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Abstract: 
Water is an urgent human need; however, many people 

have difficulties gaining access to the safe and clean drink 

water. One of the most innovative techniques to solve this 

problem is known as biomolecular detection method. This 

can be followed through monitoring subtle changes in the 

refraction indices. In the present study, based on synthesis 

of gold nanoparticles (Au-NPs) on a grating structure 

sensor is proposed. The proposed structure operates as a 

refractive index (RI) sensor for detection of waterborne 

bacteria. Afterwards, we proceed with a cleverly designed 

RI biosensor optimized for waterborne diseases caused by 

Escherichia coli (E. coli) pathogen. This bacterial 

pathogen of various concentrations would be detectable 

by the proposed biosensor. Hence, the present study 

would lead to the development of plasmonic sensor with a 

sensitivity of as high as 467.1 nm/RIU (refractive index 

unit), in near-infrared region (NIR). In fact, the structure 

is capable of detecting a single bacterium contamination 

and determining the concentration level of bacterial 

spectrum in drinking water, as well. 
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1. INTRODUCTION  

 

Nowadays, waterborne health hazard is recognized as a severe environmental 

problem that afflicting human modern society. It is notably valuable to reinforce 

and regulate quality controls over drinking water in the regions surrounded by 

limited economic resources. This disaster is owing to the absence of effective 

treatment of the source water on the one hand, and the relatively considerable 

distance between production stations and the public consumer’s taps on the 

other hand. Therefore, in certain cases, drinking water might be the origin of 

specific diseases among human beings. During last decade, a considerable 

increase in the number of sensing techniques created, while optical techniques 

with robust, inexpensive and reliable potentials recognized as a means for 

detecting infected biological materials [1]. In this respect, the most reliable and 

robust technique used to monitor subtle changes by precise optical spectrum of 

the material under test. In fact, the wavelength of any resonant peak corresponds 

to a testing germ can be inspected in response to the incidence of optical light. It 

is evident that monitoring any slight shift in resonant peak and subtle change in 

spectral width would be notably advantageous of optical techniques. As an 

interesting case, typical bacteria such as E. coli possess unique biophysical 

behavior by virtue of their refractive index and morphological properties. A 

single bacterium refractive index and its changes due to bacterium concentration 

are described in detail [2-4]. Impure water exhibits approximately higher 

refractive index value than that of the tap water. Nowadays, nanomaterials 

attract considerable interest in multiple applications consisting of electronics, 

biomedicine and sensing technologies on the strength of their specifically 

remarkable electronic, optical, catalytic and biological attributes [5, 6]. 

Furthermore, plasmonic sensors which functioning in accordance with the 

interaction of electrons and optical waves, have recently emerged as favorably 

convenient sensors for biological sensing [7, 8]. Multiple nano-sized metal 

structures demonstrate plasmonic properties and form a region of high light 

intensity [9]. Generally, metal-based nanoparticle preparation requires the 

synthesis of compounds that are toxic in essence [10, 11]. Mostly, metals reflect 

the energy of the incident beam through surface illumination; nevertheless, the 

absorbed light is emitted by means of vibrating free surface electrons. 

Surprisingly, noble metals possess truly unique features; such as they are 

convenient for plasmonic wide-ranging applications. Taking into account the 

electrical and optical properties stem from the large number of free electrons, 
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while noble metals play a more crucial role in plasmonic applications than 

dielectric ones [12,13].  Among all metals, gold (Au), silver (Ag), copper (Cu), 

and aluminum (Al) are commonly employed as plasmonic materials, meanwhile 

Au and Ag are the most common materials utilized surface plasmon in 

nanosensors. Interestingly, Au and Ag create resonance in surface plasmons at 

wavelengths within the visible range of the electromagnetic spectrum and 

provide narrow resonant peaks in the desired wavelengths range [14, 15]. 

Nowadays, to improve the performances of nanosensors, in the gain-assisted 

refractive index approach the metallic nanoscale slot and geometrical grating are 

implemented [16, 17]. Wang et al. have investigated the lattice plasmon of 

single and multiple Au nanoparticles and their related periodic arrangement 

[18]. Based upon this study, it became evident that the implementation of 

periodic patches of Au nanoparticles produces narrower resonant peaks than 

those by a single patch of Au nanoparticles [19]. Robust and narrow resonant 

peaks of plasmons in sensors using periodic patches of Au nanoparticles are 

noticeable. This is due to the coupling between plasmonic lattice resonances of 

Au nanoparticles and Bragg modes created by patch periodicity.  In recent years, 

the synthesis of Au-NP arrays is among the most leading research projects and 

still is widely used in the field of nanotechnology. In this paper, a plasmonic 

biosensor is proposed which is based on combination of the periodic arrays of 

Au-NPs and the silicon nitride (Si3N4) grating surface, where they are placed on 

a thin layer of Au and silicon dioxide (SiO2) substrate. The proposed structure 

exhibits a high sensitivity of 467.1 nm/ RIU, which shows a significant 

improvement in this type of nanosensor. In fact, the current investigation 

proposes that bacterium sensing based on refractive index and plasmonic 

behavior might provide an efficient and alternative technique for identifying 

bacterial spectrum and determining the volume rate of concentration in the 

treated water sources. The proposed structure can function as a convenient 

optical device that provides the spectrum of the bacteria present in the drinking 

water. Single bacterium refractive index and the change in refractive index 

(determined by the E. coli volume rate of concentration) provide a solid basis 

for designing label-free and low-cost RI biosensors. 
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2.  NUMERICAL ANALYSIS AND SIMULATION METHOD 

 

Absorption is defined as a process in which the energy of a photon equals or 

outweighs the bandgap of the material under investigation. Coincidently, the 

material attracts the photon and excites an electron into the conduction band. 

Hence, photons incident on the surface of the semiconductor either reflected 

from the upper surface or absorbed onto the material. However, in frequent 

cases, both processes fail and the incident light transmits across the material 

under test. Since unabsorbed photons fail to produce power, reflection and 

transmission are generally considered as “loss mechanisms” of the optical 

sensors. Once a photon is absorbed, it develops a potential to excite an electron 

from the valence band into the conduction band and consequently produce 

electronic current within the device [20].  

In order to boost the absorption rate, A, it is imperative to reduce the values of 

both transmission, T, and reflection, R, where A =1 − R − T. The reflectivity 

factor in an optical sensor operating at a frequency ω is [21, 22]: 
  

                                                                                                             (1)                         

 

where Γ and are the bandwidth and resonant wavelength, respectively. In 

order to maximize the absorption rate (expressed as α), the reflection value must 

approach zero; hence, reflectivity turns zero at .  

Moreover, electron density within the device and resonant wavelength can be 

interrelated by [23]: 
                                                             

                                                                                                                    (2)                                  

 

where ne is the electron density, e is the electronic charge, me is the effective 

mass of electron, ε0 is the permittivity of free space, ε1 is the permittivity of 

sensing medium and c is the speed of light. The electromagnetic field behaviors 

of the nanofeature devices are investigated through various multiple numerical 

methods such as multiple-multiple [24], Green’s dynamic [25, 26], and finite 

difference time domain (FDTD) methods [27]. Moreover, FDTD method is a 

reliable way in solving Maxwell’s equations in complex geometries and 

dispersive media such as Au and Ag. In order to study the performance of the 

https://doi.org/10.30495/jopn.2024.32587.1303
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currently proposed sensor, the FDTD full wave-vector method is employed to 

solve the Maxwell equation.  
 

 

 

 

 
 

 

 

 
 Fig. 1: (a) The unit cell of the structure, (b) The perspective of the biosensor structure.   
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In FDTD simulation, we can calculate the reflection and transmission spectra 

through setting two-dimensional power monitors that cover the structure. The 

underlying principle of the power monitor is the basis of the normalized surface 

integration of the Poynting flux densities. We calculate the normalized 

absorption rate (A) by acquiring reflectivity monitor data (R), transmittance 

monitor data (T) and applying A=1-R-T. The perfect matching layer (PML) as 

the boundary layer is selected in the y-direction to study the transmission and 

reflection properties of the electromagnetic field at normal incidence. Herein, an 

unpolarized light consisting of a plane electromagnetic wave in the wavelength 

range of 700 nm to 1200 nm is applied. It should be declared that, we proceed 

the work by investigating the dependence of the operation of our proposed 

structure on the material, diameter of NPs and the grating periodicity. In 

addition, the effects of geometrical parameters of the structure are investigated 

in detail. As illustrated in Fig. 1(a) the proposed biosensor is composed of 

periodic Au-NP arrays that are placed over a silicon nitride (Si3N4) rectangular 

grating and both sited on a thin Au layer and SiO2 substrate. Therefore, the 

phase matching of generated plasmons has to be achieved by using a surface 

grating and NPs. The 3D schematic of the proposed biosensor is shown in Fig. 

1(b). 

 

3. RESULTS AND DISCUSSION 

 

This section is focused on design and analysis of nanoscale biosensor based 

on the grating and using NP of different materials and sizes. The effects of 

device geometry and material types are investigated in detail. In this work, the 

main purpose is to design the most appropriate biosensor to distinguish different 

bacteria from each other. 

 

(3-1) Effects of array of NPs and grating 

 
In order to obtain some insight into the physical phenomena underlying the 

observed absorption peak, comparison between the presence and absence of the 

grating structure and NP arrays can be informative. First, we should check the 

effect of presence of grating on the performance of optical nanosensor. The 

absorption intensities and reflection spectra of sensor without Si3N4 grating layer 

and the presence of NPs are calculated and illustrated in Fig. 2(a). Additionally, 

the effect of implementing periodic arrays of NPs in biosensors is investigated 

by calculating the absorption and reflection spectra, where the result is 

compared with that of sensor without NPs, and the presence of grating as shown 

https://doi.org/10.30495/jopn.2024.32587.1303
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in Fig. 2(b). observing the reflection spectra, by applying grating or NPs, the 

intensity of resonance varies significantly. Furthermore, as Fig. 2(c) shows, in 

presence of the grating structure and NP arrays, a maximum (peak) of 

absorption rate is achieved. By comparing Fig. 2(a), (b) and (c), it is obvious 

that by applying NPs and grating together into the structure, a more intense peak 

with a significant absorption enhancement in the NIR region is obtained. This 

phenomenon occurs due to the excitation of guided-mode resonances. It is 

noticeable that the peak in absorption spectrum corresponds to the suppression 

of the scattered surface plasmon modes from the Au-NPs and hence 

enhancement of the localized electric field at the resonant wavelength. 

Therefore, due to NPs arrays contribution on the surface plasmon resonance 

properties of the sensor by calculating the reflection spectrum of the 

nanostructures as shown in Fig. 2(d), the reflection dip at the interface of the Au 

NPs and substrate is happened. 
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Fig .2: The calculated reflection and absorption spectra of the proposed structure: (a) 

without the grating structure, (b) without NP arrays, (c) with NPs and grating structure, 

(d) the reflection spectra without NPs or grating structure and with both. 

(c) 

(d) 

With NPs and grating 

https://doi.org/10.30495/jopn.2024.32587.1303


 

 

 

 

High-Performance Biosensor by using Au Nanoparticles and Grating for Sensing  … 

24                   Journal of Optoelectronical Nanostructures. 2024; 9 (1): 16- 36 

 
(3-2) Effect of gold film  

 
Now we compare the reflection spectra of the optimal structure of NPs, 

grating and gold film with the same geometry without gold film. As it is evident 

from Fig. 3(a), by employing a thin layer of Au between the SiO2 substrate and 

the grating structure, the resonance mode is changed completely. Meanwhile, 

two plasmonic modes in the reflection function is achieved, where one of them 

can be used as a reference. The two resonances are excited within the two metal 

interfaces, where one of them is a long range SPR. Furthermore, with Au thin 

film two narrow reflection dips is achieved. One dip is sensitive to the refractive 

index (RI) of the cover media with a sensitivity of 467.1 nm/RIU and hence, the 

other is sensitive to the RI of the substrate. To investigate the effect of the 

thickness of metal film, the spectral responses of the sensor for different values 

of the metal thin film are shown in Fig. 3(b). As it is seen, the dependence of the 

resonant wavelength and right side dip to the thickness of the metal film is 

negligible. Our results show that the optimal thickness of metal film with lower 

reflection dips is obtained as 120 nm. The data presented in Fig. 3(b) is very 

important because it illustrate the vital role of the metal film thickness in order 

to allow physically excitation of two plasmons, everyone on each interface. 
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Fig. 3: The calculated reflection spectra (a) with and without the Au film and (b) for 

different values of “d” between 90 nm and 120 nm at n = 1.33. 

 

 

 
(3-3) Effects of materials and size of NPs  

 
The most used NP substances as: silver (Ag), gold (Au), copper (Cu), 

aluminum (Al), and chromium (Cr) are used to improve the reflection spectrum 

of biosensor. In the following, we present the performances of five types of NP 

biosensors. Now, we focus on the reflection characteristics of the proposed 

structure using different metallic materials while keeping other parameters 

constant. The results are shown in Fig. 4, where we can see that the Au-NPs can 

obtain lower reflection dip and significant linewidth reduction than those of Ag, 

Cu and Al NPs. Therefore, material type of NPs because of different plasmonic 

properties to evaluate of the biosensor performance are very important factor. 

 

 

(b) 
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Fig. 4: The calculated reflection spectra of the sensors with metallic particles of: Ag, Au, 

Cu and Al. 

 

 
Moreover, changing the radius (r) of an equal volume sphere of NPs is applied 

to characterize the effect of size of NPs on the reflection rate. The ‘r’ size is 

defined as: 
 

                                                                                                              (3)                                         

 

where V is the volume of one NP. 

 

To optimize the parameters, analyzing the effects of changes in Au NPs 

diameter on the surface plasmon properties of the nanostructure are useful. The 

results of optical response of biosensor for different radius (r) of Au NPs from 

70 to 100 nm are calculated and shown in Fig. 5(a). As can be seen, by varying 

“r”, shifts in the resonant wavelengths correspond to different sizes of NPs are 

happened.  

It is considerable that the sensitivity is one of the main qualifications of 

biosensors that is calculated as follows [28]: 
 

   S=                                                                                                                           (4)                                    
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where  shows the resonant wavelength due to the analyte refractive 

index change of . Therefore, variations of the resonant wavelength versus 

different analyte refractive indices for different values of “r” are also determined 

and illustrated in Fig. 5(b). Based on equation 4, the slopes of the lines in Fig. 

5(b) show the sensitivity of structure. The sensitivity of as high as 467.1 

nm/RIU at the optimized size of r = 100 nm is obtained. Regarding the rate of 

sensitivity, the highest sensitivity can be achieved for the largest radius. 

Therefore, as it is evident, the resonance peak intensity and wavelength and also 

the rate of sensitivity depend on the size of NP diameter. 
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Fig. 5: (a) The reflection spectra for different values of “r” at n = 1.33, (b) variations of 

the sensitivity for different values of “r”. 

 

 
(3-4) Effect of grating periodicity 

 
However, the periodicity (P) of grating is another important parameter to 

optimize the performance of a biosensor and adjust the resonance 

wavelengths. The reflection spectrum of normal incidence of TE-polarized 

light with different values of “P” is calculated and shown in Fig. 6. It is 

noteworthy that by increasing “P”, the reflection spectra are shifted toward 

larger wavelengths and there are no significant changes in the recorded 

reflection intensity of each resonance wavelength at different grating 

periodicities. 
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Fig. 6: The calculated reflection spectra different periodicity (P) at r = 80 nm. 

 
 

In order to achieve a better insight into the performance of biosensor, the 

reflection spectra of the proposed biosensor applying different refractive indices 

from 1.33 to 1.36 under y-polarized (incident angle of 0°) light in near-infrared 

region are calculated and shown in Fig. 7. As it is shown, by increasing the 

analyze refractive index, considerable wavelength shifts due to phase matching 

between the incident wave and the resonances of excited guided modes are 

happened while that is suitable for sensing applications. 
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 Fig. 7: Reflection spectra of our biosensor for refractive indices between 1.33 and 1.36, 

r = 80 nm. 

 
These results emphasize the importance of plasmonic role in the optimization 

of NP configuration for biosensor applications. It is noteworthy that by utilizing 

plasmonic coupling between NPs, the phase matching between the incident 

wave and the excited guided mode resonance is happened, which causes a 

significant augment of surface sensitivity. Optimum parameters of the 

nanostructure are achieved under the highest absorption intensity and sensitivity, 

which are obtained by changing the bacterial concentration and consequent 

refraction indices.  All geometrical parameters are optimized and obtained as: 

grating period of P = 770 nm, grating height of H = 200 nm, Au thin film 

thickness of d = 120 nm and SiO2 thickness of t = 900 nm with Au-NP radius of 

100 nm. Optimal parameters can be helpful to produce extremely narrow 

reflection spectra. 
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4. SENSOR PERFORMANCE 
 

The sensing performance of the biosensor is the basis of detecting the E. coli 

bacterium in drinking water. It is worth noting that a change in refractive index 

due to growth of bacterium concentration leads to shifts in resonant wavelength 

and reflection intensity. Therefore, the variations of the reflection spectra in 

response to the various E-coli bacterium concentrations of single molecule, 1 

CFU/ml, 2 CFU/ml and 3 CFU/ml are determined and presented in Fig. 8. In 

fact, a change in bacterium concentration appears as a change in refractive index 

of the solution under test. Furthermore, the sensitivity characteristics of different 

bacterium concentrations are indicated in Fig. 8. The sensitivity as high as 438.6 

nm/RIU for single molecule (S. M.) E. coli bacteria is achieved. In addition, the 

sensitivities of 288 nm/RIU ,317 nm/RIU and 312 nm/RIU for 1 CFU/ml, 2 

CFU/ml and 3 CFU/ml E. coli bacteria, respectively, are calculated. It is obvious 

that the extracted sensitivity can be one of the ways to distinguish concentration 

of different bacteria from each other. To clarify more, the refractive indices of 

different bacterial concentrations are given in Table 1. Moreover, the refractive 

index of pure drinking water is taken as 1.33 and further change in the refractive 

index due to bacterial growth is 0.184 per CFU/ml. The calculated resonant 

wavelength and sensitivity of all concentrations are summarized in Table 1. As 

detailed in this table, a change in refractive index due to growth of bacteria 

concentration leads to observable shifts in resonant wavelength and reflection 

spectra, while all the optimized parameters are applied. 
 

 

 

Table 1: Refractive index, resonant wavelength and sensitivity of different E. coli 

bacterium concentrations 

Concentration   E. coli Refractive 

index           
Resonant 

wavelength (nm) 

Sensitivity 

(nm/RIU) 

Single molecules 1.401 982.942 438.6 

1 CFU/ml 1.585 1029.34 288 

2 CFU/ml 1.769 1079.29 317 

3 CFU/ml 1.953 1134.34 312 
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Fig .8: The calculated reflection spectra of various concentrations of E-coli bacterium.  

 
Consequently, in Table 2 we compared the performance of few previous 

works and the results of our designed device. We obtained a significant 

improvement of the optical nanosensor performance and applications. The 

sensitivity of as large as 470.3 nm/RIU for the sensor is obtained. Therefore, the 

proposed structure is offering multiple advantages; such as higher sensitivity 

and an easier process to fabricate.  

 
Table 2: Comparison between the performance of our proposed structure and the 

previous reported sensors   

Reference λ (nm) S (nm/RIU) 
[29] 986 294 

[30] 1162 223 

[31] 1536 190 

[32] 1100 250 

Proposed structure 950 467.1 

 
5. CONCLUSION 

 

In summary, the effects of Au nanoparticles (Au-NPs) on a Si3N4 grating 

substrate-based in all-optical plasmonic systems for sensing of the bacteria in 

the drinking water are assessed. The results confirm that the resonant properties 
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of absorption and reflection strongly depend on the material and also the 

geometrical parameters of NPs and grating structure. The bacterial pathogen 

namely Escherichia Coli in different concentrations can be detected by the 

proposed biosensor. The results for refractive index variations due to growth of 

concentrations of E. coli clearly indicate shifts in resonant dip wavelengths. In 

conclusion, this biosensor presented 467.1 nm/RIU maximum sensitivity rate at 

room temperature for detecting E-coli bacterium in drinking water. 
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