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Abstract

In this study, we explored the geometrical and material parameters of surface plasmon resonance (SPR) sensors, in order to gain
insight about the mechanisms that control the sensors’ response when different 2D materials monolayers (MoS,, MoSe,, WS,,
WSe,) are used to modify the surface. Accordingly, the surface plasmons’ (SPs) dispersion relations, the reflectivity maps and
both reflectivity and phase responses for the visible and near-infrared wavelengths range (400—-1400 nm), were systematically
investigated by using COMSOL Multiphysics (RF Module) and transfer matrix method (TMM) algorithm considering a mod-
ified Kretschmann configuration. We showed that the sensitivity of the modified structures is enhanced for wavelengths between
600 and 1000 nm both in reflectivity and phase. By evaluating also the influence of the number of 2D material monolayers, the
highest sensitivity in reflectivity was obtained at 700 nm when five monolayers of MoS, were added, reaching 220 deg/RIU for a
change in dielectric’s refractive index of 0.002 RIU, which is 45% higher than that of the standard bare structure. Regarding the
phase response, it was shown that by adding only one monolayer of MoS,, a sensitivity of 9 x 10° deg/RIU is achieved for a

refractive index change of 10 ¢ RIU.

Keywords SPR sensor - 2D materials - Dispersion relations - Sensitivity enhancement - Phase response

Introduction

The interaction between electromagnetic radiation and mobile
surface charges, generally the electrons from the conduction
band in metals, highly doped semiconductors [1], or
conducting polymers [2], gives rise to a special type of surface
wave called surface plasmons (SPs) due to the induced collec-
tive oscillations of electrons [3]. The SPs are bounded elec-
tromagnetic modes having a greater wave vector than the in-
cidence light at the same wavelength which lead to an expo-
nentially (evanescent) decay of their electromagnetic field in-
tensity with the distance away from the surface, being highly
sensitive to the surrounding dielectric constant. The mismatch
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between the SPs’ wave vector and the one of the incidence
light forbids the coupling, but under special configurations the
light wave vector could be increased until it matches the one
of the SP’s leading thus to a resonant energy transfer between
the incident light and the SP’s. In Kretschmann configuration,
an optical prism is used to increase the light’s wave vector
only by modifying the incidence angle. The resonance can
be seen as a sharp drop of the reflected wave intensity, and
the angle at which the intensity is close to 0 is called the
resonance angle 6,.,. Mathematically, the resonance condition

can be expressed as ko, /2L = kon,sinf, where the left side

Emtea

of the equation represents the SPs wave vector and the right
side is the incidence light wave vector with propagating
through prism. & is free space wave vector, ¢,,, €, represent
the dielectric constant of metal and dielectric, respectively, n,,
is the prism refractive index, and 6 is the angle of incidence.
The SP’s wavevector varies with the changes in the surround-
ing medium’s dielectric constant (refractive index), and, con-
sequently, in order to fulfill the resonance condition, the inci-
dence angle should be also modified. The displacement of the
resonance angle at a variation of the surrounding medium’s
refractive index measures the sensor sensitivity.

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11468-019-01033-5&domain=pdf
http://orcid.org/0000-0002-4101-6426
mailto:pericle.varasteanu@imt.ro

244

Plasmonics (2020) 15:243-253

Since the first configurations proposed to excite the surface
plasmons by Otto, Kretschmann, and Raecther [4, 5], these
techniques showed a great potential for studies that requires
high sensitivity and high specificity. Among them, studies
focused on temperature variations in the vicinity of metal sur-
face or even metal temperature [6], surface roughness [5] and
recently, measurements of the metal dielectric constant [7]
were reported. Nowadays, due to their high sensitivity, the
surface plasmon resonance (SPR) sensors are mainly used to
quantify the biomedical interactions, where the sample vol-
umes and concentrations are very small, and the labeling pro-
cesses could induce structural modifications of the molecules.
Thus, their use was reported for detection of the mutations in
circulating cell free DNA [8, 9], study of protein-DNA inter-
actions [10], or identification of human blood group [11].
Furthermore, the real time detection of the induced surface
reactions and the relatively simple and inexpensive setup
was another reason for choosing the SPR-based detection
[12]. The sensitivity of gold film SPR (bio)sensors is known
to be limited for small molecules (< 500 Da) [13]. In order to
overcome this limitation, various sensor configurations were
studied: (i) silver was used for the metallic layer instead of
gold exhibiting better performances than the gold sensors re-
garding the full width at half maximum (FWHM) of the re-
flectivity curve, but the feeble chemical stability of silver hin-
ders its further development [14]; (ii) bimetallic silver-gold
platforms, where the narrower resonance curve response at-
tributed to silver and the higher resonance angle displacement
of gold were combined resulting thus in a high sensitivity and
a low signal to noise ratio sensor [15]. In addition to these bare
metal configurations, it was reported that the sensor’s re-
sponse could be improved by coating the metal with thin di-
electric films [16—19]. The remarkable optoelectronic proper-
ties attributed to the unique band structure [20] and enhanced
biocompatibility due the absorption of molecules by the 7-m
stacking [21] of graphene have drawn a lot of attention
resulting thus in a new type of highly sensitive SPR sensor’s
configurations: (i) metal-graphene monolayers [22], (ii) metal-
thin dielectric film-graphene monolayers [23], and (iii) bime-
tallic structure (Ag-Au)-graphene monolayers [24]. The main
drawback of the sensors coated with graphene is that the sen-
sitivity starts to improve only when more than 5-6 mono-
layers were added and also the additional damping due to
the larger imaginary part for a higher number of monolayers
decrease sensitivity [25, 26]. As a solution for these shortcom-
ings, the transition metal dichalcogenide (TMDC) materials,
considered the emerging 2D monolayers due to their excellent
optoelectronic and biocompatibility properties [26], were ex-
plored with promising results as possible candidates to further
improve the sensitivity by coating the graphene-based sensors
[27, 28] or even to replace the graphene monolayers. In this
context, it was demonstrated that TMDC exhibit greater ab-
sorption of light than graphene monolayers, achieving thus
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higher sensitivities with a smaller number of monolayers
stacked [29]. Among them, MoS,- and WS,-based SPR con-
figurations were extensively studied in literature [30-32].
However, despite the increased number of studies focused
on utilization of 2D materials to increase the sensing perfor-
mances of SPR sensors, a systematical comparison of the in-
fluence of disulfides and diselenides in terms of both reflectiv-
ity and phase response is still lacking. Thus, the primary goal
of this study is to gain an insight about the properties of gold
(Au) surfaces coated with 2D TMDC materials monolayers for
SPR (bio)sensing applications by exploring the geometrical
and material space parameters of the sensors and studying
the relation dispersions, reflectivity maps and sensitivities in
reflectivity and phase, respectively, for wavelengths in the VIS
(400-700 nm) and NIR (700—1400 nm) part of the electromag-
netic spectrum. The study was conducted on 4 sensors new
configurations (Au-MoS,, Au-MoSe,, Au-WS,, and Au-
WSe,, respectively) varying the number of layers in compari-
son with the classic bare gold structure. Furthermore, in order
to diminish the differences between theoretical results and the
experimental ones in the proposed geometry, we took into
account the presence of the chromium adhesion layer [33].

Theoretical Analysis of Sensor’s Performance
Parameters

The Kretschmann configuration as the most widely used SPR-
based sensor structure was employed to explore the impact of
using additional MX, 2D monolayers on the performance
parameters, including their effect on the sensitivity and SPP
coupling (Fig. 1). In this configuration, the coupling prism
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Fig. 1 Schematic diagram of the MX, modified SPR sensor
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material is borosilicate-crown glass (BK7) and the metallic
layer with plasmonic properties in visible and near-infrared
region is gold (Au).

Firstly, the optical characteristics of the MX, modified
SPR sensors were analyzed numerically in the entire visi-
ble and near-infrared regions of the light spectrum (400—
1400 nm), using the transfer matrix method (TMM) that
becomes a requisite in simulating the optical properties,
such as reflectivity, absorption, and transmission and it is
based on computing the Fresnel equations for multiple
layers [34]. The optical parameters that define each of the
layers, such as refractive indices for different wavelengths
[35, 36], are shown in Table 1. Regarding the geometrical
parameters used for the different layers employed in our
optical platform design, they were chosen taking into ac-
count the most commonly used values in literature for the
classic Kretschmann configuration [29, 36]. Furthermore,
for the consistency of our numerical results, we took into
account the presence of the chromium adhesion layer, con-
sidering the thickness generally used in our experimental
studies.

Two assumptions were made regarding the MX, layers:
(i) the interfaces phenomena between the MX, mono-
layers were neglected, and (ii) the presence of multiple
MX, layers was reflected only as increased thickness,
defined as: m X tyx,, where m represents the number of
layers and #ysy, is the thickness of one monolayer, where-
as the complex refractive index remains the same as for
one monolayer.

For the sake of completeness, we present below TMM
algorithm [34]. The algorithm starts by considering the tan-
gential fields at the first boundary to be linked to those at the
final boundary by the following matrix relation:

U, Un—
=M , 1
] =+ (] 2
where M represents the characteristic matrix of the system
which was given by:

Nl | Mt M
e @)
=i Sinﬁk
M, — cosf, a“ (3)
—ig,sinf,  cosfy
27dy (\ / ekn%sin29|>

where dj, represents the thickness of layer %, €, is the dielectric
constant of layer k, n; is the refractive index of coupling prism,
0, is the angle of incidence, and A is the incidence wavelength
of light.

The variable g, is different for the two polarizations, TM
(p-polarized) and TE (s-polarized). Accordingly, for TM it is
given by equation:

€k—n%sin291

=" (5)

€k

For TE polarization, it is:

¢, = \/ e—nlsin®6; (6)

Reflection coefficient for the two polarizations can be
calculated by plugging in the appropriate expression for ¢,
in M:

q[f’S(Mn + qfv’lez)—(Mm + qf’v’stz)

s = s K ; 7
g ¢ (M + @M 2) + (Mo + ¢ M) 7)

Thus, following the calculations, the reflectivity was ob-
tained by taking the square of reflection coefficient’s absolute
value and real part of reflection coefficient and can be calcu-
lated by taking the argument

R, = "’ﬁ‘z (8)

Phase represents the relation between the imaginary of re-
flection coefficient:

o = atan(iﬁii%) = arg(r,) 9)

In this paper we considered the sensitivity in angular inter-
rogation for reflectivity response as the displacement of the
resonance angle with the change in refractive index of the
sensing medium, and the corresponding formula used to cal-
culate the reflectivity sensitivity is:

AN/
Sr= An

(10)

where A6, is the displacement of the resonance angle and
An is the change in sensing medium’s refractive index
which was set to 0.002 relative refractive index units
(RIU). For the reflectivity response, only TM (p-
polarization) was considered, because, in such configura-
tion, the surface plasmons cannot be excited by TE (s-
polarization) of the light.

The sensitivity of the phase response is similar to the one
corresponding to reflectivity, but, in this case, instead of the
resonance angle variation, we have considered the differen-
tial phase variation as function of the change in sensitive
medium’s refractive medium. Since the light in TE polari-
zation cannot excite the SPR, it is used as a reference signal
for improving the sensing resolution and for removing the
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Table 1 Complex refractive indices (# = n + ik ) of materials used in
TMM algorithm (three wavelengths were chosen as 700, 900, 1300 nm,
respectively) [35, 36]

Material ~ Thickness [nm] ~ Wavelength [nm]
700 900 1300
BK7 - n=15131 n=15090 n=1.5037
Cr 2 n=3.0536 n=33096 n=3.6795
k=3.3856  k=3.5243  k=3.7139
Au 50 n=0.1310 n=0.1744 n=0.3880
k=4.0624  k=5.7227 k=8.7970
MoS, 0.65 n=58429 n=4.7331 n=4.3350
k=0.2509 £=0.1200 £=0.0570
MoSe, 0.7 n=4.1150 n=39890 n=3.6640
k=1.0570  k=0.4430 £k=0.2610
WS, 0.8 n=54270 n=5.1303 n=4.7150
k=0.3604  k=0.2511 k=0.1550
WSe, 0.7 n=5.1730 n=49720 n=4.4420
k=04010 £=0.2480 £=0.1550

external noise [18, 24]. The following formula was used for
calculations:

Agy

So = An

(11)
where ¢, is the differential phase defined as |¢p — ¢s| and ¢,
s represents the phase response for TM and TE polarization,
respectively.

Results and Discussion

Our study is focused firstly on the evaluation of two optical
quantities relevant for any new sensor chip or optical platform
design, such as electric field confinement and penetration
depth that determine the functional parameters in order to
make the surface plasmon mode to strongly depend to the
changes in sensitive medium refractive index. This quantities
might determine the sensitivity (i.e., a higher effective index
means a shorter penetration depth in media, fact which leads
to a high field confinement at the interface between metal and
dielectric, and a decrease in the phase velocity) [5]. In order to
evaluate the aforementioned quantities, we started by calcu-
lating the dispersion relations for the investigated structures
for different MX, materials. The dispersion relations were
numerically calculated using COMSOL Multiphysics soft-
ware, which computes the effective index or propagation con-
stant of a 2D waveguide geometry. For this step, we employed
a bare structure consisting of a dielectric with a fixed refractive
index n=1.33 placed on the top of a gold substrate. For the
modified structures, we considered the additional MX, layers
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placed between the gold substrate and the sensing layer. The
thicknesses and refractive indices of the MX, layers are
shown in Table 1.

It can be seen that at shorter wavelengths the modified
structures exhibit higher effective indices than that of the bare
structure, while at longer wavelengths the values of the effec-
tive indices for all structures become approximately equal
implying that at these wavelengths the sensor’s performances
are the same as the ones for the bare structure. Different values
for the effective indices for the modified structures arise due to
the optical properties of the MX, layers. An important param-
eter that shows the length scale in which the surface plasmons
are sensitive for differences in refractive indices of the sensing
medium is the penetration depth which can be obtained direct-
ly from the dispersion relations using the simple relation:

1
O (&) = T (12)

’k() 4/ nsz—em(d) ’

where kj represents the free space wave vector, and €,,(4 is the
dielectric constant of the metal and for the dielectric layer
depending which layer is studied.

The inset of Fig. 2 shows the z component of the electric
field for the bare structure (dashed lines) and for the modified
structures (solid line) at three different wavelengths. For lon-
ger wavelengths, the field intensity in the proximity of the
gold layer is reduced and penetration depth is increased. The
increase in penetration depth is due to the property of the gold
layer to be a better conductor at longer wavelengths which
leads consequently to a less confined mode at the interface
[37] The shorter penetration depth of the modified structures
caused by the higher effective index indicates that the field
confinement at the dielectric—metal interface is enhanced in
comparison to the case of the bare structure. This fact makes
the modified structures more sensitive to smaller molecules
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Fig. 2 Dispersion relations for all of the proposed sensor configurations
for a sensing medium refractive index of 1.33
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near the interface. Another feature that can be observed from
the electric field profile is that the penetration depth for the
modified structures increases with the wavelength while the
maximum field amplitude remains the same for the three
wavelengths. At longer wavelengths, the surface plasmons
are no longer sensitive to the changes in the dielectric medi-
um, the effective indices for the modified structures being
approximately equal with the one of bare Au structure.

In order to gain more insight about the sensor’s behavior
for different numbers of M X, layers added on top of the metal,
we calculated the reflectivity maps representing the depen-
dence of the reflectivity as a function of the wavelength and
the angle of incidence using the transfer matrix method pre-
sented in “Theoretical Analysis of Sensor’s Performance
Parameters” section. Thus, the reflectivity maps complete
the information obtained from standard dispersion relations
[19]. The results obtained for both bare Au structure and the
modified structures with layers of 2D materials: MoS,,
MoSe,, WS,, and WSe,, when the incident radiation wave-
lengths range from 0.4 to 1.4 um and for incidence angles
between 60 and 89°, are presented in Fig. 3. The wavelength
step used was 0.01 um and angular step was 0.003 deg.

The loss character of the metal, quantified by the complex
dielectric constant, imposes limitations on the SP’ wave vector
as well as on the field confinement at the interface. In contrast
to the case of lossless metal, where the wavevector tends to
infinity at resonant SP frequency, for the lossy case the SP
wavevector acquires a finite value giving rise to a cutoff wave-
length such that below this, the modes are quasibound and
cannot be excited anymore [38, 39] prohibiting the coupling
of incident radiation with shorter wavelengths to SP’s [38].
For the bare gold structure, the resonant behavior of the plas-
mons starts at 550 nm, while for the modified structures with
only one layer of MX, the cutoff wavelength is at 650 nm,
increasing with the number of layers of MX, as it can be seen

in Fig. 3. The FWHM for the modified structures broadens
with the increase of number of the MX,, layers. This broaden-
ing is caused by the rather high imaginary part of the MX,
refractive indices. This also leads to a finite value of the re-
flectivity at resonance, which increases monotonically with
the number of layers.

The minimum of reflectivity is increased with incidence
radiation wavelength from 0.05% at 650 nm to almost 25%
for 1400 nm. Reflectivity response at 1400 nm shows that the
plasmon resonance arises approximately at the same reso-
nance angle for all structures, and these findings are in agree-
ment with the results obtained previously calculating the dis-
persion relations, where it was shown that the effective refrac-
tive indices of investigated structures become very close (Fig.
3). To clarify the differences for various MX, configurations,
we examined the cross sections of the reflectivity map illus-
trated in Fig. 3 for three different wavelengths, i.e., 700, 900,
and 1300 nm, respectively, and the corresponding plots are
presented in Fig. 4. The associated phase response is shown
in Fig. 5.

First of all, a significant difference between the bare struc-
ture and the modified structures can be seen at shorter wave-
lengths, in the proximity of the cutoff, in terms of both reflec-
tivity and phase response. For the modified structures, the
reflectivity curves indicate that the value of the resonant min-
imum, as well as the width of the resonant dip, increase mono-
tonically with increasing number of additional MX, layers
(Fig. 4). For example, at 700 nm, when 6 layers are added,
the resonance angle shifts from 68.53° for the bare structure
with more than 10° to the following values: 83.5° in the case
of MoS,. 82.68° for WS,, and 81.04° for WSe,, respectively.

With 6 layers of MoSe,, the resonance angle’s shift is con-
siderable lower, reaching only the value of 76.55°. This be-
havior is determined by the high value of the imaginary part of
the MoSe, refractive index in comparison with the other three
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Fig. 3 Sensors’ dispersion curves for different numbers of MX, layers
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investigated dichalcogenides. In the same time, the corre-
sponding reflectivity values increase significantly even for 2
additional layers, whereas at least 4 or 5 layers are necessary
for the other types of MX, to get a comparable result.
Furthermore, the dramatic increase of the reflectivity minima
for the structures modified with 6 layers of disulfides should
be mentioned, reaching 55% for WS,. Analyzing the phase
response at the same wavelength of 700 nm, it can be seen that
it changes significantly when the bare structure is modified,
getting a sharper aspect for the first 3 layers, while for the
supplementary ones becoming shallower due to the increased
minimum of the reflectivity. It is notable that the main change
in phase is observed in the vicinity of resonance angle, where
the intensity of the reflected radiation is almost zero.
Consequently, despite the good reflectivity response of the
structure with MoSe;, it exhibits the lowest phase change of
about 91°, whereas the unmodified structure reaches 303°. At
900 nm, the displacement of the resonance angle as a function
of layer’s number is small for all structures, including the bare
one, and it is blue shifted with almost 4° in comparison with

the response obtained at 700 nm, as can be observed in Fig. 4.
When the MX, layers were added, the resonance angle also
suffers a red-shift, but it is considerable smaller, with a max-
imum of 3.5° for the WS,-based configuration. In terms of the
phase response, the structure also presents initially a sharp
change (Fig. 5) and, after modification, a smaller red-shift,
along with preserving the sharp change. Highest reflectiv-
ity of 9.88% was found for the structure with 6 layers of
MoSe,, the rest of the structures exhibiting reflectivities
lower than 7%, the smallest one 2.31% was exhibited by
6 layers of MoS, while for the bare structure was 0.73%
with 0.3% greater than the one obtained for the same struc-
ture at 700 nm. At longer wavelengths, the minimum of
reflectivity is increased for all structures including the bare
one, reaching 20% as can be seen in Fig. 4. Concurrently,
adding the MX, layers, the resonance angles are blue
shifted, even more than the ones at 900 nm, but the curves’
shape is unaltered. The phase response trend is similar for
all materials, but the sharp phase change is lost due to the
higher minimum of the reflectivity (Fig. 5).
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Fig. 6 Sensors’ sensitivity in reflectivity for the entire range of wavelengths in VIS and NIR parts of the spectrum
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Next, we investigated the variation of wavelength sensitiv-
ity with change in refractive index of analyte, as small as
0.002 RIU, analyzing both the reflectivity and phase response.
The reflectivity sensitivity was calculated using the formula
(10) and the resulted data were plotted for different wave-
lengths in Fig. 6. It can be observed firstly that the modified
structures present an enhanced sensitivity comparing with the
bare one, observable even when a single monolayer is added.
In this case, a small improvement can be observed, with a
maximum difference between sensitivities of about 10 deg/
RIU for Au-WS, and Au-MoS, at 650 nm. Progressively,
when more layers are added, this difference increases, show-
ing a significant enhancement in sensitivity, but it should be
noted that the resonance arises at longer wavelengths, beyond
700 nm for 6 layers. The highest sensitivity achieved was
220 deg/RIU at 700 nm for the structure containing 5 layers
of MoS,, corresponding to an increase of sensitivity with 63%
in comparison to the bare structure. Regarding the rest of
interrogated wavelength range, the sensitivity enhancement
slightly decrease with increase of the wavelength, WS, lead-
ing to the best performances, with 118 deg/RIU at 900 nm that
represents an approx. 20% improvement. For longer wave-
lengths (> 1100 nm), all structures exhibit roughly the same
sensitivity, with a minor improvement of sensing perfor-
mances after modification, confirming the dispersion relations
results (Fig. 2).

In order to explore the phase sensitivity at very small
variations of the sensitive medium’s refractive index, we
analyzed the phase difference for all structures as a func-
tion of the sensing medium’s refractive index when it is
ranging from 1.33 to only 1.332. The differential phase
variation as function of the change in sensitive medium’s
refractive medium, used subsequently to calculate the
phase sensitivity employing the Eq. (11) for the three ref-
erence wavelengths, 700, 900, and 1300 nm, respectively,
is shown in Fig. 7. The highest sensitivity is 9 x 10° deg/
RIU for a change An=10"° is obtained for the structure
modified with one layer of MoS, at 700 nm, fivefold
higher than the bare gold structure at the same wavelength.
On the contrary, MoSe,, WS,, and WSe, do not enhance
the phase sensitivity, and if Au-WSe, sensitivity is only
5% lower, the other two types lead to approximately only
half of the bare structure potential. For wavelengths longer
than 1000 nm, the phase difference decrease even more,
but the differences between the bare and the MX, modified
structures are smaller indicating an approximatively simi-
lar sensitivity in phase, as it was expected from SP’s dis-
persion relations (Fig. 3) and reflectivity maps (Fig. 4),
respectively.

It should be mentioned that MoS,-based modification of
the SPR structures exhibits at all wavelengths the best perfor-
mances in terms of phase response in comparison with the rest
of MX, types analyzed. Also, in comparison with the

sensitivity in reflectivity, the phase sensitivity decreases with
the increase of refractive index changes, but due to the exces-
sive energy loss in the additional MX, layers the phase de-
crease with the increase of the number of layers added [40].
Even though the phase sensitivity is reduced for a change in
refractive index of 2 x 107> RIU for all structures, the phase
response was higher than the reflectivity response achieving
sensitivities greater than the ones in reflectivity; however, the
main drawback of phase response is represented by the com-
plex experimental setup [41—44]. To further clarify the sensors
performances in phase, we have represented in Fig. 8 the first
derivative of phase response for a sensing medium’s refractive
index of 1.33, in order to find the sharpest phase change for
the investigated structures. It can be easily seen that the phase
sensitivity of the bare structure increases from 1.13 x 10° at
700 nm to 1.21 x 10° deg/RIU at 900 nm, the enhancement
being attributed to the sharper phase response, as can be seen
in Fig. 7. On the contrary, the structure containing one layer of
MoS, reaches the highest change at 700 nm, and starts to
decrease at longer wavelengths. At 1300 nm, the bare struc-
ture presents a significant diminish of the phase change that
become comparable with the ones obtained for the modified
ones.

Conclusions

A SPR-based sensor with different numbers of TMDC
monolayers added to a standard Kretschmann configura-
tion was systematically investigated exploring the space of
geometrical and material parameters in terms of the dis-
persion relations, reflectivity maps, and both reflectivity
and phase sensitivities, respectively. The sensors’ response
was correlated with the properties of SPs at the interface
between both gold-sensing medium and gold-MX,-sens-
ing medium, found by analyzing the dispersion relations.
The results indicate that coating the gold layer with MX,
monolayers, the sensors’ sensitivity is improved, but as
was revealed by the dispersion relations, the improvement
was significantly enhanced for smaller wavelengths (<
1100 nm) both in phase and reflectivity. The phase re-
sponse is more sensitive than the one in reflectivity for
the entire range of the refractive indices considered for
the sensing medium. It was shown that varying the number
of MX, and the wavelength we can tune the sensors per-
formance properly for the desired applications. For exam-
ple, to monitor the hybridization reactions of ssDNA,
when the immobilized DNA molecules considerably in-
crease the refractive index of the sensing medium near
the gold layer, the reflectivity response is preferable,
whereas for gas or temperature sensing, where the varia-
tions of refractive index are very small, the phase response
should be appropriate.
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