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ABSTRACT

In this paper, a plasmonic sensor consists of a bimetallic layer of Ag and Au, a

nano-thin layer of two-dimensional material MXene and a thin layer of Mag-

nesium oxide (MgO) is proposed to operate in a visible region. Using Kretsch-

mann configuration-based structure and transfer matrix method, the change in

the refractive index of liquid Biosample have been observed at a fixed incident

wavelength. Using the distinctive properties of Ti3C2Tx MXene and MgO, we

have investigated the performance of Surface Plasmon Resonance (SPR)

biosensor. Significant performance parameters such as Sensitivity, Figure of

Merit (FoM) and Detection Accuracy (DA) calculated for different cases to prove

the capability of proposed sensing structure. We also compared the sensitivity

and sharpness of SPR curve obtained when using conventional adhesion layers

such as titanium (Ti), chromium (Cr), and tantalum (Ta). A detailed investiga-

tion is carried out to observe the role of polymer as an adhesion layer and its

thickness impact on FoM and resonance angle sharpness. The concept of Long

range SPR (LR-SPR) and Short range SPR (SR-SPR) are also discussed.

1 Introduction

A Surface Plasmon Resonance (SPR) [1] sensor is a

kind of plasmonic sensor having numerous applica-

tions such as use in biosensing application [2], gas

sensing [3], chemical sensing [4] and many more but

from 1990 it’s the most wide technique for

biomolecular interaction. The SPR biosensor detects

the change in refractive index, takes place due to the

adsorption of biomolecules such as DNA, Bacteria,

ligand, enzymes, virus etc. on a metal layer surface.

In this paper, we are concerned of the biosensing of a

liquid sample. A metal layer has negative permittiv-

ity which contributes in SPR excitation because of

having plenty of free electrons. The interaction of free

electrons with incident light causes SPR phe-

nomenon. In comparison to other metal layers such

as Cu, Al thin film of Au and Ag have numerous

advantages, it gets less oxidized due to aging effect,

absorbs biomolecules strongly, has twenty times less

value of imaginary part in complex refractive index

which causes less damping (it result to high detection
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accuracy), lower d-electron energy conduction which

is sufficient to design a plasmonic operation in the

visible region [5–7]. As a biosensor, their performance

parameters such as sensitivity, FoM must be ultra-

high for accurate detection, using various approach

this can be modulated [8]. The surface plasmons

excited strongly at metal dielectric interface, because

Au and Ag metal layers are less adhesive towards

glass substrate, so it’s the key requirement for sensor

that metal thin layer must be tightly bounded with

glass substrate because it affected the stability and

performance of sensor directly [9]. Previously some

of research work done in this direction. In 2013, Sui

et al. [10] presented that by using Bi2O3 adhesion

layer the adhesive strength between metal and prism

is improved more than three times. In 2015, Maurya

et al. [11] presented an SPR biosensor in which the

low RI over high RI (SiO2 over TiO2) composite layer

used as an adhesion layer. They concluded that

composite layer works better than individual layers

because plasmonic effect occurs near TiO2–SiO2

interface. In year 2016 Agarwal et al. [12] concluded

that titanium as an adhesion layer works better than

chromium. They also concluded that higher thickness

increases the roughness of the top layer which

eventually degrades the sensor performance. In the

year 2017, Todeschini et al. [13] experimentally

investigated how Cr and Ti adhesion layers influence

the nanostructure of 2-20 nm thin Au films by

means of high-resolution electron microscopy, com-

plemented with atomic force microscopy and X-ray

photoelectron spectroscopy. This group recom-

mended the use of Ti adhesion layers for nano-optics

applications because of its low diffusion, time sta-

bility. Thus, one can say that from above studies,

dielectric layer or buffer layer applicable as an

adhesive layer between metal thin layer and prism

substrate [14] and a thin metal layers (& 2–5 nm

thick) of chromium (Cr), titanium (Ti), and tantalum

(Ta) [15, 16] used as a adhesion layer in most of

research papers. As these are metal layers and have

complex refractive index (n ? ik) where the imagi-

nary part also called as extinction coefficient (k)

adversely affected the sensing performance. Due to

the complex part in metal refractive index, significant

damping takes place, as damping proportional to

FWHM, thus as a result a shallow and broad reso-

nance angle obtained this situation decreases the

signal to noise ratio of sensor. Some papers have

suggested very important solutions to overcome the

issue such as to introduce organic adhesion layers,

oxides adhesion layers such as indium tin oxide

(ITO), TiO2, and Cr2O3, or a molecular linker, which

are all low-loss materials at optical wavelengths.

These oxide materials provide a light-trapping

behavior causing more absorption of light hence to

allow enhanced plasmon generation [17], finally

more shift in SPR angle (Dh) and sensitivity at same

change in bio-sample refractive index (Dn). In this

manuscript, magnesium oxide (MgO) applied as an

oxide adhesion layer and its effect on the biosensor

performance parameter has also analyzed. Refractive

index of prism and metal layer Au and Ag can be

determined by Sellmeier equation and Drude-Lor-

entz model, respectively [18]. The wavelength-de-

pendent RI of FK51A glass-prism can be calculated

using Eq. 1 as:

nFK51A

¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ 0:971247817k2

k2 � 0:00472301995
þ 0:216901417k2

k2 � 0:0153575612
þ 0:904651666k2

k2 � 168:68133

s

ð1Þ

The parameters of the oxide used in the proposed

sensing device are given by the Eq. 2.

nmgo ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2:956362� u

k2 � t2
� �� Ak2�Bk4

s

ð2Þ

where u = 0.02195770, t = 0.0142832, A = 0.01062387,

B = 0.0000204969, k is the wavelength in lm. As a

dielectric material, FK51A glass-based prism have

low refractive index, shows excellent performance

when used in visible region like negligible dispersion

and outstanding transmission Characteristics [19].

The schematic diagram of the proposed sensing

device is given in Fig. 1.

Using Kretschmann configuration and by follow-

ing angle interrogation theoretical concept of the

proposed setup elaborated. A 633 nm operation

wavelength taken due to less optical nonlinearity and

Kerr effect. MATLAB software has been utilized

throughout this study in order to analysis the avail-

able results in this area as well as to propose addi-

tional conditions. In the year 2020, Moshkenani et al.

[20] fabricated a plasmonic nanostructure, the results

given in this paper shows that MgO is a lossless

alternative adhesion layer that provides a sharp and

narrow resonance angle and to avoid magnitude

decrement caused by previously mentioned adhesive

layers. The adhesive capacity of MgO is performed
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experimentally, shows its strong adhesiveness. A

comparison analysis of plasmonic resonance using

MgO adhesion layer with different nanostructures

have Cr, Ti, Ta, and ITO as a adhesion layers done

via. FEM analysis. The results show that MgO is a

promising candidate because of negligible resonance

angle broadening in compare to other adhesive

materials. Bimetallic layer have been taken to take the

advantage of the properties of both metallic layers, as

silver gives a narrow and sharp SPR angle (helps to

reduce signal to noise ratio value) and gold provides

a large shift in SPR angle moreover a stable layer in

ambient environment to work as a shield for silver

layer. As a Bio Recognition Element (BRE) a contin-

uous monolayer of MXene [21–23] has been used.

MXene is two-dimensional materials that belong to

transition metal carbide, nitride, or carbonitride

family. It’s remarkable properties makes it differ and

extraordinary from other existing 2D materials e.g.

graphene, black phosphorus etc. like bandgap ten-

ability (0.3–1 eV) and work function, chemical and

physical stability and larger surface area to attach

biomolecules, hydrophilic nature (rare in other 2D

materials like graphene, black phosphorus, MoS2 etc.)

etc. Exploiting these novel properties of MXene make

it is a suitable candidate to use as a BRE layer. Some

of the previous work already did using MXene to

modulate SPR biosensor performance works in visi-

ble region, Like Wu et al. [22] used MXene as a BRE

layer, optimized the thickness by varying the number

of MXene layers and estimate the value of sensitivity

at different metallic layers, but the maximum sensi-

tivity obtained was not up to the mark. Pandey [23]

suggested performance enhancement of a SPR sensor

by utilizing the properties of BP and Ti3C2Tx MXene

layer, A CaF2 glass prism is considered as the cou-

pling substrate and 2D Ti3C2Tx MXene as analyte

interacting layer. Gas sensing and bio-sensing per-

spectives of proposed sensor configuration explored

in this paper. In all of these papers only a fix span of

the refractive index of sensing medium is given

which specify the detection behaviour/capacity of

sensor but not any particular object detection. In

present study we have focused to enhance the per-

formance parameter including Sensitivity, FoM and

DA using MXene as a BRE layer as well as theoretical

study to detect the sugar content concentration vari-

ation in a liquid sample using proposed biosensor.

Physical and optical parameters of each layer are

given in Table 1.

2 Excitation of surface plasmons
mathematical overview

Surface plasmons can get excite by mainly of three

methods prism coupling, grating coupling [24],

Waveguide coupling [25] where the most common

approach for excitation of surface plasmons is by

means of a prism coupler. Otto [26], Kretschmann

with Reather [27] developed prism-coupling config-

urations for SPR excitation based on concepts

involving attenuated total reflectance. The Kretsch-

mann configuration (Fig. 1) is most common

approach for sensing application where a metal layer

is in immediate contact on top of the Total internal

reflection (TIR) surface, which makes it an efficient

plasmon generator configuration. Excitation of free

electrons takes when excite with P polarized (or TM

polarized) incident light under total internal reflec-

tion (TIR) condition. This phenomenon gives rise to

evanescent wave [28] which is the strongest at metal

dielectric interface. The resonance of free electrons

(plasmon) realized in terms of minimum reflectance

where SPR angle reaches to its lowest value of

reflection intensity. The mathematical expression of

SPR generation is given in Eq. 3.

konprism sin hspr ¼ Re ko
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

emes= em þ esð Þ
p

n o

ð3Þ

where emandes the dielectric constants of the metal

and the sensing are layer respectively, and k0 ¼ 2p=k0
is the wavenumber of the incident light in free

space,nprism is refractive index of dielectric material

(prism). Equation 3 is the condition of wavevector

Fig. 1 Schematic diagram of proposed SPR based sensor
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matching. Prism is a key element for an angle inter-

rogation based SPR sensor which increases the

wavevector of incident light to match the wavevector

of surface plasmon. In general it contributes in to

match the wavevector of surface plasmon wave with

wavevector of incident light. So to get excellent per-

formance parameter and maximum electromagnetic

wave absorption prism selection must be done care-

fully. Equation 3 shows the relation between surface

plasmons wavelength and incident wavelength and

wavevector matching condition.wave vector in x

direction is given by -

kx ¼
x
c

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

e1e2
e1 þ e2

r

ð4Þ

Reflection and transmission of light in multi-layered

structure is not easy to calculate from Fresnels

equation so transfer matrix method play a significant

role here. The tangential field between the bound-

aries is related by-

A1

B1

� �

¼ M2M3M4. . .. . .:MN�1
AN�1

BN�1

� �

¼ M
AN�1

BN�1

� �

ð5Þ

Here, A1;A2;A3. . .::AN�1 and B1;B2;B3. . .::BN�1 are

the tangential components of electric and magnetic

field respectively. M is the characteristic transfer

matrix of N-Layered structure, given by-

M ¼
Y

N�1

K¼2

MK ¼ M11M12

M21M22

� �

ð6Þ

where,

MK ¼ cos bk � sin bk=qk

� �

�iqk sin bk cos bk

" #

ð7Þ

In Eq. 7 qkandbk are defined as-

qk ¼ lk
ek

� �1=2
cos hk and

bk ¼
2p
k
nk cos hk dkð Þ

Finally the total reflection coefficient (r) as well as

reflectivity (R) obtained by-

R ¼ rj j2¼ ðM11 þM12qNÞq1 � M21 þM22qNð Þ
ðM11 þM12qNÞq1 þ M21 þM22qNð Þ ð8Þ

3 Design consideration and performance
parameters

Sensitivity [29] of a SPR biosensor defines the mini-

mum change in refractive index of an analyte ðdna)
with respect to shift in resonance angle dhresð Þ.
Mathematically, it defines as-

S ¼ dhres
dna

�=RIUð Þ ð9Þ

FoM value responsible to the resolution capacity of

sensor can be calculated by-

FoM ¼ S

FWHM
1=RIU ð10Þ

where FWHM is treat as a usual term of full width

half maximum and its must as least as possible

because of high FoM and detection accuracy

(DA = 1
FWHM).

4 Result and discussion

4.1 Effect of oxide adhesion layer

Figure 2a Includes a comparison analysis that has

been given for SPR angles. It clearly appeared in

figure that when a 5-nm-thick MgO oxide layer used

as a adhesion layer it shows a sharp, smooth angle

with minimum value of reflectance (Rmin), while

when metallic layer used for same purposed with

Table 1 Physical and optical parameter of proposed structure

Layer Materials used Refractive index at 633 nm incident light wavelength Thickness (nm)

I Prism FK51A 1.4853 –

II MgO oxide adhesion layer 1.73463 5

III Silver (Ag) 0.05 ? 4.27i 30

IV Gold (Au) 0.18 ? 3.43i 15

V MXene monolayer 2.38 ? 1.33i 0.993
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same thickness the resonance angle gets wider or

shallow. To clarify our results more. we have ana-

lyzed the shift in SPR angle and corresponding sen-

sitivity of sensor by varying the refractive index of

liquid sample in sensing medium from 1.33 to 1.36.

Fortunately we have got almost the same position of

SPR angle and almost same sensitivity of about 190�/
RIU for proposed sensor with and without oxide

adhesion layer, refer to Fig. 2b.

4.2 Sensitivity analysis with respect
to change in analyte refractive index

Sensitivity analysis by taking the surrounding mate-

rials as a reference medium discussed in Fig. 3. The

step size of refractive index variation is Dn = 0.0025

start to vary from pure water refractive index 1.33 to

1.36.the hSPR values for discrete values of analyte

refractive index are 73.69 (ns = 1.33), 74.1 (ns =

1.3325), 74.51 (ns = 1.335), 74.94 (ns = 1.3375), 75.37

(ns = 1.34), 75.82 (ns = 1.3425), 76.28 (ns = 1.345),

76.75 (ns = 1.3475), 77.24 (ns = 1.35), 77.75 (ns =

1.3525), 78.28 (ns = 1.355), 78.82 (ns = 1.3575), 79.4

(ns = 1.36). Thus, for a small Dns = 0.0025 (1.3575–

1.36) the shift in SPR (i.e. DhSPR) is 0.58�. A

significantly high value of sensitivity of 236�/RIU
(0.58�/0.0025) obtained at this observation. The vari-

ation of sensitivity with respect to analyte refractive

index is shown in Fig. 3.

Application of designed sensor for liquid sample

concentration variation deduction.

We have given a theoretical study to detect the

concentration variation of a liquid sample using

proposed biosensor. We have varied the sugar con-

centration in water (g/ml) from 0 to 30% and corre-

sponding shift in SPR angle also observed. The

refractive index change for each concentration vari-

ation of liquid sample is taken directly from the

paper by Belay A* and Assefa G [30]. The limit of
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detection with variation in sugar concentration vari-

ation shown in Fig. 4.

Limit of detection (LOD) is a key term that indi-

cates the smallest sugar concentration in water that

can be measured under the Angular interrogation

method (AIM) by using Eq. (11) [29].

LOD ¼
DCsugar

Dh
� 0:001 ð11Þ

From the result shown in the Fig. 4 its concluded that

at sugar concentration of 20% the LoD value is

highest while its tends to decrease sharply on higher

concentration values. The sensitivity of sensor

observed 224.18�/RIU for this analysis. This kind of

analysis is very helpful to estimate the concentration

of sugar in soft drinks, shakes and beverages which

are in liquid form. Table 2 includes the value of SPR

angle at each variation in sugar content, corre-

sponding refractive index and at each shift value of

LoD.

4.3 Polymers as an adhesion layer

Polymeric materials (somewhere buffer layer) are

also a good option as an adhesive material due to

their flexible processing, chemically resist behavior

and less fabrication costs, although their influence

was not thoroughly investigated. They are sometimes

treating as organic glasses because of amorphous

structures while in contrast of them traditional opti-

cal glasses are inorganic glass materials. The most

common and existing polymer materials for optical

applications are poly (methyl methacrylate) (PMMA,

acrylic), polycarbonate (PC), polystyrene, liquid sili-

cone. Most commonly the refractive indices of optical

polymer materials lies between 1.4 and 1.7 which are

almost similar to typical optical glasses. In the pre-

vious sections, we have used a type of Classical

surface plasmon resonance (C-SPR) sensor where it’s

shown that a thin oxide layer is more effective as an

adhesion layer in compare to metal adhesion layer. In

this segment we have given a theoretical insight

about the effect of polymer adhesion layer and its

thickness on SPR based sensors performance

parameter in terms of Figure of Merit (FoM), Detec-

tion Accuracy (DA) by focusing on FWHM. When a

thin film of polymer whose refractive index approx-

imately matched to glass substrate introduced

between metal and glass substrate, such films sup-

port a long-range surface plasmon polariton (LRSPP)

[31, 32] mode where propagation loss is expected to

decrease rapidly with decreasing metal thickness.

More generally in insulator metal insulator (IMI) type

structure arranged with enough thick layer of poly-

mer the interaction between SPP at two metal-di-

electric interfaces as shown in Fig. 5 gives rise to two

modes symmetric (SM) as well as asymmetric modes

(ASM) respectively. As the thickness of central metal

decreases the confinement of ASM close to metal

surface increase, gives rise to reduction of propaga-

tion length. While SM exhibits opposite behavior, the

confinement of SM decreases, the field spreads dee-

ply into dielectric medium causes a significant

enhancement in propagation length. Thickness of

metal kept 30 nm to provide strong coupling between

SPWs. To more generalized the concept a pictorial

diagram shown in Fig. 5.

Its seen in this figure that there are two surface

plasmon modes generates at two interfaces in a IMI

type structure moreover at both of the interfaces

electric field generates. In symmetric case Electric

fields are in phase and they superimpose to each

other or overlapped and are treat as plasmonic

supermodes.

This overall phenomenon is responsible to enhance

EM field at interface, wavevectors adding to each

other in phase so larger wavevector than Conven-

tional SPR(C-SPR) and causes large penetration

depth. In its opposite if electric field at both the

interface are out of phase they are called as anti-

symmetric mode and they are responsible for short

range surface plasmon waves (SR-SPR) provides

short penetration depth. One of the limitation of
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standard SPR sensor also called as classical SPR(C-

SPR) is its low penetration depth and high width of

SPR angle, e.g. at 633 nm incident light wavelength

penetration depth in order of nm (&200 nm) and

FWHM&3� Although those SPR sensor which pro-

vides small penetration depth have specific applica-

tion toward biomolecules or analytes which are of

very tiny bio-entity but when the analyte is a bio-

entity of size equal to or larger than the penetration

depth such as cells the sensing device get failure

towards biosensing. The use of IR light may be a

good alternative to overcome the issue however the

detector and light source are very expensive in IR. To

overcome the issue LR-SPR is very effective and cost-

effective option. The LR-SPR use to sense large par-

ticles, bacteria and other cells. In visible region they

give penetration depth in lm order. Figure 6 shows

the LRSPR curve for proposed biosensor when a thick

enough polymer layer applied between prism and

metal layer. In this manuscript, as a polymer adhe-

sion layer, we have taken optical liquid silicone

rubber (OLSR) [34] because of its advancement over

well-known optical polymers like Polycarbonate (PC)

and acralyte (PMMA). Silicone has light transmission

capacity upto 94% which is significantly high (Very

low surface roughness), Moreover, OLSR has low

refractive index of 1.42 in compare to PC, PMMA.

From Fig. 7a it’s observed that the SPR angle is

polymer thickness dependent which get sharper and

sharper by varying the thickness of polymer because

of LR-SPR. The least value of FWHM or most narrow

SPR angle observed when OSLR polymer thickness

opt as 1400 nm, bimetallic layer thickness 30 nm and

Table 2 Estimation of LoD at

each change in concentration

of Sugar content in liquid

sample

Concentration of sugar (%) RI hSPR Dh LoD

0 1.3282 73.41 – –

5 1.338 75.02 1.61 0.00310559

10 1.3465 76.56 3.15 0.003174603

15 1.3558 78.45 5.04 0.00297619

20 1.3602 79.44 6.03 0.00331675

25 1.3688 81.68 8.27 0.003022975

30 1.377 84.35 10.94 0.00274223
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Insulator

Metal (M)

Insulator

Insulator (I)

Metal (M)

Insulator (I)

(a) Symmetric plasmon mode (b) Anti-Symmetric plasmon mode
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MXene monolayer used as BRE layer. When polymer

thickness opts as 5 nm as taken in oxide case and

remain physical parameters of other layer kept same

the resonance angle gets extremely shallow. In pre-

vious section two as we have discussed that FOM

depends on FWHM and its inversely proportional.

From Fig. 7b we observed that at polymer thickness

of 1400 nm the FoM value is highest at the least value

of FWHM, while below 600 nm thickness the mini-

mum reflectance (Rmin) value get enhanced much and

it’s not possible to estimate the value of FoM below to

this value. So we come on the conclusion that by

increasing the polymer adhesion layer thickness

sufficiently FoM value increases appreciably but at

the same time Sensitivity get reduced. The theoretical

concept given in this manuscript is expected to real-

ized experimentally because its already reviewed that

2D layer of MXene can be experimentally realized

[35] and to obtain nano thin bimetallic layer most

frequent method like thermal evaporation is in

existence and by spin coting adhesion layer can be

apply on glass substrate earlier.

5 Conclusion

In this manuscript, we have given a detailed concept

of SPR-based biosensor, its mathematical concept and

various parameters that directly affect the perfor-

mance of the sensor. Oxide adhesion layer have

various advantage over metallic adhesion layer, it’s

shown in the manuscript with suitable diagram. As

an oxide layer, the resonance angle of Mgo adhesion

layer-based sensor compared with resonance angle of

metal layer-based SPR angle. A brief study of poly-

mer adhesion layer is also described and it’s shown

that Resonance angle is polymer thickness-depen-

dent. When polymer thickness is thick enough it will

cause to generate LR-SPR which is a key term to

significantly increase the value of FoM. Application

of proposed sensing device is shown and it’s claimed

that device can be worked to detect the sugar con-

centration in a liquid sample.
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