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Abstract
This work presents a highly sensitive silver (Ag) based Surface Plasmon Resonance (SPR) sensor with graphene-coated over 
Silicon nitride  (Si3N4) for sensing of Deoxyribonucleic acid (DNA) hybridization. The design consists of five layers namely 
Ag,  Si3N4, graphene, and sensing medium along with BK7 glass prism that couple light at the metal–dielectric interface. 
The performance of the present structure has been evaluated using the angular interrogation method. The present inves-
tigation reveals the difference in complementary DNA strands and mismatched DNA strands as well as single-nucleotide 
polymorphisms (SNP) event by examining the variation of resonance angle in the reflectivity spectrum. The performance 
of the present structure is compared with the contemporary structures and found better than existing sensors. Therefore, the 
proposed structure is suitable in the biochemical field for the detection of biomolecules interactions.
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1 Introduction

In present days, SPR technology has emerged as leading 
sensing technology in the biochemical field in the analysis 
of various substances like DNA, protein binding, and differ-
ent enzymes, etc. [1–4]. DNA hybridization is an exercise 
of combining two single-stranded DNA (ssDNA) and this 
results in the formation of double-stranded DNA (dsDNA).

Combining two ssDNA is performed by the hydrogen 
bonds formed between the nucleotide bases. DNA hybridi-
zation measures the genetic similarity between two pools of 
the DNA sequence which can be used to diagnose more than 
400 diseases directly. The dsDNA hybridization event and 
the mismatched DNA hybridization event are illustrated in 
Fig. 1a, b, respectively. In DNA hybridization, probe ssDNA 
is used to identify unknown, target ssDNA that results in 
DNA hybridization event by generating dsDNA as shown 
in Fig. 1a.

The hybridization process is a bio-recognition process of 
identifying nucleotide-binding between the base pairs, i.e., 
guanine (G) and cytosine (C), adenine (A), and thymine (T) 
[5, 6].

Surface plasmons (SPs) are the collective free electrons 
oscillation at the interface between metal and dielectric and 
are excited using the p-polarized light beam at the inter-
face. This results in the generation of the evanescent wave 
at the interface that decays exponentially. This collective 
phenomenon is known as SPR. SPR sensing is the label-
free sensing that works on the principle of the shift of the 
resonance angle when there is a variation in the refractive 
index (RI) of the sensing medium [7, 8]. In the prism-based 
SPR sensing approach, the excitation of the SPs is carried 
out by the Kretschmann based attenuated total reflection 
(ATR) method. The angle of the incident light in the ATR 
method can be best controlled by the angular interrogation 
approach [9]. Recently, some transition metal dichalcoge-
nides (TMDCs) materials including  WS2,  WSe2,  MoSe2, and 
 MoS2, etc. are seen in the SPR biosensing. These TMDCs 
act as plasmonic supporting materials that improve the per-
formance of the sensor [10–13]. A new 2D material, black 
phosphorus (BP) has also been seen in research in biosens-
ing applications, optoelectronics, and electronics field, etc. 
[14, 15]. For researchers, performance improvement with 
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a less complex structure is always the primary choice in 
designing these sensors. Lately, SPR sensors with improved 
performance have been seen in the research [16–18]. This 
study aims to provide the possibility of having better per-
formance. The selection of plasmonic active metals such 
as gold, silver, and copper. plays a significant role in the 
designing of these sensors. Gold is highly resistive to the 
oxidation but the poor binding capabilities of molecules 
and large full-width half maxima (FWHM) limit the per-
formance of the gold-based SPR sensor. Silver, a plasmonic 
active material provides better performance in terms of 
FWHM [18–21]. To overcome the oxidation problem of this 
material, the anti-reflection coating of the  Si3N4 layer can be 
deposited over the silver layer.  Si3N4 has come in attention 
because of its excellent thermal and chemical stability with 

a large bandgap of ~ 5 eV [22, 23]. Graphene layer, a very 
popular 2D nanomaterial of a one-atomic thin planar sheet 
of sp2 bonded carbon atoms arranged in a hexagonal hon-
eycomb lattice, is chosen as a top layer because of its high 
biomolecules absorption capabilities with the large value 
of the surface-to-volume ratio (Surface/Volume) that gives 
the assurance of better absorption of molecules compared 
with other carbon materials [24, 25]. The presence of void 
and point defects on the graphene surface strongly influ-
ences the optical properties of the graphene layer that can be 
characterized with the help of Raman spectroscopy [26, 27]. 
Further, the significant number of defects on the graphene 
sheet can induce some transformation of graphene phase 
into a rippled H6 diamond-like phase with higher dielectric 
properties. Further, these defects may have influence on the 

Fig. 1  Schematic representation 
of (a) dsDNA hybridization 
event (b) mismatched DNA 
hybridization event
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performance of the proposed structure. So it is essential to 
reduce these defects before consideration of such material 
[28]. The proposed structure is used to sense DNA hybridi-
zation and may be used for the detection of other analytes 
such as formalin, protein, etc.

This work is arranged as: Sect. 2 outlines the structure 
consideration and parameters analysis. The key param-
eters of the proposed structure are discussed in Sect. 3. The 
numerical analysis and discussion are given in Sect. 4. The 
conclusion is given in Sect. 5. Finally, references have been 
added at the end.

2  Structure considerations and parameters 
analysis

The proposed structure of the SPR biosensor is illustrated 
in Fig. 2a, b. Here, a He–Ne laser is used to incident a TM- 
polarized light of 633 nm wavelength. The first layer is a 
BK7 prism. The RI of the prism is 1.5151 [29]. The sec-
ond layer of silver of optimized thickness (dAg = 50 nm) is 
grown over the BK7 prism. The RI of the silver layer is 
0.056253 + 4.2760i which is taken from Johnson and Christy 
[30]. Further, the anti-reflection coating of the  Si3N4 layer of 
the optimized thickness (dSi3N4 = 5 nm) is grown over the Ag 
layer that is the third layer. This makes the Ag layer highly 
resistive to the oxidation. The refractive index value of this 
 Si3N4 layer is calculated by [31],

(1)nSi3N4 =

(
1 +

3.0249�2

�2 − 0.13534062
+

40314�2

�2 − 1239.8422

) 1

2

The fourth layer is the monolayer graphene (0.34 nm) that 
is deposited over the  Si3N4 layer and the complex RI of this 
layer is 3 + 1.1487i [32]. Finally, the fifth layer is the sensing 
medium that is phosphate-buffered saline (PBS) solution. The 
shift in RI ( �nS) in the sensing medium is given as,

where, nS
1
 is the RI of the sensing medium (PBS solution, 

nS
1
= 1.334 ) in the absence of probe or target DNA in this 

medium [2], Ca is the concentration of adsorbed molecules, 
dn

dc
 (~ 0.182 cm3∕g for PBS solution) is the increment in the 

RI due to the adsorbate [33, 34] and nS
2
 is the RI of sensing 

medium after adsorption of DNA molecules. Suppose Ca is 
taken 1000 nM. Due to this 1000 nM adsorbate, the RI of 
sensing medium changes to nS

2
 . This is because the sensing 

medium contains 1000 nM adsorbate molecules. The pro-
posed study is based on the transfer matrix method (TMM) 
and the Fresnel multilayer reflection theory is used for cal-
culation of reflectivity at the multiple interfaces assuming all 
layers in this proposed structure are stacked along the z-axis.

The reflection intensity (R) of multi-layer structure can be 
given as [35],

where rp is the reflection coefficient of p-polarized light.
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Fig. 2  Proposed Ag-Si3N4-graphene-based SPR sensor for sensing of (a) probe DNA and non-complementary (mismatched) DNA Choure (b) 
complementary DNA
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3  Key parameters of the proposed structure

In this study, sensitivity, detection accuracy, and quality fac-
tor have been evaluated for the performance of the proposed 
biosensor.

The sensitivity (S) is expressed in resonance angle shift 
( ��spr ) and RI shift ( �ns ). Mathematically [36],

It is generally expressed in degree∕RIU−1.
The detection accuracy (D.A.) is the ratio of ��spr to 

FWHM. Mathematically [37],

It is a unitless parameter.
Quality factor (Q) can be given by the ratio of sensitivity 

(S) to FWHM [38],

It is generally expressed in RIU−1.

4  Numerical analysis and discussion

The proposed sensor structure with Ag-Si3N4-graphene for 
sensing probe DNA and non-complementary (mismatched) 
DNA is shown in Fig. 1a. Initially, we have optimized the 
thicknesses of layers for minimum reflectivity in the pro-
posed structure. For this, we have plotted Fig. 3a–d of thick-
nesses 40, 45, 50, and 50 nm of the Ag layer with thick-
nesses 1, 3, 5, 7, and 10 nm of the  Si3N4 layer. It is evident 
from these figures that minimum reflectivity is obtained with 
50 nm thickness of the Ag layer and 5 nm thickness of the 
 Si3N4 layer.

After optimizing the thickness of the Ag layer and  Si3N4 
layer, we have plotted the SPR curves with and without the 
 Si3N4 layer as shown in Fig. 4. In this figure, with the Ag-
graphene-sensing medium (PBS solution, 1.334), the black 
solid line represents the SPR curve before the adsorption of 
DNA molecules while the black dot line represents the SPR 
curve for DNA concentration in PBS solution that provides 
the RI of 1.40 of the sensing medium. For the numerical 
analysis of our proposed sensor, the RI sensitivity is consid-
ered for the large range of RI change from 1.334 to 1.40. The 
value for minimum reflectivity and resonance angle before 
and after adsorption of the DNA molecules are 0.007908, 
68.19°, and 0.00464, 78.09° respectively.

Again, in this figure, with the Ag-Si3N4-graphene-sens-
ing medium (PBS solution, n = 1.334), the red solid line 

(4)S =
��spr

�ns

(5)D.A. =
��spr

FWHM

(6)Q =
S

FWHM

represents the SPR curve before the adsorption of DNA 
molecules while the red dot line represents the SPR curve 
for DNA concentration in PBS solution that provides the 
RI of 1.40 of the sensing medium. The value for minimum 
reflectivity and resonance angle before and after adsorp-
tion of the DNA molecules are 0.0003897, 70.79◦ , and 
0.1029, 83.99◦ respectively. Further, the values of FWHM 
calculated from Fig. 4 are 1.88◦ and 1.33◦ for the structure 
with and without the  Si3N4 layer. The values of sensitiv-
ity and detection accuracy are obtained 200 degree/RIU 
and 7.02 respectively while the quality factor is obtained 
106.38 RIU−1 for the proposed structure. Table 1 lists the 
performance parameters with and without the  Si3N4 layer. 
It is noted from Table 1 that the sensitivity of the proposed 
structure with the  Si3N4 layer is obtained as 200 degree/
RIU which is ~ 33% higher than the SPR structure without 
the  Si3N4 layer.

The reflection intensity plot for the bare sensor (before 
adsorption the probe DNA) and SPR curve with the probe 
DNA are presented in Fig. 5. The resonance angle and the 
minimum value of reflectivity of the bare sensor and with the 
probe DNA are 70.79◦ , 0.0003897, and 73.89◦ , 0.0008299, 
respectively. It is noted from Fig. 5 that the shift of 3.10° 
in resonance angle represents the change in the RI of the 
sensing medium. The presence of electron-rich molecules in 
DNA alters the carrier concentration on the  Si3N4-graphene 
surface which alters the RI at the  Si3N4-graphene surface 
and this change in the RI will turn to lead to altering the 
propagation constant of the surface plasmon wave (SPW) 
that finally shifts the SPR angle [2].

Figure 6 represents the presence of the non-comple-
mentary DNAs over the Ag-Si3N4-graphene surface of the 
proposed sensor. The resonance angle and the minimum 
reflectivity for the bare sensor, with the probe DNAs and 
with the non-complementary (mismatched) DNAs are70.79◦ , 
0.0003897,73.89◦ , 0.0008299 and73.98◦ , 0.001964, respec-
tively. Here, the small resonance angle shift ( 0.09◦

) is seen 
for the non-complementary DNAs that is because of mis-
match hydrogen bonding between the base pairs. This indi-
cates the mismatched DNA hybridization event. Hence, the 
present structure is capable of discriminating between the 
perfectly matched (complementary) DNAs and the mis-
matched (non-complementary) DNAs [14].

The proposed model for the sensing of DNA hybridiza-
tion between two ssDNAs (one is probe and the other is the 
target) is illustrated in Fig. 2b. Here, the sensing medium is 
composed of probe DNA, complementary DNA, and PBS 
solution. The SPR curves of Fig. 7 shows the dsDNA hybrid-
ization event between the probe DNA and different concen-
trations of ct-Target DNA (1000, 1001, 1010, and 1100 nM). 
The values of the resonance angle and minimum reflectivity 
for the different DNA concentrations in the dsDNA event are 
given in Table 2.
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Table 3 gives the resonance angle shift ΔθP−T
spr

(degree) 
and minimum reflectivity difference ΔRP−T

min
 for different 

concentrations of ct-Target DNA. It is seen from this table, 
as the concentration of ct-Target DNA increases, the reso-
nance angle shift ΔθP−T

spr
(degree) increases which gives the 

strong matching combination between the target DNA and 
the probe DNA [14, 37]. In Table 3, the minimum reso-
nance angle shift (ΔθP−T

spr
(degree))

min
= 1.30

◦ and the mini-
mum reflectivity difference (ΔRP−T

min
)
min

= 0.000339 are two 
indicating factors. Based on the conditions of these two 
indicating factors, Table 4 is prepared and can be utilized 

for deciding whether DNA hybridization occurred or not 
[24, 33].

Furthermore, we have shown the effect of increas-
ing the number of graphene layers in Fig. 8. This figure 
reveals that the maximum sensitivity of 212.12 degree/
RIU is obtained with three graphene layers while with-
out the graphene layer, the maximum detection accuracy 
and quality factor are obtained 9.124 and 138.24  RIU−1, 
respectively. In addition, the performance of the pro-
posed structure has been compared to other contemporary 

Fig. 3  Reflection spectra plots for various thicknesses a dAg = 40 nm b dAg = 45 nm c dAg = 50 nm d dAg = 55 nm with dSi3N4 = (1 nm − 3 nm − 5 
nm − 7 nm – 10 nm) and dgraphene = 0.34 nm for sensing medium, ns = 1.334 (PBS solution)



 N. Mudgal et al.

1 3

946 Page 6 of 8

Fig. 4  Reflectivity versus incident angle (degree) plots of the Ag-gra-
phene based SPR sensor and the proposed Ag-Si3N4-graphene-based 
SPR sensor

Table 1  Performance parameters with and without the  Si3N4 layer of 
the proposed structure

Sensitivity(degree/
RIU)

Detection 
accuracy

Quality 
factor 
 (RIU−1)

Without  Si3N4 layer 150 7.74 112.78
With  Si3N4 layer 200 7.02 106.38

Fig. 5  Reflectivity curves of the proposed structure, bare sensor, and 
after adsorption of DNA molecules (SPR curve with probe DNA)

Fig. 6  Reflectivity curves of the proposed structure; bare sensor, after 
adsorption of DNA molecules (SPR curve with probe DNA), and 
mismatch (non-complementary) target DNA molecules

Fig. 7  Reflectivity curves of probe DNA and different concentrations 
of complementary target (ct-Target) DNA for dsDNA hybridization

Table 2  Resonance angle, θspr ( degree ), and minimum value of reflec-
tivity, Rmin for different DNA concentrations

DNA concentration, C
a
(nM) Resonance 

angle, θspr 
( fdegree)

Minimum 
reflectiv-
ity,Rmin

Probe DNA (1000 nM) 73.89 0.000829
Complementary target (1000 nM) 75.19 0.001168
Complementary target (1001 nM) 75.38 0.001968
Complementary target (1010 nM) 75.51 0.002852
Complementary target (1100 nM) 76.29 0.003219
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structures as shown in Table 5, which shows better per-
formance than other existing sensors. Therefore, this pro-
posed sensor with high performance finds its application 
in sensing of DNA hybridization.

5  Conclusion

In conclusion, a highly sensitive SPR sensor based on 
Ag-Si3N4-graphene has been designed and simulated 
for sensing of DNA hybridization and mismatched DNA 
event. The presence of the anti-reflection coating of the 
 Si3N4 layer over the surface of the Ag layer enhances the 
sensitivity of the proposed sensor (~ 33%). Sensitivity 
is obtained as 200 degree/RIU for the proposed sensor. 
While quality factor and detection accuracy are found to 

Table 3  ΔθP−T
spr

(degree)andΔRP−T
min

 for different concentrations of ct-Target DNA

DNA concentration,Ca(nM) ΔP−T
spr

(degree) = �
probe
spr − �

Target
spr ΔRP−T

min
= R

probe

min
− R

Target

min

Complementary target (1000 nM) 1.30 0.000339
Complementary target (1001 nM) 1.49 0.001139
Complementary target (1010 nM) 1.62 0.002023
Complementary target (1100 nM) 2.40 0.002390

Table 4  Decision-based upon 
different conditions of the 
indicating factors

Conditions Decision

ΔθP−T
spr

(degree) ≥ (ΔθP−T
spr

(degree))
min

 and ΔRP−T
min

≥
(
ΔRP−T

min

)
min

Hybridization is occurred

ΔθP−T
spr

(degree) ≥ (ΔθP−T
spr

(degree))
min

 and ΔRP−T
min

≤
(
ΔRP−T

min

)
min

Retry

ΔθP−T
spr

(degree) ≤ (ΔθP−T
spr

(degree))
min

 and ΔRP−T
min

≥
(
ΔRP−T

min

)
min

Retry

ΔθP−T
spr

(degree) ≤ (ΔθP−T
spr

(degree))
min

 and ΔRP−T
min

≤
(
ΔRP−T

min

)
min

SNP is occurred

Fig. 8  Sensitivity, detection accuracy, and quality factor plot with the 
increasing number of graphene layers

Table 5  Comparison of the 
performance of the proposed 
structure with existing work

References Structure Simulation results

Sensitivity 
( degree/RIU)

Detection 
accuracy

Quality fac-
tor  (RIU−1)

This work BK7-Ag-Si3N4-graphene 200 7.02 106.38
[2] SF10-Au-ZnO-graphene 156.33 0.71 10.13
[14] SF10-Au-BP-graphene 125 0.95 13.62
[33] SF10-Au-WS2-graphene 95.71 – 25.19
[37] SF10-Air gap-Cr-Ag-MoS2-graphene 80.71 1.63 23.40
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be 106.38  RIU−1 and 7.02 respectively. Although the pre-
sented sensor is modeled for DNA sensing application. 
This structure can be used for sensing a wide range of 
biological analytes. Hence, this study opens a new path of 
sensing in the field of medical science.
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