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Abstract
The sensitivity of a standard surface plasmon resonance (SPR) biosensor in angular interrogation is low. A unique 2-dimensional 
substantial heterostructure, franckeite/graphene layer, has been deposited over the metal surface to improve the sensitivity; 
moreover, the sensitivity is limited to a certain extent. A SPR biosensor based on modified Kretschmann configuration has 
been investigated, contain bimetallic layers of silver (Ag) and nickel (Ni). A layer of franckeite is sandwich in the metal layer. 
The proposed configuration has a maximum sensitivity of 352°/RIU, which is 80.80% higher than the conventional sensor. 
The franckeite is an air-stable 2-D material and has application in the chemical, biological, and medical fields.
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Introduction

Biosensing applications are becoming popular as the sensing 
capabilities of the biosensors are enhanced due to the rapid 
advancements in related technology. Among many avail-
able biosensors, surface plasmon resonance (SPR)-based 
sensing stood out to be an outstanding contender offering 
high sensitivity, label-free detection along with reliable out-
comes for biosensing applications (chemical and biological 
parameters). An SPR biosensor is suitable for the study of 
the biological macromolecules, and it also has a wide range 
of applications in biochemical analysis and detection, food 
safety [1–3], environmental detection, a biological investiga-
tion [4, 5], and gas detection [6, 7].

SPR is an optical excitation of surface plasmon wave 
(SPW), also referred to as surface plasmon polaritons (SPP) 

or surface plasmons (SP), at the metal–dielectric interface. 
The underlying principle of SPR is based on an evanescent 
wave (EW) and SPs. SP can be seen as an electron cloud 
wave (or an electromagnetic wave) that moves along the 
surface of the metal by the contact of the freely oscillating 
photons and electrons on the surface of metal [8, 9], with an 
exponentially decaying electric field in both the metal and 
dielectric mediums. This movement heavily relies on the 
dielectric refractive index, thus providing high sensitivity 
to record changes in the analyte refractive index (RI) of the 
binding events.

The SPW is the transverse magnetic (TM) polarized wave 
propagating along the interfacing plane that may be induced 
by p-polarized light. When a p-polarized electromagnetic 
(EM) wave enters a dielectric media through a prism and, in 
turn, a metallic layer, an EW is observed at the interface of 
the two media, ensuring the absorption of energy from the 
incident light to excite the SPs at this interface. Essential con-
ditions for SPR to be observed are firstly the exact matching of 
the surface plasmon wave vector (SPWV) and the evanescent 
wave vector (EWV) [10]. Secondly, the wave is incident at 
SPR angle or resonance angle. This specific angle of inci-
dence/wavelength is the angle where minima of the reflected 
light intensity (prism base) are observed due to attenuated 
total internal reflection (ATR), inciting SPs to couple with 
incident p-polarized EM Wave at the metal surface [11].

There are two types of SPR sensors, namely, prism 
based [12] and optical fiber based [12]. In SPR sensors, the 
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prism-based technique is commonly deployed. Based on the 
attenuated total reflection (ATR) [13], two geometric con-
figurations, namely, Kretschmann’s–Raether [13] and Otto 
[14], are employed for prism coupling.

Because of the ease of practical implementation, 
Kretschmann’s geometry/configuration is preferred for SPR 
applications [15–17]. This configuration conventionally has 
a single metal film-coated at one end of the glass prism or 
coated with an air gap between a prism and this metal film, 
leading to low sensitivity. The objective of the biosensor 
designer is to increase the momentum of the incoming pho-
ton and excite the coupling of the SP to analyte. The analyte 
attachment to the sensor’s surface holds the key for accurate 
and enhanced performance for the sensors. The SPR is gen-
erally controlled by either wavelength [18, 19], or angular 
interrogation [12, 20] of the incidence light.

The reflectance curve provides sensing performance of 
the SPR sensor, and it displays reflectivity versus angle of 
incidence. Generally, Au or Ag is the preferred choice of 
metal [21]. Au has a low oxidation coefficient but offers 
a lower absorption rate for biological molecules [22], ren-
ders reduced biosensor sensitivity. In contrast, Ag provides 
higher sensitivity, but it is highly susceptible to oxidation 
[14], leading to poor sensitivity in the end. One way to pre-
vent Ag oxidation is to substitute a single layer Ag film with 
a bimetallic film [23–26], and this indeed improves sensors 
performance by rendering the Ag surface chemically inert 
[27]. Au produces a larger SPR resonant angle shift on a 
reflection curve, while Ag has a narrower peak, attributed to 
a higher value of Ag’s dielectric constant (real part).

Sensitivity is a key performance indicator for any sensor. 
Different biosensors have been proposed in recent decades 
[28, 29]. With the recent advancement in the technology of 
2-D materials, transition metal dichalcogenides (TMDCs) 
(MoS2, WS2, MoSe2, WSe2) and graphene are used as bio-
recognition element (BRE), and they have shown to enhance 
the performances of SPR sensors. Lin et al. [30] reported a 
biosensor using a few layers of gold, molybdenum disulfide 
(MoS2), and graphene with a sensitivity maximum of 182°/
RIU. Here gold is used as a metal layer, and it has a lower 
absorption ability with the biological molecules. Srivastava 
and Prajapati [21] designed a biosensor based on blue phos-
phorene/MoS2 and achieved the highest sensitivity of 230.66°/
RIU. Wu et al. [31] proposed a biosensor structure along with 
a few-layer of black phosphorus and graphene/TMDCs with 
enhanced sensitivity of 279°/RIU.

In particular, graphene has attractive properties such as 
tunable electrical and optical characteristics [32], ring-type 
carbon structure, and high surface-to-volume ratio. Thus, the 
adsorbates can easily interact with this structure, increasing 
the adsorption suitable for biosensors [33, 34]. Graphene can 
be made to be a monolayer or multiple layers via Van der 
Waal (VDW) force between the layers. VDW heterostructure 

[35]-based sensors exist in both natural and artificial forms. 
The synthetic materials are made using different 2-D materi-
als selectively stacked [31–36], and the natural materials are 
layered minerals from the sulfosalt family [37–39].

While the sensitivity of the biosensor based on these arti-
ficially designed heterostructure(s) can be high, as in those 
mentioned above, it is not easy to control the lattice ori-
entations. Consequently, undesired atmospheric adsorbates 
between the layers occur [40]. On the other hand, naturally 
occurring layered minerals such as Franckeite (member of 
the sulfosalt family), which is alternating stacks of PbS-like 
pseudotetragonal (Q) layer and SnSe-like pseudohexagonal 
(H) layer, are found to possess naturally VDW superlattices 
[37–39], and it is free from surface contaminations in con-
trast to the artificially designed heterostructure(s).

Franckeite is a 2-dimensional p-type material, and it can 
be exfoliated into layers mechanically [41]. It has a crystal-
line structure and is reported to be stable in the air. Franck-
eite has a narrow energy band gap of less than 0.7 eV; it 
can be an alternate material for graphene and black phos-
phorus, which also have a narrow bandgap. The franckeite 
nanosheet has been found to have great potential in opto-
electronic devices [41, 42]. Gan et al. [43] have designed a 
franckeite-based SPR sensor using a layer of Ag and a few 
layers of graphene. The sensitivity for this is obtained as 
high as 188°/RIU.

In this work, a bi-metallic structure having a sandwiched 
franckeite layer between the Ag/Ni layers with a graphene-
coated adsorbate interface based on Kretschmann’s con-
figuration is proposed. It has been shown to enhance the 
sensitivity of the biosensor. The work also demonstrates 
the sensitivity of the sensing layers RI depending upon the 
number of layers of 2-D materials (franckeite and graphene).

The rest of the article is structured as follows. Biosen-
sor theoretical modeling and its design are demonstrated in 
“Theoretical Modeling and Design Analysis.” “Results and 
Discussions” presents our modeling results and discussion. 
“Conclusion” provides the conclusion of this work.

Theoretical Modeling and Design Analysis

Figure 1 depicts our design of the SPR biosensor in a typical 
Kretschmann configuration. The TM polarized optical signal 
of 633 nm is incident at one surface of the BK7 prism, and 
the refracted optical signal is received at the other end.

The prism is coated with a thin layer of Ag (a single layer 
of thickness w1 = 50 nm), which in turn is covered by a 2-D 
franckeite nanosheet (thickness w2 = M ∗ 1.8 nm where M 
is an integer with values 0, 1, 2, etc. M represents the number 
of franckeite layers), followed by a Ni thin film (single layer 
of thickness w3 = 10 nm). Ni layer is coated with layer(s) of 
graphene (thickness w4 = N ∗ 0.34 nm, where N is an integer 
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with values 0, 1, 2, etc. N represents the number of graphene 
layers). The graphene layer is sandwiched between Ni film and 
the sensing layer. The graphene layer improves the macromo-
lecular captivation of the sensor. The BK7 prism is used as a 
coupling prism; the RI of the prism is given as

where λ is the wavelength of the applied optical signal. The 
values of the constants �1, �2, �3, �1, �2 and �3 are 
1.03961212, 0.231792344, 1.01046945, 0.00600069867, 
0.0200179144, and 103.560653, respectively [44]. The RI 
of the metal layer (Ag) is expressed using the Drude model, 
nAg, Ni =

√
1 − (�2�c)∕[�

2
p

(
�c + i�

)
] , where �c = 17.614�m 

and �p = 0.14541�m [11, 12, 19, 23]. Similarly, the RI for 
Ni is obtained using the above formula with �c = 0.28409�m 
and �p = 0.25381�m . �c and �p are the plasma and the col-
lision wavelength for silver and nickel, respectively. The RI 
( nf  ) of franckeite at 1.8-nm thickness is 3.53 + i ∗ 0.39 in 
the visible range [12, 13, 20, 26]. The RI of graphene is 
given as nG = 3.0 + iC1 ∗ �∕3 with C1 ≈ 5.446�m−1 ; � is the 
wavelength of the applied optical signal [20, 26]. The RI of 
the sensing layer is taken ns = 1.33 [12, 13]. 

Detailed numerical analysis by varying thickness of 
metal layers was carried out and simulated to get minimum 
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√
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reflectance for the geometry so that optimal thicknesses 
(for maximum sensitivity) of metals including silver and 
nickel,  layers can be found. The sensing performance of 
the systems is estimated using the Fresnel equations [7, 
20]. The reflectance is estimated with the formula: [12, 
13, 20, 26].

where

In the subscribes, prism is denoted by p , metal by m, 
and dielectric by d, respectively.

The dip in the resonance curve can be written as [7, 20]

n0 is the RI of the coupling prism; �s and �m are dielec-
tric constants of the sample and metal, respectively; angle 
of resonance is �SPR ; and Ksp is the propagation constant. 
The reflectance is defined as RP =

|||rpm1d1m2d2

|||
2

 , where 
rpm1d1m2d2

 denotes the reflection coefficient of the incident 
optical signal. Sensitivity is represented as Sn = ��SPR∕�ns , 
where ��SPR and �ns represent the change in the resonance 
angle and the change in RI of the sensing layer respec-
tively. The consolidated design parameters for the imple-
mented biosensors are listed in Table 1.

Results and Discussions

To achieve high sensitivity, the coupling prism should 
offer a low refractive index [44]. The prism made of BK7 
material suits this description [45]. The prism made from 
higher refractive index materials provides very sharp 
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Fig. 1   Layered structure of biosensor based on franckeite

Table 1   Designing parameters 
for the implemented biosensor

Film of the materials Used material RI of the material at 633 nm Thickness (nm)

Real part (n) Imaginary part (k)

Layer I Prism BK7 1.5151 - -
Layer II Ag (Metal) 0.056253 4.2760 w

1
= 50

Layer III Franckeite 3.53 0.39 w
2
= M ∗ 1.8

Layer IV Ni (Metal) 1.9900 4.1103 w
3
= 10

Layer V Graphene 2.4105 - w
4
= 0.34 ∗ N
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resonance curves compared to those with lower refractive 
indices. However, the prism made from lower refractive 
index materials provides values of full width half maxi-
mum (FWHM), SPR angle, angular shift, and sensitivity 
that are larger than higher ones [44]. For higher figure of 
merit and a deep SPR curve, the flat end of the prism was 
coated with 50-nm-thick silver film. The different num-
ber of franckeite layers on top of the Ag film was studied 
to examine its effect on the structure’s sensitivity. The 
franckeite layer(s) were coated with a 10-nm nickel film. 
Ni was chosen for several reasons. It acts as a protective 
layer to prevent Ag from oxidizing rapidly at room tem-
perature. It also acts as a high RI layer, and it can facilitate 
enlargement of multi-layer graphene grains by suppressing 
the nucleation of these multi layers as reported by Murata 
et al. [46]. Finally, the structure was coated with graphene 
layer(s) to improve the adsorption rates of the analyte with 
the biosensor.

Figure 2 shows the enhanced performance of sensitivity 
where reflectance is plotted against the incident angle for 
various refractive indices of the sensing layers. Figure 2a 
shows a conventional sensor with no layers of franckeite 
or graphene in the biosensor, i.e., corresponding to M = N 
= 0 . The sharp downfall in the reflectance curve found in 
the range of specific angles is attributed to the SPR exci-
tation, describing the absorption of incident light by the 
sensor due to the generated SPs. The resonance dip has 
small excursion ��SPR = 0.99◦ , showing that the change in 
the RI of the sensing layer (contact layer) due to molecular 

interaction is very low. The sensitivity obtained was 198◦
/RIU for this conventional sensor. The traditional sensor 
in Fig. 2a is modified by adding a single graphene layer 
(no franckeite layer added that is for M = 0 and N = 1 ), 
retaining all other parameters. An increase in both the res-
onance offset dip as well as sensitivity was observed with 
values ��SPR = 1.03◦ and 206◦/RIU, respectively. These 
values are higher when compared with the values of the 
conventional biosensor ( M = N = 0) . The enhanced sensi-
tivity and the increase in resonance curve offset dip in this 
structure are attributed to the higher adsorption rates due 
to the large surface area and rich π conjugation structure 
offered by graphene, making it the appropriate choice for  
dielectric top layer SPR sensing applications [32, 46].

Further investigating the impact of single-layer franckeite 
with no graphene layers added ( M = 1 and N = 0 ), again 
an increase in both the resonance offset dip as well as sen-
sitivity was observed with values ��SPR = 1.17◦ and 234◦

/RIU (Fig. 2c), respectively. These values are better than 
both the cases that are the conventional biosensor as well as 
the modified conventional biosensor with single-layer gra-
phene (no layer of franckeite); this enhanced performance is 
attributed to the narrow bandgap of the franckeite material 
and better absorption efficiency as compared to graphene 
(single layer) [37–42].

Another scenario was evaluated for the impact by intro-
ducing a single layer of franckeite and a monolayer of gra-
phene in the biosensor ( M = N = 1 ). This resulted in signifi-
cant shifts and a dip in the resonance curve. The resonance 

Fig. 2   Plot of reflectance vs. 
incident angle at same RI with 
M = 0 and N = 0 (a), M = 0 and 
N = 1 (b), M = 1 and N = 0 (c), 
and M = 1 and N = 1 (d)
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angle was obtained as ��SPR = 1.21◦, whereas the sensitiv-
ity was 242◦/RIU as depicted in Fig. 2d. This comparative 
study reveals that the resonance angle offset increases with 
the addition of a single layer of graphene, a single layer of 
franckeite, compared to the conventional sensor. The best 
results were obtained by adding a single layer of graphene 
and a single layer of franckeite.

Upon further addition of layers of frankiete and/or gra-
phene (for values of M ≥ 2 and or N ≥ 2 ), increase in the 
reflectance was observed as depicted in Fig. 4. Thereby 
makes it difficult to measure accurate resonance angle in 
the dip; this lowers the sensitivity. The above discussions 
indicate that the sensitivity of the sensor depends on the RI  
of the sensing layer. A plot of sensitivity versus RI of the 
sensing layer (as depicted in Fig. 3) helps understand the 
impact of various combinations of addition of franckeite and  
graphene layers. The range of the RI was taken from 1.33 to  
1.345. From Fig. 3, it is also evident that there is a signifi-
cant variation in sensitivity due to the corresponding vari- 
ation in the RI. The sensitivity varies from 198 to 242◦/RIU  
for M = N = 0 to 1 , whereas for the case M = 0 and N = 1 , 

the sensitivity varies from 206 to 258◦/RIU; likewise for 
M = 1 and N = 0 , the variation from 234 to 335◦/RIU was 
observed. Hence, it can be concluded that the sensitivity 
increase in the case of the addition of the franckeite sheet 
is better than that due to the graphene sheet, attributed to  
the higher optical absorption efficiency of franckeite with 
respect to graphene. The sensitivity of the biosensor ranges 
from 242 to 352◦/RIU due to the addition of both the single 
layer of franckeite and single layer of graphene ( M = N = 1 ). 
This justifies the addition of both franckeite and graphene 
layers to further enhance sensitivity compared with the con-
ventional biosensor.

The analysis provided above shows that the use of franck-
eite and graphene sheets supports enhancement in the sen-
sor’s sensitivity. The number of layer(s) in the structure of 
the biosensor 2-D materials is varied to analyze the effect 
of this change in the sensitivity. Figure 4a shows the impact 
of franckeite nanosheets on the sensitivity of the biosensor. 
As is evident that with the introduction of several franck-
eite sheets, reflectance increases. Thus, the reflectance dip 
transfers to a larger incident angle and broadening of the 
SPR curve.

Similarly, the effect of the change of the graphene layer 
on the sensitivity is given in Fig. 4b. A similarity in results 
with franckeite is observed. The reflectance dip transfers to 
a larger incident angle, and the broadening of the SPR curve 
takes place as the number of graphene layers is increased 
from 1 through 4. Thus, for analysis purposes, the values of 
M and N are confined to 0 and 1. For the value M and N = 2 
(and higher), it was observed that the shift in reflectance 
curve for various values of refractive indices of sensing layer 
was either overlapping or one of the reflectances was over 
0.5 makes. It is challenging to measure accurate resonance 
angle in the dip for these values and lower sensitivity. Upon 
further analysis of the results as reported in Fig. 4a, b, it can 
be observed that the resonant angle offset is more affected 
by the increase in the number of franckeite nanosheets than 
the corresponding increase in the number of graphene layers. 
Also, it can be further inferred that the collective addition 

Fig. 3   Variation in sensitivity of sensor w.r.t. RI

Fig. 4   a, b Change in the 
reflectance w.r.t incident angle: 
a variation in the number of 
franckeite layers at one gra-
phene layer and b variation in 
the number of graphene layers 
at one franckeite

75Plasmonics (2022) 17:71–78



1 3

from single franckeite nanosheet and single graphene layer 
to multiple franckeite nanosheets and multiple graphene lay-
ers leads to worsening of the outcome as explained earlier.

Optical energy loss is more due to the increase in the num-
ber of franckeite layers than due to the corresponding increase 
in the graphene layer. From Fig. 5a, b, it can be clearly seen 
that the sensitivity of the biosensor first improves (the case of 
adding a single layer of graphene and single layer of franckeite 
nanosheet) and then significantly decreases with an increase in 
the number of layers of graphene and franckeite layers increased 
either individually or collectively. The imaginary RI part for gra-
phene (non-zero) and amortization in the absorption of SP at the 
Ni/graphene interface [22, 47, 48] causes damped extension of 
SP field inside the graphene layer resulting in more insufficient 
sensitivity or detection accuracy or increase in reflectance. This 
can be visibly seen in the breadth of the SPR curve.

The analysis was carried out for 633-nm wavelength light 
source. The analysis aptly supports for optical signals at other 
wavelengths. Table 2 depicts the comparative analysis with the 
existing work reported in the literature, clearly indicating that 
the proposed structure offers by far the best sensitivity to the 
compared structures. The proposed biosensor is highly sensitive 
for chemical, medical diagnosis, and biological mass detection.

The entire analysis was carried out with the help of the 
finite element method (FEM) using COMSOL Multiphys-
ics and MATLAB software. In this paper, the electric field 
enhancement between different layers has been analyzed, and 
the thickness of the bimetallic (Ag/Ni) layer was also opti-
mized. The electric field analysis provides the confinement 
of the field at the metal–dielectric interface. It can be noted 
that the field is well confined at this interface. The coupling 
of the wave vector at the metal–dielectric interface shows the 
intensity of the electric field [9]. Figure 6 depicts the density 
distribution of the electric field X-component with respect 
to the distance normal to the prism interface for a different 
number of graphene layers. This electric field distribution 
verifies the effect of increasing graphene layers on SP field 
distribution at the graphene-sensing layer interface. As the 
increasing the number of graphene layers, the sensitivity will 
decrease. Mathematically, the field intensity enhancement 
factor (FIEF) is equal to the ratio of the square of the field 
at graphene–sensing layer interface to the incoming inten-
sity at the prism–metal interface for p-polarized light [7]. 
Therefore, the FIEF at graphene–sensing layer interface can 
be obtained by relating the electric field to magnetic field as 
per Eq. (4) [27].

Fig. 5   Change in sensitivity w.r.t. to a variation in the number of franckeite layers at one graphene layer and b variation in the number of gra-
phene layers at one franckeite

Table 2   Comparative analysis 
of the earlier reported work

References Wavelength 
(nm)

Used 2-D materials Minimum sensitivity 
( ◦/RIU)

Maximum 
sensitivity ( ◦/
RIU)

[16] 633 Tin selenide 118 178
[43] 633 Franckeite, graphene 116 188
[15] Graphene, MoS2 183 229
Proposed work 633 Franckeite, graphene 198 352
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Conclusion

An SPR biosensor based on the heterostructure of franckeite 
nanosheet is proposed for the improvement of sensitivity. In 
the designed structure, franckeite nanosheet is sandwiched 
between two metal layers of Ag and Ni with the thickness 
of 50 and 10 nm, respectively. The investigation carried 
out in this work reveals that the introduction of franckeite 
layer(s) and graphene layer(s) in the SPR biosensor in the 
Kretschmann configuration enhances the sensitivity of the 
biosensor. Upon further increasing the number of layers 
from 1 to 2 of graphene and/or franckeite, the 2-D materials 
tend to exhibit more of metallic nature than semiconduct-
ing; this was concluded based upon the enhanced reflection 
(Fig. 4), thereby broadening the curve and making it difficult 
to measure accurate resonance angle in the dip for these 
values. It is also observed that the thickness of the franckeite 
and graphene layer affects the sensitivity of the biosensor. 
The sensitivity of the biosensor enhances with the introduc-
tion of a single layer of franckeite and a single layer of gra-
phene for individually exclusive as well as collective cases 
as compared to a conventional sensor. The absorption effi-
ciency of the franckeite nanosheet is more than the graphene 
layer for separately exclusive single-layer cases. However, 
using both a single layer of franckeite and graphene layer 
further improves the sensitivity of the individually exclusive 
case. The maximum sensitivity of 352◦/RIU was observed 
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for the biosensor at a single layer of franckeite and a single 
graphene layer.
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