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ABSTRACT: Atomically thin transition metal dichalcogenide nanomaterials have shown
superior optical and electronic properties in the two-dimensional (2D) scale. They are |
considered as promising alternative materials to graphene. Here, we have precisely
engineered a plasmonic sensing substrate with four types of two-dimensional transition
metal dichalcogenide nanomaterial to achieve significant phase sensitivity improvement.
Phase modulation is currently the most sensitive interrogation method among all the
plasmonic detection approaches. The tuning of the substrate thickness in an atomic scale
with a step less than 1 nm allows the efficient modulation of phase signals. More .
importantly, the optical absorption rate for each of these nanomaterials is different and can
be tuned by changing the number of 2D layers, where perfect absorption and interrogation :
of the plasmonic signal can be obtained. Through systematically optimizing the parameters
of the transition metal dichalcogenide structured plasmonic substrate, we can balance the optical absorption efficiencies and the
electron losses at the plasmonic resonance condition. All of the calculations were based on the transfer matrix method and
Fresnel equations. A very low minimum reflectivity of 3.2560 X 107® was demonstrated with an excitation wavelength of 1024
nm, showing a complete transfer (~100%) of the light energy into the plasmon resonance energy. The ultradark singularity at the
resonance dip leads to an ultrahigh plasmonic sensitivity of 1.1 X 107 deg/RIU, which is 3 orders of magnitude higher than those
with bare metallic sensing substrates used in commercial plasmonic sensors. The resolution is also improved by at least 3 orders
of magnitude compared with conventional substrates.

B INTRODUCTION

In past decades, surface plasmon resonance (SPR) based
sensors have been widely studied and used in numerous
biological and chemical applications, such as enzyme detection,
medical diagnostics, and pharmaceutics.'~® SPR is known as
the resonance of the incident photons and the surface plasmon
polaritons (SPPs) at the interface between the negative and
positive permittivity materials (e.g., metals and dielectrics). The

ances of various optoelectronic nanodevices such as photo-
detectors and solar cell elements.'”~"* The most intriguing
optical property for them is the much higher absorption rate
(~5%) than that of monolayer graphene (2.3%), with an
atomic thickness less than 1 nm as well. Different from the zero
band gap property of graphene, these 2D TMDCs exhibit a
tunable band gap feature. The band gap can be tuned from
indirect in their bulk forms to direct ones when their thickness

resonance is sensitive to the perturbation of the surrounding
media. Such a detection mechanism is suitable for label-free
sensing and the real-time monitoring. However, the conven-
tional SPR sensing approach is incapable of detecting small
molecules with molecular weights less than 500 Da (e.g,
hormone and drug molecules), especially at the picomolar
concentration level (1 X 1072 mol/L).” Recently, two-
dimensional (2D) transition metal dichalcogenides (TMDCs)
have attracted much attention from the scientific community
and demonstrated their potential for improving the perform-
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was down to the monolayer scale. This makes them good
candidates and complementary material to graphene for the
future generation of integrated flexible electronic devices. The
structures of these 2D TMDCs are also similar to that of
graphene where the metal atom M (Mo, W) and the chalcogen
atoms X (S, Se) are bonded in the form of X—M—X, with the
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Figure 1. Schematic diagram of 2D TMDC structured on the plasmonic sensing substrate. (a) Antibody binding processes at the TMDC sensing
surface that induced a tiny refractive index change (1 X 107° RIU). Atomically thin (b) WS,, (c) WSe,, (d) MoS,, and (e) MoSe, layers structured at

the sensing interface.

chalcogen atoms in two hexagonal planes separated by a plane
of metal atoms. For the bulk TMDCs, they were stacked
through van der Waals forces and thus a Sin%le layer can be
easily obtained through an exfoliation process. ~~° Currently,
these atomic thin materials on a large area scale were
synthesized by using the chemical vapor deposition (CVD)
method. The multiple layers can also be fabricated by
transferring the single layer and alternatively stacking onto
the substrate. Previous literature has shown that structuring a
thin layer of dielectric materials would change the plasmonic
resonance condition, and also there are concerns drawn on the
integration of the prism-coupling plasmonic sensors.”””!
Engineering the plasmonic sensing substrate in a low cost
and integrable way is highly desired for the commercial
plasmonic sensor market. Here, we have systematically
designed an optimized plasmonic sensing substrate with four
TMDC materials (MoS,, WS,, MoSe,, WSe,) in terms of
various excitation wavelengths from the visible to the near-
infrared region. By tuning the number of TMDC layers and the
thickness of gold/silicon thin films, a complete energy transfer
from the incident light to the plasmon resonance energy was
induced. This corresponds to a very low minimum reflectivity
value at the resonance angle and a strong phase singularity that
allows a large phase shift to a tiny refractive-index change of the
sample solutions.

B METHODS

Schematic diagrams for the designed 2D TMDC structured on
the plasmonic sensing substrate are shown in Figure 1. Since
the surface plasmon resonance only affected the transverse
magnetic (TM) waves, transverse electric (TE) waves here can
be used as reference signals. In this way, the environmental
noises can be effectively eliminated during the experimental
progresses. To extract the phase signal changes from the
reflected light, we use eq 1 to process the signals from TM (p-
polarized) and TE (s-polarized) reflected light waves:

@ =lo, — ¢l (1)
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Table 1. Refractive Indexes and Thickness Ty, of
Monolayer TMDCs in the Visible Region

T,

MX2
TMDC  (nm) A = 600 nm A =633 nm A = 660 nm
MoS, 0.65 n = 4.3934, n = 5.0805, n = 4.9991,

k= 12269 k=1.1723 k =1.2563
MoSe, 0.70 n = 4.7586, n = 4.6226, n = 4.4963,

k = 1.1504 k = 1.0063 k =0.9382
WS, 0.80 n=23.5202, k= n=4.8937 n = 4.4735,

0.6048 k=03124 k = 02059
WSe, 0.70 n = 4.5039, n = 4.5501, n = 4.3357,

k = 0.9340 k =0.4332 k =0.2532

For the TM polarized (or p-polarized) light, the phase shift is
dependent on the reflective coefficient r,, as shown in eq 2,
where 6, and 6, represent the incident angle and refracted angle
respectively at the interface.

r,=— = Irplej"' = 7tan(91 — &%) w

. tan(6, + 6,) )
The phase of the TM polarized light is obtained as
¢, = arg(r,) 3)

The phase sensitivity S is thus defined as the ratio of the
change in differential phase Ag, to the change in refractive
index of the biomolecular sample layer An, as follows:

Ag,

§=—9
Anbio

(4)
where Ay indicates the differential phase change between TM
and TE light waves.” The reflective coefficient 1, is calculated by
the Fresnel equation

n, cos 6, — n; cos 6,

n, cos 6; + n; cos 6,

©)

ip
and by Snell’s law
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Table 2. Refractive Indexes and Thickness Ty, of Monolayer TMDCs in the Near-Infrared Region

TMDC A =785 nm A =904 nm A =1024 nm A =1150 nm A =1319 nm A = 1540 nm
MoS, 1 =46348 k=01163 n=47261, k=0.1346 n = 48690, k = 02444 n = 44317, k= 00721 n = 43429, k = 0.0433 n = 42374, k = 0.0325
MoSe, n = 42984, k = 0.8225 n =4.0212, k= 04273 n = 3.8768, k = 03561 n = 3.7965, k = 02972 n = 3.6710, k = 02343 n = 3.5281, k = 0.1887
WS, n = 4.0123, k = 0.0399 n = 49916, k = 02574 n = 4.5660, k = 0.1058 n = 4.7071, k = 0.1742 n = 4.5418, k = 0.1688 n = 4.1715, k = 0.1675
WSe, 1 =43655 k=00367 n=51345 k=02692 n=>50110, k = 02562 n =49163, k= 02234 n =4.7083, k = 0.1581 n = 4.4561, k = 0.1496
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Figure 2. Plasmonic resonance curves showing that TMDC materials structured at the sensing surface could lead to a much lower minimum
reflectivity and thus a complete energy transfer from the incident light to the plasmon resonance energy.

n, sin 6, = n, sin 6, (6)
where n; and n, respectively represent the refractive indexes of
the two media at the interface. The systematic reflective
coefficient r, of the N-layered model should be calculated
through the transfer matrix method (TMM). The matrix of the

N-layer model can be defined as M, where k represents the kth

layer of the N-layered model.”*~**
M lﬁMk _ My, M,
=2 My, My, (7)
For the TM waves of the incident light, M, is given by
cos B, —isinf/q,
M=
—iq, sin f§, cos f, )

Here, the four elements M;;, M;,, M,,, and M,, of the matrix M
can be obtained by given g, and f,.

0= (g, — n,* sin* )2 _ AP,
¢ & 27d,g; )
and
27 0(z, -2 27d,
ﬂk _ 1, COS k( k k—l) — k (Sk _ ﬂ12 Sinz 61)1/2

A A

(10)

where 0, is the incident angle at the first layer and Z represent
the boundary condition of the theoretical modeling. The first
boundary of the tangential fields is defined as Z, = 0, and the
last boundary Zy_, is given by
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(11)

where U represents the tangential components of the electric
fields at the interface, while V denotes that in magnetic fields.
Finally, the complex reflection coefficient, o of the N-layer for
the p-polarized light can be defined as

= (M, + Mlqu)ql - (M, + Mzqu)
oMy, + Mlqu)ql + (M, + Mzqu)

(12)

Thus, the corresponding reflectivity, R, can be obtained by
the square of the reflection coefficient r,:

R

= Ir [
P P

(13)

The full width at tenth maximum (FWTM) is investigated to
characterize the detection accuracy of the SPR system; it is
defined as the width of the SPR curve at the tenth of the
maximum reflectivity Rgwrr

1
RFWTM = E(Rmax + 9Rmin)

(14)
where R, is the minimum reflectivity, whereas R is the
maximum reflectivity. The FWTM is the width of the SPR
curve at the reflectivity that equals Rgwry. According to eqs
9—12, the thickness and the refractive index (RI) of each layer
are essential to obtain the reflectivity and phase. The
wavelength-dependent refractive indexes of the six layers are
given respectively as follows. The first layer of the N-layered
model is the SF10 prism with the RI given by™

DOI: 10.1021/acs.jpcc.6b12858
J. Phys. Chem. C 2017, 121, 6282—6289


http://dx.doi.org/10.1021/acs.jpcc.6b12858
http://pubs.acs.org/action/showImage?doi=10.1021/acs.jpcc.6b12858&iName=master.img-002.jpg&w=454&h=209

The Journal of Physical Chemistry C

02562878421
A% — 0.0595736775

)1/2
(13)

where A denotes the excitation wavelength of the light source in
micrometers (valid from 0.38 to 2.5 pm). The dispersion
constants in the eq 15 were obtained from the data sheets
provided by the optical glass product company Schott Inc. for
N-SF10 prism. The complex refractive index of the second
layer—gold thin film—was obtained from the experimental
results of P. B. Johnson.”® The refractive index of the third
layer—silicon nanosheet—is determined by

() = 1.621539021
prism 2% = 0.0122241457

1.64447552)*
A% — 147.468793

nsilicon(ﬁ) =A+ Ale_i/tl + Aze_’l/tz (16)

with A = 344904, A, = 2271.88813, A, = 3.39538, t; =
0.058304, and t, = 0.30384.”” The A in eqs 15 and 16 represents
the wavelength in micrometers. The absorption of the
polycrystalline silicon nanolayers is very different from their
bulk forms. It has been demonstrated that coating a thin layer
of 10 nm polycrystalline silicon on the metallic substrate would
not induce strong absorption in the visible region from 500 to
1000 nm.”® The refractive indexes of the fourth layer—2D
TMDC (MoS,/WS,/MoSe,/WSe,)—from the visible to the
near-infrared range are provided in Tables 1 and 2°”*° and
Figure S1. The investigation of refractive index data for these
novel 2D TMDC monolayers is an active research area. The
complex refractive index used in the paper was obtained from
two references based on the measurements from reflection
spectra and spectroscopic ellipsometry.””** According to
current plasmonic literature studies, the dielectric constant of
the 2D TMDC layers as isotropic materials is commonly
assumed such as in refs 31—33. The complex refractive index 7
is defined as 71 = n + ki, where the real part n indicates the phase
velocity, while the imaginary part k known as the extinction
coefficient refers to the mass attenuation coefficient.

B RESULTS AND DISCUSSION

Based on the transfer matrix method (TMM) and Fresnel
equations mentioned above, we have systematically investigated
the phase sensitivity with the 2D TMDC material structured
SPR sensing substrates. It is worth noting that the phase
sensitivity studied here is different from the traditional
sensitivity through angular measurement. Since the phase
change is dependent on the value of the minimum reflectivity in
the SPR curve, it is more sensitive to the number of the 2D
TMDC layers than the angular ones. The comparison details
between the phase and angular interrogation are shown in
Table S1 and Figure S2. The relationships between the
reflectivity and the phase of different SPR substrates are shown
in Table S2 and Figure 2. The substrate with the lower
minimum reflectivity R, induces the larger changes in the
differential phase, since the lowest R, indicates the largest
energy transfer that corresponds to the strongest SPR
electronic field. For the angular sensitivity enhancement, one
usually needs to deposit more than 10 layers of atomically thin
dielectric materials (e.g., graphene) on the metallic thin film for
a pronounced improvement of the signal change. In this case,
the resulting SPR curves were then of a much larger full width
at half maximum (FWHM) that corresponded to a lower
detection accuracy. From Figure 2, we can see the comparison
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Table 3. Changes in Differential Phase, Minimum
Reflectivity, and FWTM at the Optimum Au/Si Thickness
with Different Numbers of TMDC layers, Any;,, = 1.2 X 107*

RIU, and 4,,. = 1024 nm
type of ds; dau MX,

MX, (om) (am) (L)  Ag, (deg) Rinin FWTM
WS, 0 39 6 83.7199  4.57 x 1077 04777
WS, 1 42 1 629637 115 x 107 02357
WS, 2 40 4 68.0817  4.03 x 107 04163
WS, 3 40 4 87.5683 391 x 1077 0.4546
WS, 4 42 1 57.9695 153 X 10™° 02970
WS, 5 43 0 69.1099 628 X 10 0.2663
WS, 6 43 0 792962 434 x 1077 0.2874
WS, 7 43 0 762760 182X 10  0.3104
MoSe, 0 42 1 91.8140 174 x 107 02117
MoSe, 1 42 1 86.8287  2.65x 1077 02279
MoSe, 2 2 1 782922 500 X 107 0.2456
MoSe, 3 42 1 84.0054  9.90 X 1077 0.2648
MoSe, 4 39 5 1069330 326 x 107 0.4853
MoSe, 5 42 1 742272 375X 107° 03088
MoSe, 6 43 0 792962 434 x 107 02874
MoSe, 7 43 0 762760  1.82 X 107 03104
MoS, 0 42 4 692605 444 x 107 02623
MoS, 1 42 4 717154 4.61 X 10°°  0.2839
MoS, 2 42 4 709399 424 X 107 03074
MoS, 3 42 4 70.5056  3.37 X 107°  0.3332
MoS, 4 42 4 751060  2.09 X 10 03618
MoS, 5 )} 4 760397 774 X 107 0.3932
MoS, 6 43 0 792962 434 X 107 0.2874
MoS, 7 2 4 82.6321 840 x 1077 0.4669
WSe, 0 41 3 449583 352X 107° 02763
WSe, 1 40 5 655617 520 x 107 0.3904
WSe, 2 40 5 879733 2.66 x 1077 0.4259
WSe, 3 41 3 715747 245X 107° 03524
WSe, 4 41 3 79.6861 153 X 1077 0.3829
WSe, s 41 3 80.5496  3.66 x 1077 0.4167
WSe, 6 43 0 792962 434 x 1077 0.2874
WSe, 7 43 0 762760  1.82x 107 03104

of SPR curves with bare Au thin film and the WS,- or MoSe,-
structured sensing substrate. The coating of monolayer WS,
and S layer MoSe, dielectric films led to a slight broadening of
the resonance curves but a significantly lower minimum
reflectivity. The increased width of the SPR curves was due
to the electron damping energy loss that is related to the
imaginarzf part of the dielectric constant of the 2D TMDC
layers.”*”> More importantly, the minimum reflectivity R,
values for Au thin film of 50 nm (typical thickness of
commercial SPR sensing slides) under the excitation wave-
lengths of 600 and 1024 nm are as large as 0.05 and 0.08 while
the values for Si/WS, and Si/MoSe, are only 4.92 X 107 and
326 X 1078, The lower R, values for 2D TMDC material
structured sensing substrates indicated that the designed thin
films had higher transfer efficiencies from the incident light to
the plasmon resonance energy, leading to stronger SPR
excitations and sharp phase jumps. Also, the resolutions of
the 2D TMDC structured substrates are more than 2 orders of
magnitude higher than those of the conventional ones, as
shown in Table S3. However, further increase in the number of
the 2D TMDC layers to a much thicker level would cause
overabsorption of the incident light. Thus, there is a balance
between the enhancement and absorption loss inside the 2D
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Figure 3. Finite element analyses (FEA) showing the electric field distribution of 2D TMDC structured substrate under the resonance condition
(Aine = 1024 nm). (a) The y components of the electric field distribution shown in 3D space. (b) The y components of the electric field distribution
shown in 2D interface. (a) and (b) share the same color bar. (c) Evanescent decay of the excited electric field penetrating into the sample medium.
The red line indicates the penetration depth L, of ~454 nm. (d) Distribution of the electric field norm.

TMDC structured metallic thin films during our optimization
processes.

To test the performances of the engineered 2D TMDC
phase-sensitive SPR sensors, we have assumed a refractive-index
change to the sample layers (Amy,, = 0.00012 RIU; RIU here is
short for refractive-index unit) that corresponds to standard
single stranded DNA binding interactions with a low
concentration in a picomolar range. As shown in Table 3,
Tables S4—S11, and Figures S3 and S4, parameters including
the number of TMDC layers, silicon/gold thickness, and
excitation wavelength were considered and tuned to obtain the
largest phase signal change and narrow curve width. It is shown
in the table results that the largest phase signal change (Agg)
always corresponded to the lowest minimum reflectivity (R, )-
This phenomenon is consistent for all four types of 2D TMDC
layers with different excitation wavelengths ranging from the
visible to the near-infrared region (600—1540 nm). Moreover,
the curve widths increased significantly with the number of the
TMDOC layers due to their overabsorption for a fixed excitation
wavelength. Thus, we cannot select the one with a larger
number of TMDC layers as the optimum configuration; even a
low R, could be obtained. For a general case even without
TMDC layers, the curve widths were much narrower under the
excitation wavelengths in the near-infrared region than those in
the visible region. This is attributed to the fact that the real part
of the Au dielectric constant is increased more significantly than
the imaginary part in the longer excitation wavelength that led
to a low electron damping loss in the metallic layer. Here, we
need to consider another important parameter: the penetration
depth of the surface plasmon resonance. As the excited surface
plasmon waves exponentially decay from the sensing interface
as shown in Figure 3, the penetration depth (L,) was defined as
the resonance depth where the excited electric field decreased
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by a factor 1/e.* The value of the penetration depth (L,) is
known to be increased sharply with the excitation wavelength.
The longer penetration depth would make the excited surface
plasmon waves more sensitive to the refractive index changes
that were relatively far from the sensing interface and would
increase the noise level of the signals during the experimental
measurements. The detailed study on the evanescent field and
the penetration depth is shown in Figure SS and Table S12.
Based on the above discussions, we selected four optimum
configuration of the 2D TMDC structured sensing substrates
for different excitation wavelengths (i.e, monolayer WS,
structured on 41 nm of Au under 600 nm, 6-layer MoS,
structured on 47 nm of Au under 785 nm, bilayer WSe,
structured on 45 nm of Au under 904 nm, and S-layer MoSe,
structured on 39 nm of Au under 1024 nm).

In Figure 4, we have plotted the differential phase changes in
terms of a large refractive-index change (Any,) from 0 to
0.0015 RIU by using these selected 2D TMDC structured
sensing substrates. The phase signals for the optimum number
of TMDC layers showed a much sharper change in comparison
to those with the nonoptimum ones, and more details were
shown in Tables S2 and S13. The significant difference in the
phase signal change (Ag,) is due to the large difference in the
minimum reflectivity (R,;,) induced by the TMDC layers
under the plasmon resonance condition as listed in Table 3 and
Table S2. As discussed above, further increase in the number of
2D TMDC layers to a much thicker level would cause the
overabsorption of the incident light. Among these four
optimized 2D TMDC structured sensing configurations, S-
layer MoSe, structured on 39 nm of Au under 1024 nm
exhibited the lowest minimum reflectivity of 3.2560 X 107® and
therefore the highest phase sensitivity of 1.128395 X 107 deg/
RIU. The comparisons of the sensing performances for
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Figure 4. Optimization of the number of TMDC layers in terms of the differential phase shift Ay to the refractive index change of sample solutions
Any,,. The excitation wavelength 4, was fixed at optimum wavelength selected from Table 3 and Tables S4—S11.

Table 4. Comparison of Plasmonic Sensing Performances with or without Optimum Selected TMDC Layers Structured on Au

Substrate (Any,, = 2 X 107%)¢

enhanced model resonance angle (deg)

Au (39 nm)/Si (4 nm)/MoSe, (5 L) 54.7660
Au (39 nm)/Si (4 nm) 53.8679
Au (50 nm) 53.0390

min reflectivity FWTM (deg) Agy (deg) sensitivity (deg/RIU)
3.2560 x 1078 0.4853 22.5679 1.128395 X 107
0.0217 0.3109 0.0409 2.043310 x 10*
0.0742 0.1353 0.0255 1.275259 x 10*

“High phase sensitivities always correspond to low minimum reflectivity, showing the TMDC layers have induced a strong phase singularity.

plasmonic substrates with or without the S-layer MoSe, have
been listed in Table 4. The phase sensitivity of 1.128395 X 10’
deg/RIU with our designed 2D TMDC structured sensing
substrates is demonstrated to be 3 orders of magnitude higher
than that with the conventional Au thin film with 50 nm
thickness—1.275259 x 10* deg/RIU—showing a much more
improved sensing performance for a tiny refractive index
change (2 X 107 RIU), and thus would be more sensitive to
small molecular interactions at the sensing interface.

The graphic comparison between the TMDC enhanced
substrates and the conventional ones is shown in Figure S6. In
addition, the phase changes of the TMDC based structures are
much higher than those of the graphene and the hexagonal
boron nitride (hBN) based ones. Although graphene and hBN
have been exglored as excellent 2D materials in photoelectric
applications,”*” they have less potential than TMDCs in the
SPR sensing field due to the relatively low refractive index. The
details are shown in Figures S7—S11 and Table S14.
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B CONCLUSION

In this work, we have designed atomically thin 2D TMDC
structured plasmonic sensing substrates for the enhancement of
the SPR phase detection sensitivity. To make the structures
more compatible and cost-effective for future miniaturization as
integrated optoelectronic devices, a thin layer of silicon was
engineered at the sensing interface as well. The high optical
absorption rate of the TMDC layer and precise tuning of the
layer thickness in a step less than 1 nm allows the achievement
of the ultralow minimum reflectivity up to 3.2560 X 107® at the
resonance angle. It is known that the low minimum reflectivity
at the plasmonic resonance condition would lead to the
singularity of the phase signals. The phase singularity makes the
signal very sensitive to the refractive-index change of the sample
solutions at the sensing interface. This is mainly due to two
reasons: (i) The reflected p-polarized light experiences a
jumplike phase shift when the SPR effect is excited. This allows
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orders of magnitude higher signal changes than other sensing
parameters, e.g. intensity and resonance angle. (ii) The SPR
phase signal is extracted from the differential phase between p-
polarized and s-polarized light. This action removes the
environmental noise and improves the signal-to-noise ratio,
since the s-polarized light here is used as a reference. Moreover,
the deeper resonance depth in the plasmonic curves also
indicated a complete energy transfer from the incident light
into the plasmon resonance. Since there is a balance between
the absorption enhancement effect and absorption loss induced
by the extra electron damping related to the imaginary part of
the dielectric constant of TMDC layers, we have systematically
optimized various parameters for the 2D TMDC structured
plasmonic sensing configurations such as the Au and Si
thicknesses, the number of TMDC layers, and the excitation
wavelengths. The highest phase sensitivity of 1.1 X 107 deg/
RIU was achieved with S-layer MoSe, structured on 39 nm of
Au under an excitation wavelength of 1024 nm, which is 3
orders of magnitude higher than that of 1.3 X 10* deg/RIU
with bare Au thin film with 50 nm thickness used in
commercial plasmonic sensors.
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