflectance 

spectra at oblique incident angles. The index sensitivity was 55 

determined by immersing the same gratings in the sucrose 

aqueous solutions of different concentrations. The concentrations 

of sucrose aqueous solutions were 0, 5, 10, 15, 20, 25, 30, 40, 50 

and 60 wt%, and the corresponding refractive indices were 

1.3330, 1.3372, 1.3478, 1.3556, 1.3639, 1.3740, 1.3812, 1.4000, 60 

1.4200 and 1.4419, respectively. After the reflectance spectrum 

was recorded, the sample was taken out, rinsed with water and 

dried with flowing nitrogen. This procedure was repeated and 

three measurements were made at each refractive index.  

2.4 Finite-difference time-domain (FDTD) simulation 65 

Lumerical FDTD Solutions software was used to simulate the 

field intensity and distribution near the nanograting structure.46 

The dielectric coefficients of Au and Si were obtained from 

Palik’s handbook.47 The mesh size is 1 nm in all the three 

dimensions. 70 

3 Results and Discussion 

3.1Fabrication of the double gold gratings 

 

 

 75 

 

 

Figure 1. Scheme illustration of the fabrication process. (A) 

Taking NIL on PMMA layer; (B) Thermal evaporating Au layer. 

 80 

 

 

 

 

 85 

 

 

 

 

 90 

 

 

 

 

Figure 2. (A, B) AFM topography image and cross-sectional 95 

analysis of PMMA gratings; (C,D) AFM topography image and 

cross-sectional analysis of PMMA gratings covered with 20 nm 

Au. Period: 500 nm, height: 70 nm. The size of AFM images are 

4 µm × 4 µm. 

 100 

Figure 1 shows the scheme illustration of fabrication process. The 

process consists only two major steps: imprinting (Figure 1A) 

and thermal evaporating metal (Figure 1B). Prior to taking NIL 

process, a monolayer of FDTS was self-assembled on the Si 

stamp as releasing agent, which provided a low surface energy in 105 

order to facilitate the separation of the stamp and the resist.48, 49 A 

spin-coated 100 nm PMMA layer on the Si substrate was used as 

resist layer for NIL. After the NIL process, gold was deposited on 

the PMMA gratings directly by thermal evaporation process. The 

evaporation rate of gold was ca. 5 nm/min, which was monitored 110 

by quartz crystal microbalance. As revealed in Figure 2A and 2B, 
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the silicon stamp used for NIL is ca. 500 nm in period (210 nm 

line and 290 nm space) and ca. 70 nm in depth. The size of the 

double gold grating (Figure 2C and 2D) is similar with that of the 

PMMA grating. We randomly chose 25 points (each of 14 nm2), 

on the gratings before and after depositing gold to calculate the 5 

surface roughness. The root mean square of the roughness 

changes from 2.3 nm of PMMA grating to 3.0 nm of gold grating 

in average, which means the surface of gold grating is a little 

rougher than that of PMMA grating. It’s obviously observed from 

the corresponding AFM cross-sectional analysis (Figure 2B and 10 

2D).   

To investigate the effect of gold thickness on sensing 

performance, we deposited 23, 44, 65, 92 nm gold layer on the 

PMMA gratings (named as S1, S2, S3 and S4) respectively. The 

SEM images with titled-view (45°) of PMMA gratings coated 15 

with different Au thickness are shown in Figure 3. It reveals that 

there are some small slits between the top and the bottom gold 

gratings, which were formed in the metal thermal evaporation 

procedure. The slits become smaller and less when the thickness 

of gold increases. When the thickness of deposited gold was 20 

higher than the groove depth, the slits disappeared and gold layer 

covered the PMMA grating completely as shown in Figure 3D. 

The corresponding side-view SEM images illustrated as the insets 

in Figure 3A-3D show that the gap between two metal layers 

became smaller as the metal thickness increased. SEM images 25 

with titled-view (45°) of these double gold gratings are parallell 

to the grating direction (detailed in Figure S1), which show that 

the arrays kept the same period and the roughness were similar as 

that in Figure 2D. 

 30 

 

 

 

 

 35 

 

 

 

 

 40 

 

 

 

 

Figure 3. SEM images with titled view (45°) of PMMA gratings 45 

coated with gold films of different thickness. The metal thickness 

of (A) - (D): 23, 44, 65, 92 nm and the inset images in (A) - (D) 

are the corresponding cross sectional SEM images. Scale bar: 500 

nm. 

3.2 The optimization of gold thickness for plasmonic sensing 50 

According to Bragg condition, when the incident light illuminate 

on the metal surface directly, the scattered waves interfere 

constructively. The Bloch wave exists in the periodic 

nanostructures and is scattered by the periodic grooves. So the 

Bloch wave surface plasmon polariton (SW-SPP) occurs when 55 

the Bloch wave satisfied the Bragg condition. .50 The condition 

for a 1D array is dominated by the period and can be described by

：  

                        })Re{(),( 2/1
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where n is the refractive index of surrounding medium, i is the 60 

resonant order, P is the period of the nanostructure and mε  is the 

dielectric constant of metal. For the gold array with period of 500 

nm, when n changes from 1.0 to 1.5, the resonant wavelength 

locates at the visible and near-infrared area, which is beneficial to 

be monitored. However, the thickness of metal layers affect the 65 

intensity between the BW-SPP and the cavity resonances in the 

double gold gratings. 

We measured the reflectance spectra of S1-S4 in air under 

normal illumination as shown in Figure 4A-4D. The black and 

red curves are the simulated and experimental spectra, 70 

respectively. The experimental spectra were collected at white 

light instead of polarized light which was used in the simulated 

spectra, leading to a small deviation between the experimental 

and simulated spectrum (detailed in Figure S2 of supporting 

information). And the deviation of the groove width and the 75 

shape of the grating edge influenced the peak shift and the peak 

width.43 As shown in Figure 4E-4H, the increased thickness of 

gold supports the increased degree of localized electromagnetic 

field between the top and bottom gold gratings. As the thickness 

of gold increases from 23 nm to 65 nm, the electromagnetic 80 

enhancement area expands on the edges of both the top gold layer 

and the bottom gold layer and the intensity increases, which are 

shown in Figure 4E-4G. But as shown in Figure 4H, the 

electromagnetic enhancement area locates on the edge of the top 

gold layer and the interface of the PMMA/bottom gold layer, and 85 

the intensity decreases compared with Figure 4G. So when the 

thickness of gold layer is close to the height of PMMA groove, 

the enhancement area of electromagnetic field is the largest and 

the intensity is the biggest.  

Reflection spectra of sample S1-S4 at normal light with 90 

different concentrations of sucrose aqueous solutions are shown 

in Figure S3. When the concentration of sucrose aqueous solution 

increases, the refractive index of the surrounding medium near 

the gold surface increases and the resonant wavelength red-shifts 

according to equation(1). The sensitivity and FOM of sample S1-95 

S4 are shown in Table 1. With the increase of gold thickness 

from sample S1 to S4, the sensitivity initially increased and then 

decreased. The maximum of sensitivity (448.9 nm/RIU) was 

achieved when the thickness of gold was 65 nm, which was the 

closest to the height of PMMA grating among these samples. The 100 

variation trend in sensitivity (Table 1) agrees well with that in 

localized degree of electromagnetic field (Figure 4E-4H), which 
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corresponds to the reported results51. Due to the weak probing 

peak and intensity distinction, sample S1 exhibits the lowest 

sensitivity and the narrowest FWHM. For sample S2-S4, the 

FWHM decreases with increasing the thickness of gold layer due 

to the localized degree of electromagnetic field on the metal 5 

surface, and S3 performs the best sensing capability among them.  

 

 

 

 10 

 

 

 

 

 15 

 

 

 

 

 20 

 

 

 

 

 25 

 

 

 

 

 30 

 

 

 

 

 35 

 

 

 

 

 40 

 

Figure 4. (A)~(D): The simulated (black curve) and experimental 

(red curve) reflectance spectra at normal incident angle 

corresponding to S1-S4; (E)~(H): Calculated electromagnetic 

field distribution of the samples under a series of resonance 45 

wavelengths corresponding to the dips of (A)-(D): (E) 593, (F) 

610, (G) 620 and (H) 626 nm. 

Table 1 The sensitivity and FOM of different samples at 

normal incidence angle. 

sample Sensitivity 

(nm / RIU) 

FWHM* 

(nm) 

FOM 

(RIU-1) 

S1 244.3 31.14 7.8 

S2 359.6 105.20 3.4 

S3 448.9 78.47 5.7 

S4 321.8 64.83 5.0 

(NOTE: FWHM* is the average value of the full-width at half 50 

maximum for period dips with different solutions.) 

3.3 Effect of the incident angle on plasmonic sensing 

performance 

To investigate the effect of incident angle on plasmonic sensing 

performance, we measured the reflectance spectra of the gold 55 

grating coupler at oblique incident angles with white light and the 

plane of incidence was perpendicular to the gratings. We chose 

sample S3 as model due to its best sensing performance at normal 

incidence. And the other samples were discussed in detail 

hereafter. The experimental zero-order reflectance spectrum of S3 60 

at oblique incidence in air is shown in Figure 5. At the air/gold 

interface, the larger incident angle resulted in the decreasing of 

reflection intensity because the light diffraction increased with 

increasing the incident angle52. Meanwhile, the application of 

white light results in the overlapping orders at zero-order 65 

reflectance spectrum. According to the grating equation, the 

longer wavelength exhibits smaller diffraction order at larger 

incidence angle. So the dip positions of the samples red-shift as 

the incident angle increases, which is shown in Figure 5. The 

reflectance spectra of sample S1, S2 and S4 are detailed in Figure 70 

S4 and these samples have the same variation trend in reflectivity 

with the variation of the incident angle, which is similar to that of 

S3. Taking the changes of wavelength and intensity into 

consideration, incident angle of 20°, 25°, 30° were chosen to 

investigate the correlation of the sensing performance and the 75 

incident angle. The calculated distribution of electromagnetic 

field at different incident angles are shown in Figure 6A-6C and 

the TM-polarized light and incident angle versus the structures is 

depicted in the inset. It is clearly that the oblique incident light 

breaks the symmetry of the distributions of enhanced 80 

electromagnetic field. Compared with the spectra at normal 

incident light, shown in Figure 4G, the distribution of enhanced 

electromagnetic field locate at both the top and bottom gold 

grating. The resonance coupling of top and bottom SPR modes 

makes a resonant system which generated Fano-like resonances 85 

with asymmetric spectral profiles, leading to more SPR energy 

and narrow resonant linewidth. 
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Figure 5. Reflection spectra of sample S3 in air at different 

incident angles with white light. 
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Figure 6. (A-C) The distribution of electromagnetic field of 

sample S3 with incident angle of 20°, 25° and 30° under a series 10 

of resonance wavelengths: (A)720, (B)755 and (C)785 nm in air, 

respectively. 
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 30 

Figure 7. (A-C) Experimental reflection spectra of sample S3 

with different concentrations of sucrose aqueous solution  at the 

incident angle of 20°, 25° and 30°, respectively. (D) The 

wavelength changes against the refractive index of the 

surrounding medium. The slopes of the fitting curves show that 35 

refractive index sensitivities corresponding to (A)-(C) were 403.9, 

396.1 and 399.0 nm/RIU. 

 

In order to investigate the effect of oblique incident light on 

sensing performance, wavelength sensitivity of sample S3 were 40 

measured under different concentrations of sucrose aqueous 

solutions with the refractive indices from 1.3330 to 1.4419. And 

the experimental reflection spectra at the incident angle of 20°, 

25° and 30° were shown in Figure 7A-7C, respectively. When the 

surrounding medium was changed from water to sucrose aqueous 45 

solutions, the Fano-like resonant wavelength red-shifted at each 

oblique incident angle. The wavelength change against the 

refractive index of the surrounding medium is shown in Figure 

7D. For incident angle at 20°, 25° and 30°, the slopes of the 

fitting curves show that refractive index sensitivities were 403.9, 50 

396.1 and 399.0 nm/RIU (detailed in Table 2), respectively. The 

wavelength sensitivity decreases ca. 0.12 times for oblique 

incidence compared with normal incidence. Although the 

enhanced electromagnetic field locating at both the top and 

bottom gold layer for oblique incidence, the field intensity is 55 

lower than that for normal incidence. Furthermore, the SPR mode 

on the top layer is much more sensitive to the change of 

surrounding medium. So the wavelength sensitivity of oblique 

incidence is not as high as that of normal incidence. However, the 

FOM values of oblique incidence are 0.7~1.1 times higher than 60 

that of normal incidence as a result of the great improvement of 

FWHM, which is reduced to 40% of the one at normal incident 

light.  

Compared Table 1 and Table 2, the sensitivity of sample S1 

and the FOM value of sample S2 with thinner gold layers are ca. 65 

1.5 times and 2.1 times higher at oblique incident light, 

respectively. This improvement of sensing performance is the 

contribution of the enhancement of the electromagnetic field with 

oblique incident light. For sample S4, the FOM is almost 2 times 

of the one achieved with normal light because of the decreased 70 

FWHM at oblique incident light. The above investigation 

indicates that the oblique incident light can be applied for 

improving the sensing performance of double gold gratings. And 

these uniform substrates are suitable candidates for sensing 

applications. 75 

4 Conclusions 

In summary, we fabricated the double gold gratings of wide slit 

by the combination of nanoimprint lithography and metal thermal 

evaporation. The wavelength sensitivity was increased by 

increasing the thickness of the metal layer at normal incident 80 

light. Using the oblique incident light can improve the sensing 

performance of double gold gratings apparently. With the 

optimized thickness (65 nm) of gold layer, the linewidth of the 

double grating was reduced to 40% and the FOM of this grating 

was doubled by using the oblique incident light instead of the 85 

normal incident light. Moreover, using the white light instead of 

the polarized light is beneficial for sensing application. Therefore, 

this is a simple and efficient way to enhance the sensing 

performance of double gold grating arrays by measuring at 

oblique incidence, which can be used as a candidate for label-free 90 

sensor. 
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images with titled (45°) view of S1-S4; Simulated spectra of 

Table 2 The refractive index sensing capability of different samples at oblique incident angle. 

sample 
20°°°° 25°°°° 30°°°° 

S(nm / RIU) FOM(RIU-1) S(nm / RIU) FOM(RIU-1) S(nm / RIU) FOM(RIU-1) 

S1 353.8 8.7 374.7 9.2 343.5 9.1 

S2 373.8 10.1 378.1 10.7 365.2 10.6 

S3 403.9 11.9 396.1 12.1 399.0 9.7 

S4 371.8 11.6 358.9 10.1 322.8 7.6 

 

double gold gratings under different polarized lights; Refractive 

index sensing of gold grating at normal light with different 5 

sucrose aqueous solutions concentrations; Reflection spectra of 

gold grating in air using different incidence angles]. See 

DOI: 10.1039/b000000x. 
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