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Abstract

MXene has emerged as a promising material for various optoelectronics applications. In view of the advanced properties of
MXene, surface plasmon resonance (SPR)-based sensor utilising graphene—Ti;C,T, MXene hybrid nanostructure is proposed
for sensitivity enhancement. The sensor’s performance is theoretically demonstrated in terms of sensitivity and detection
accuracy at incident light wavelength of 633 nm for a broad analyte refractive index (RI) range (1.33-1.36). Further, the
effect of increasing Ti;C,T, MXene layers on the sensitivity is analysed. In addition, a significantly high average sensitivity
is demonstrated at 532 nm for analyte Rl in the vicinity of 1.32. This work will open new possibilities for graphene—Ti;C,T,

MXene-based hybrid nanostructures in SPR-based bio- and gas-sensors.
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1 Introduction

The integration of graphene-based system with modern
technology has led towards its application in numerous
optoelectronic devices [1]. The emergence of beyond gra-
phene two-dimensional (2D) materials (e.g. phosphorene,
transition metal dichalcogenides (TMDs), hexagonal boron
nitrides, etc.) [2-5] has predicted their excellent integra-
tion. The quantum confinement has led to the advance-
ment in the properties (chemical, physical and optical) of
monolayer 2D materials from their bulk counterparts [2].
Moreover, the discovery of 2D Ti;C,T, in 2011 has open up
new possibilities for its application [6]. It was assigned the
name “MXene” due to its graphene-like morphology. The
combination of the two imperative properties of metallic
conductivity and hydrophilicity shown by MXene is one of
the advantages over other 2D materials [7]. In addition, 2D
structure of MXenes possesses a large surface area which
makes them a promising material for application in elec-
trochemical energy storage. Further, MXene-based device
for wireless communication was reported by Sarycheva
et al. [8]. Recently, Velusamy et al., demonstrated the first
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plasmonic photodetector utilising Mo,CT, MXene [9]. Apart
from the discussed optoelectronics applications, MXene has
witnessed its application in biomedical fields viz., bioimag-
ing, biosensors, antibacterial and theranostics [10]. In the
context of biosensors, surface plasmon resonance (SPR)-
based sensors in particular, MXene is burgeoning as a prom-
ising material for performance enhancement of the detec-
tion scheme [11-13]. The transverse magnetic (TM) wave
oscillations existing at metal—-dielectric interfaces are usually
referred as SPR [14]. The accurate sensing mechanism, ease
of fabrication and low cost experimental arrangements have
made SPR-based technique a preferable choice among other
optical detection techniques [15].

The application of 2D materials for sensitivity enhance-
ment in SPR sensors have been reported earlier [16—19].
In continuation, few layer 2D Ti;C,T, MXene in SPR-
based sensors for sensitivity enhancement was reported
by Wu et al. [11]. Significantly higher sensitivity values
than conventional Au-based SPR sensor were reported at
operating wavelengths of 633 and 532 nm. MXene-based
ultrasensitive SPR biosensor has been reported recently for
the detection of carcinoembryonic antigen with a detection
limit of 0.07 fM [12]. Further, Xu et al. reported sensitivity
enhancement using transition metal dichalcogenide (TMD)
and Ti,C,T, MXene (with Au interlayer) layer with a high
sensitivity value of 198°/RIU at 633 nm (analyte refractive
index ~ 1.33) [13]. The effect of multilayer on the sensitivity
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was also discussed. However, the width of SPR curve (i.e.
FWHM—full width at half maximum) which gives crucial
information about accuracy of detection and the optimi-
zation of metal layer thickness for minimum reflectance
at resonance were not addressed. Moreover, there is need
to explore the combination of graphene with 2D Ti;C,T,
MXene in SPR-based sensor for a precise and high sensitive
detection of biosamples.

The combination of graphene and Ti;C,T, MXene is the
desirable one owing to their advanced properties. The elec-
trical conductivity of graphene is higher than that of TMDs,
which expedites the charge transfer among the layers. Fur-
thermore, the graphene flakes can improve the mechani-
cal strength of Ti;C,T, MXene after the formation of 2D
heterostructure. Aissa et al. reported the high conductiv-
ity property of 2D Ti,CT, MXene/graphene sandwich-like
composite [20] which is the motivation behind this work.
Recently, the hybrid combination of Ti,CT, MXene with
reduced graphene oxide (rGO) has been reported for appli-
cation in Li-ion storage [21]. Further, the hybrid film pos-
sesses several advantages such as, excellent cycling stabil-
ity, rate performance and reversible capacity (700 mAh/g at
0.1 A/g). Zhao et al., proposed fabrication of 2D MXene/
graphene heterostructure using Spray-assisted layer-by-layer
(LbL) process [22]. Nevertheless, no prior works have been
reported based on the application of graphene—MXene het-
erojunction/heterostructure in SPR-based sensors for per-
formance enhancement. Previously, the incorporation of
2D materials with graphene layers has provided a path for
sensitivity enhancement [17, 23]. Field enhancement at the
interface [24] and increased surface adsorption in case of
SPR-based sensors are the two main advantages of having
heterostructure as analyte interacting layer. Thus, there are
a lot of possibilities in exploring the sensing capabilities of
graphene/MXene heterostructure.

Sensitivity enhancement of SPR-based sensors using gra-
phene-Ti;C,T, MXene hybrid nanostructure is explored in
this work based on the optimised metal thickness at two spe-
cific wavelengths (532 nm and 633 nm). These wavelengths
are commonly used in the visible region for SPR-based
sensing application. The optimization of metal thickness is
performed to achieve minimum reflectance at resonance. In
addition, the performance of the proposed sensor structure
(Si0,/Ag/ graphene/Ti;C,T, MXene) is also analysed in
terms of detection accuracy (D.A). Further, the sensitivity
enhancement with increasing the number of Ti;C,T, MXene
monolayers is also demonstrated.
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Fig.1 Schematic of proposed Kretschmann configuration-based
S-layered SPR sensor using graphene monolayer-Ti;C,T, MXene.
SPR curve experiences a narrow dip at Ogpr when SPs are coupled
with incident TM (transverse magnetic) light

2 Sensor’s configuration and theoretical
insights

The Kretschmann configuration-based sensor structure is
shown in Fig. 1. During experimental realisation of such con-
figurations, the main required components are laser source
with polarizer, substrate/prism deposited with multi-layered
structure and photodetector or charge coupled camera (CCD).
The multi-layered structure is generally mounted on a rotary
stage. Silica glass prism, i.e. SiO, (first layer) is considered as
the coupling material. The second layer is SPR active metal
silver (Ag). The third layer is graphene monolayer which is
covered by Ti;C,T, MXene (fourth layer). This heterojunction
(monolayer graphene and Ti;C,T, MXene) will also prevent
Ag from possible oxidation concerns. The sensing layer is con-
sidered as the last layer.

In this work, the chosen dielectric constant values of differ-
ent materials at =633 nm and 532 nm are shown in Table 1.
The reflectance (R) analysis is based on the variation of inci-
dent angle (i.e. angular interrogation method) at a fixed wave-
length (here, A=633 nm or A=532 nm) of transverse magnetic
(TM/ p-polarised) incident light. The numerical calculation of
R is based the on N-layer transfer matrix method (TMM) [28].
Following equation represents coupling of incident light and
SPs at metal—dielectric interface [14]:

w . w €,,€;
—n, sin @ =real| —y/ ——— |. 1
c? SPR <c\/€m+es> M

Here, n, is RI of the coupling prism, o is the angular fre-
quency of the incident light, ¢ is the velocity of light in vac-
uum, &,, and g, are the dielectric constant of the metal and
sensing (analyte) layer, respectively. SPR curve experiences
a narrow dip at a particular incident angle which is termed as
the resonance angle (fgpg). A small change in g, value will lead
towards the shifting in angular position of SPR dip.
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3 Results and discussion
3.1 Metal layer thickness optimization

The minimum possible value of reflectance (R,,;,) at reso-
nance can only be achieved by proper optimization of Ag
layer thickness (t,,). This optimization plays a crucial role
in strengthening of evanescent field. For optimization of t,,
n,=1.333 is taken into account for conventional Ag-based
SPR sensor (without 2D material layer) and proposed struc-
ture. In case of conventional structure, R value of 1.5492
x 107 is calculated for t Ag =955 nm as shown in Fig. 2a. The
optimised t,, value for proposed sensor is 41 nm at which
R,,;,=4.9628 x 10~ as shown in Fig. 2b. These optimised
ta, values are used in further numerical calculations.

Meanwhile, the R curves for conventional (t,, =55 nm)
and proposed sensor (ty, =41 nm) are shown in Fig. 3 con-
sidering two different values of n, (1.333 and 1.334). It is
evident that ABgpp (small change in the angular position of
Bgpr) for conventional and proposed sensor configurations
are 0.167° (Fig. 3a) and 0.171° (Fig. 3b), respectively, for a
small change in ng value (i.e. Any=0.001). The sensitivity (S)
which is an important performance parameter can be defined
as S=A0gpp/An,, generally expressed in deg./RIU. Thus, it
can be inferred that the proposed sensor is able to provide
higher sensitivity (0.171°/0.001 =171°/RIU) as compared
with that of conventional scheme (0.167°/0.001 =167°/
RIU). Moreover, Ag is the analyte interacting layer in con-
ventional structure which may undergo some deterioration/
degradation affecting the sensor’s performance [29]. In the

Table 1 Dielectric constant
values of layers at two different
wavelengths used in this study

Layer Dielectric constant at A=633 nm  Dielectric constant
at A=532 nm

SiO, prism [25] 2.1228 2.1336

Ag [26] — 18.295+0.480851 — 11.755+0.37038i

Graphene (0.34 nm) [27] 5.6167 +7.4036i 5.6836 +6.5522i

Ti,C,T, MXene (0.993 nm) [11]

3.8955 +6.3308i 5.9696 +5.280i
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proposed structure, graphene—Ti;C,T, MXene heterojunc-
tion will act as a protective layer for Ag.

The variation of reflectance with incident angle for a
range of analyte RI (1.33-1.36) is shown in Fig. 4a. The
Ogpr values of 74.786°, 76.530°, 78.50° and 80.821° are
obtained for analyte RI values of 1.33, 1.34, 1.35 and 1.36,
respectively. The shift in SPR curves for different analyte RI
can be explained on the basis of Eq. (1). Further, to clearly
visualise the variation of Ogpr With analyte RI, Fig. 4b shows
the 2D plot of the reflectance variation with analyte RI and
incident angle. The occurrence of R, ;| will provide informa-
tion about the angular position of O¢pg. It is evident that Ogpg
increases when the analyte RI is increased.

To depict the performance of the sensor at A=633 nm, the
variations of sensitivity and detection accuracy (D.A.) with
analyte RI is shown in Fig. 5a. The D.A. can be defined as
the reciprocal of FWHM (i.e. D.A.=1/FWHM) [30]. Con-
sidering reference sample RI of 1.33, the sensitivity value
increases from 169.60°/RIU to 201.166°/RIU for analyte RI
of 1.335 and 1.360, respectively. However, the D.A. value
decreases from 0.239 deg™' to 0.185 deg™' on increasing
analyte RI from 1.335 to 1.360. Evidently, there is a trade-off
between sensitivity and D.A. Thus, analyte RI range can be
selected based on the requirements of high sensitivity and
affordable D.A. value. Moreover, the effect of number of
layers (L) of Ti;C,T, MXene over graphene on sensitivity
is shown in Fig. 5b. For ng=1.33 and An,=0.005, the sensi-
tivity increases form 169.60°/RIU (‘L=1") to 196.86°/RIU
(‘L=4") which further decreases to 171.30°/RIU (‘L=6").
In addition, for ng=1.34 and An,=0.005, a high sensitiv-
ity of 214.20 °/RIU is calculated at ‘L =3’ which decreases
to 145.00°/RIU (‘L =6). This decrease in sensitivity on
increasing ‘L’ has been demonstrated earlier by Wu et al.
[11] based on the movement of reflectance curve towards
larger angle. This is due to the limitation in the range of
incident angle from 0° to 90°. Thus, it can be interpreted
that ‘L=4" at A.=633 nm can be opted when the analyte RI
is in the vicinity of 1.33 and 1.34.

The above discussion is meant for application of pro-
posed SPR sensor at A=633 nm using monolayer gra-
phene-Ti,C,T, MXene nanostructure. However, the analysis
is also performed at commonly used wavelength of 532 nm
in the visible region for SPR-based sensing application.
Initially, the t,, value is optimised in view of R, at reso-
nance condition. Wavelength-dependent dielectric proper-
ties of the layers play an important role in optimising the
Ag layer thickness at a particular wavelength. Considering
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n =132, R, =2.2957 x 10™* is obtained at t,,=37 nm
(A=532 nm). Figure 6 a shows the variation of SPR curves
with incident angle for different ng (optimised t,, =37 nm).
The Ogp values for discrete ng are 79.0° (ny=1.32), 80.156°
(n,=1.325), 81.418° (ny=1.33) and 82.803° (n,=1.335).
Thus, for a small An (1.335-1.32=0.015), the correspond-
ing shift in angular position of resonance (i.e. ABgpg) is
3.803°. A significantly high average sensitivity of 253.533°/
RIU (3.803°/0.015) along with a reasonable average FWHM
value of 8.440° is calculated for the analyte RI in the vicin-
ity of 1.32 and 1.33 in case of proposed SiO,—Ag—gra-
phene-Ti;C,T, MXene-based SPR sensor. In this context,
the variation of ABgpg with analyte RI (i.e. n,) is shown
in Fig. 6b. Further, when n,=1.33 and An,=0.005, a high
sensitivity value of 277°/RIU (1.385°/0.005) is calculated.
It should be noted that increasing n, beyond 1.34 and (or)
increasing ‘L’ will cause shift in the reflectance curve
towards a greater angle (outside the range 0° to 90°). Thus,
the monolayer MXene (L =1) over graphene is a preferable
choice at 532 nm. Table 2 shows the sensitivity comparison
among recently reported works and proposed work based on
the SPR sensors utilising 2D Ti;C,T, MXene for sensitiv-
ity enhancement. Generally, a larger SPR shift is achieved
in case of Au-based structure than that of Ag-based struc-
ture. In addition, the low RI substrate will be beneficial for
achieving high sensitivity (due to large change in angle of
reflection) which can be explained on the basis of Snell’s
law as reported in the previous study [31]. The proposed
structure has the advantage of high sensitivity along with a
reasonable detection accuracy.

4 Conclusion

SPR-based biosensor utilising graphene-Ti;C,T, MXene
hybrid nanostructure is proposed in this work. The theoreti-
cal analysis is initiated with the optimization of Ag layer
thickness. A sensitivity value of 169.60°/RIU (analyte RI
~ 1.33) is obtained for proposed sensor utilising monolayer
graphene-Ti;C,T, MXene at incident light wavelength of
633 nm. Further, it is demonstrated that increasing Ti;C,T,
MXene layers (L) over graphene enhances the sensitivity.
On increasing the number of Ti;C,T, MXene layers, high
sensitivity values of 196.86°/RIU (L=4) and 214.20°/RIU
are (L=3) obtained at 633 nm for analyte RI values of 1.33
(Ang=0.005) and 1.34 (An,=0.005), respectively. In addi-
tion, an average sensitivity and FWHM values of 253.533°/
RIU and, 8.440°, respectively, are calculated at A=532 nm
for analyte RI in the vicinity of 1.32. Thus, the proposed
sensor configuration (SiO,/Ag/graphene/Ti;C,T, MXene)
is able to provide a high sensitivity with reasonable detec-
tion accuracy.
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Table 2 Sensitivity comparison References Modalities A(nm)  ngand Ang Sensitivity (°/RIU)
among recently reported works
utilising 2D Ti;C,T, MXene Xuetal. [13] BK7+Au+TMD+Au+Ti,C,T, 633 1.33,0.005 198
Wuetal. [11] BK7 + Au+Ti;C,T, 633 1.33,0.005 160
532 1.325,0.01  225.40
Srivastava et al. [32] ~ BK7+Au+Ti;C,T, +WS,+BP 633 1.33,0.005  190.22
This work SiO, + Ag+ graphene + Ti;C, T, 633 1.33,0.005  196.86
532 1.32,0.015  253.533
532 1.33,0.005  277.00
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