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Sensitivity-enhanced surface plasmon resonance
sensor utilizing a tungsten disulfide (WS.,)
nanosheets overlayer
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Tungsten disulfide (WS,), as a representative layered transition metal dichalcogenide (TMDC) material, possesses
important potential for applications in highly sensitive sensors. Here, a sensitivity-enhanced surface plasmon
resonance (SPR) sensor with a metal film modified by an overlayer of WS, nanosheets is proposed and dem-
onstrated. The SPR sensitivity is related to the thickness of the WS, overlayer, which can be tailored by coating
a WS, ethanol suspension with different concentrations or by the number of times of repeated post-coating.
Benefitting from its large surface area, high refractive index, and unique optoelectronic properties, the WS, nano-
sheet overlayer coated on the gold film significantly improves the sensing sensitivity. The highest sensitivity (up to
2459.3 nm/RIU) in the experiment is achieved by coating the WS, suspension once. Compared to the case
without a WS, overlayer, this result shows a sensitivity enhancement of 26.6%. The influence of the WS, nano-
sheet overlayer on the sensing performance improvement is analyzed and discussed. Moreover, the proposed WS,
SPR sensor has a linear correlation coefficient of 99.76% in refractive index range of 1.333 to 1.360. Besides
sensitivity enhancement, the WS, nanosheet overlayer is able to show additional advantages, such as protection
of metal film from oxidation, tunability of the resonance wavelength region, biocompatibility, capability of vapor,
and gas sensing. © 2018 Chinese Laser Press

OCIS codes: (250.5403) Plasmonics; (240.6690) Surface waves; (280.4788) Optical sensing and sensors.
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1. INTRODUCTION

In recent years, there have been dramatically increasing con-
cerns among various disciplines on two-dimensional transition
metal dichalcogenides (TMDCs) [1], such as molybdenum
disulfide (MoS,) [2] and tungsten disulfide (WS,) [3], due
to their atomically thin layered structures with unique electri-
cal, optical, plasmonic, electrochemical, and electrocatalytic
properties [4—7]. WS, possesses a hexagonal crystal structure
formed by a covalently attached S-W-S monolayer and stacked

atomic layers of sulfur atoms. Hence, WS,, as one of the
newly emerging 2D layered nanomaterials, is considered as a
graphene-like material [9]. There are a number of techniques
for TMDC synthesis, such as chemical vapor deposition,
mechanical exfoliation, and the liquid phase exfoliation method
[10]. As a typical kind of TMDC material, WS, possesses
strong photoluminescence, large photoresponsivity, high
density of electronic states, sizable band gaps in the visible
to near-infrared spectrum, and high surface-to-volume and

through weak van der Waals force [8]. A WS, monolayer con-
tains one layer of tungsten atoms with sixfold coordination
symmetry, which are hexagonally packed between two trigonal
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layer-dependent electronic and optical properties, making it
a promising material for offering numerous opportunities in
the development of new biological and chemical sensors and
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sensing strategies [11]. For instance, it has been reported that
the plasma-assisted synthesis of WS, thin films exhibits high
sensitivity to the presence of NHj;, which demonstrates the
potential of 2D WS, films for electrochemical gas sensing
applications [12]. A new WS, nanosheet-based nanosensor
for the ultrasensitive detection of small molecule—protein
receptor interaction has been reported, which exhibits high sen-
sitivity with a detection limit of 5.3 pmol/L [13]. Wrapped on
the tapered region of microfiber, WS, nanosheets have been
proposed for enhanced humidity sensing [14].

Surface plasmon resonance (SPR) is an exceedingly efficient
and powerful technique for real-time and label-free biomolec-
ular interactions and chemical analyte detection via monitor-
ing refractive-index changes of the surrounding medium at the
SPR sensing surfaces due to its strong evanescent field with a
penetration depth for tens to hundreds of nanometers [15,16].
However, the SPR sensors usually show insufficient ability
in the direct detection of small molecular weight molecules,
extremely dilute concentration of analytes, or low-affinity inter-
actions [17,18]. To overcome this limitation of SPR sensors,
many sensitivity-enhancement schemes have been proposed,
for example, combining the strong electric field of localized
SPR excitation based on noble-metal plasmonic nanoparticles
(e.g., Au and Ag nanoparticles) [19,20], employing functional-
ized magnetic nanoparticles as SPR signal amplification tags
[21], or enhancing the SPR sensing substrate by depositing
on the metal film with an additional layer of modified materials.
Some common modified materials have been reported, such as a
nanometer layer of Si film [22], various high-index oxide over-
layers (AL, O3, SnO,, TeO,, MgO, ITO, and ZnO) [23,24],
and a few-nanometers-thick layer of amorphous silicon-carbon
alloy [25]. In addition, a 2D layered nanomaterial, graphene, has
been widely investigated and reported in the aspect of enhancing
performance and sensitivity of SPR-based sensors owing to the
significant advantages of graphene functionalized SPR surfaces
[26-28]. As a graphene-like material, WS, nanosheets also
possess the properties of 2D layered nanomaterials, like chemical
stability, large surface area, and high refractive index, to play
efficient roles in the sensitivity enhancement for the optical
sensors. An SPR biosensor based on a gold/Si/WS, hybrid
nanostructure has been theoretically designed and proposed
to investigate the sensing performance improvement [29].
But the ability of WS, nanosheets in enhancing the sensitivity
and selectivity of SPR-based sensors has been little investigated
experimentally.

In this work, WS, nanosheets were experimentally intro-
duced to the SPR sensor by coating onto the gold film to
explore the scheme for sensing performance improvement.
The influence of WS, overlayers with different thicknesses
on the refractive index (RI) sensing sensitivity was studied
and discussed in detail. Different thicknesses of WS, overlayer
were obtained by different number of times performing the
post-coating process. With the increase of the WS, overlayer
thickness, the sensing sensitivity increases first and then
decreases. The highest sensitivity (up to 2459.3 nm/RIU) is
experimentally achieved at one post-coating of the WS, suspen-
sion. Compared to the case of the uncoated SPR sensor, it
shows a sensitivity enhancement of 26.6%. The effect of the

WS, ovetlayer on sensitivity enhancement is discussed and
explained. To the best of our knowledge, this is the first report
on utilization of WS, nanosheets in SPR-based sensor to
enhance the RI sensing sensitivity.

2. FABRICATION AND CHARACTERIZATION

The proposed SPR sensor is based on the conventional
Kretschmann attenuated total reflection (ATR) structure with
a custom-built glass slide as the metal deposition substrate to
make the prism be used repeatedly. Firstly, glass slides were
cleaned by immersing into an ultrasonic bath for 10 min.
In the subsequent metal deposition process, a thin layer
(~5 nm) of chromium and a gold film (50 nm) were succes-
sively deposited onto the slides by a vacuum evaporating
method, wherein the chromium layer was applied to enhance
the adhesion force between the glass slide and the gold film.
The final step is to coat the prepared WS, alcohol suspension
onto the gold film and form a WS, modified SPR chip.
The WS, alcohol suspension (WS, nanosheet concentration
is I mg/mL, average nanosheet size is 20-200 nm) used in the
experiment was purchased from MKNANO Tec. Co., Ltd.
The WS, alcohol suspension was decanted into centrifuge tube
and treated by ultrasonication for 30 min with the purpose of
distributing the WS, nanosheets to avoid agglomeration. After
that, the suspension was dropped directly onto the gold film
surface and placed at room temperature for ~10 h to evaporate
the alcohol naturally. As a result, a certain thickness of WS,
film could firmly attach on the gold layer. Raman scattering
spectroscopy of the WS, overlayer on the gold film was per-
formed to characterize its thickness and structural quality. The
Raman spectrum excited by a laser at wavelength 514.5 nm was
measured with a Raman microscope (RENISHAW, UK) and
depicted in Fig. 1. The 2LA (M) and A,; (I') peak positions
are at 353 cm™! and 418.3 cm™!, respectively. According to
Ref. [30], the number of WS, nanosheet layers can be non-
destructively analyzed by observing the shifts in these Raman
mode peaks. By comparing the intensity ratios and peak
frequencies of the WS, Raman modes in Fig. 1 with those in
Ref. [30], the WS, nanosheets constituting the WS, overlayer
coated on the gold film can be estimated to be multilayer.
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Fig. 1. Raman spectrum of the WS, layers on the SPR sensor
structure.
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Fig. 2. (a) WS, surface morphology image of the SPR sensor. The
WS, cross section SEM images after different numbers of times of
repeated post-coating: (b) one; (c) two; (d) three; () four; (f) five.

The WS, nanosheet on the outside surface layer of the substrate
plays a key role in the eventual RI sensing experiment.

To obtain the surface morphology and the thickness of the
WS, overlayer coated on the gold film with different number
of times of post-coating, the sensors were observed with a
scanning electron microscope (SEM). The thickness can be in-
creased by repeated post-coating. Figure 2(a) shows the
SEM image of WS, surface morphology on the SPR sensor
at a magnification of 29330. It can be seen that the WS,
nanosheets nearly uniformly distribute on the gold film.
Figures 2(b)-2(f) provide the WS, cross-section SEM images
after different number of times of post-coating. The experimen-
tal observation results indicate that the thicknesses of the WS,
overlayer are 195.2, 277.4, 373.3, 529.3, and 692.4 nm for the
one to five times of post-coating, respectively. The thickness of
WS, overlayer has a significant influence on the sensing
property, which can be illustrated in the latter RI sensing
experimental results.

3. SENSOR PERFORMANCE MEASUREMENT

All the SPR spectra were measured via coupling the tungsten-
halogen light source [AvaLight-HAL-(S)-Mini, China] to the
Krestchmann configuration SPR system based on a prism and
recording the reflected light with a spectrometer (AvaSpec-
ULS2048XL, China). The specific experimental setup for
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Fig. 3. Experimental setup for RI sensing measurement.

sensing measurement was constructed and shown in Fig. 3.
The broadband signal light was transmitted through a fiber
jumper from the tungsten-halogen source, focused and colli-
mated by an objective lens and a plano-convex lens, polarized
by a polarizer to obtain a transverse-magnetic light injection,
and then coupled to the prism with the SPR excited by the
evanescent wave at a certain wavelength. After that, the residual
reflection light with a resonance dip was focused by a plano-
convex lens and collected by a fiber spectrometer. Finally,
the corresponding reflectance spectrum was recorded by a com-
puter. The integration time is 3.6 ms, and the average times are
10. A WS,-SPR chip was mounted on the top of the prism with
a layer of oil applied for index matching. When the SPR was
excited, a part of signal light was coupled into the surface plas-
mon wave. In consequence, a resonant absorption dip could be
observed in the reflectance spectra, and the dip corresponds to
the position of the resonance wavelength. Furthermore, due to
the high sensitivity of SPR to surrounding refractive index, a
change in the refractive index of the sensing medium on the
surface of the WS, film would give rise to the resonance wave-
length shift. The sensing performance of the WS,-SPR sensor
could be characterized in virtue of the shift amount.

In the experiment, solutions with different refractive indices
were used as the RI sensing analytes. The solutions were ob-
tained by mixing ethylene glycol and distilled water at a certain
volume ratio. Their refractive indices were further measured
with an Abbe refractometer (Edmund NT52-975, Edmund
Optics Co., Ltd.) at room temperature of 25°C. Five solutions
with the refractive indices of 1.333, 1.339, 1.344, 1.355, and
1.360 were prepared for the following Rl sensing measurement
experiment. At first, the RI sensing measurements of the SPR-
based chip without a WS, nanosheet overlayer were carried out
as the control group, and the corresponding reflectance spectra
are shown in Fig. 4(a). It is clearly seen that all the reflectance
spectra exhibit obvious SPR absorption dips. With the increase
of analyte R, the resonance dips shift to longer wavelengths. In
the range of analyte RI changing from 1.333 to 1.360, the res-
onance wavelength redshifted 51.7 nm.

Figures 4(b)—4(f) provide the reflectance spectra of the
WS,-SPR sensor in the cases of being covered with different
thicknesses of WS, nanosheet overlayer. In contrast to the con-
trol group, they also exhibit obvious SPR absorption dips, and
the resonance dips also shift to the longer wavelengths with the
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Fig. 4. Reflectance spectra of the WS,-SPR sensors corresponding
to different post-coating times: (a) Without coating; (b) one; (c) two;
(d) three; (e) four; (f) five. The refractive index of the sensing analyte
changes from 1.333 to 1.360.

analyte Rl increase. However, the resonance wavelength posi-
tion displayed different shift amounts in the cases of different
WS, nanosheet overlayer thicknesses. The resonance wave-
length position shifted 64.8, 56.0, 45.7, 41.8, and 31.0 nm
for the WS,-SPR sensors coated with WS, nanosheets for
one to five times, respectively. In addition, the SPR dips ob-
viously broadened with the increased thickness of WS, overlay,
which can be characterized by the full width at half-
maximum (FWHM).

In order to describe the sensing performance more intui-
tively, the resonant wavelengths were plotted as the functions
of the sensing refractive index for different times of WS, nano-
sheet suspension post-coatings in Figs. 5(2)-5(f), and the linear
fittings were implemented to indicate the change trend of the
resonant wavelength with sensing RI. As a result, the linearly
dependent coefficients R?* were 0.9924, 0.9976, 0.9974,
0.9895, 0.9881, and 0.9869 corresponding to the cases of
zero to five times of WS, nanosheet coatings, respectively.
These results adequately reveal that there is an excellent linear
relationship between the resonant wavelength shifts and sens-
ing RI changes. Thus, the sensing RI change can be detected
through observing the resonance wavelength shifts.

Actually, the slopes of the fitted lines in Fig. 5 are the
RI sensitivities for the sensors [31]. Therefore, the sensing
sensitivities for zero to five times of WS, nanosheets coatings
are  1942.2, 2459.3, 2073.4, 1677.6, 1515.9, and
1139.8 nm/RIU, respectively, and they were further plotted
versus the different times of WS, nanosheet coatings in
Fig. 6(a). It can be found that the sensitivity increases first
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Fig. 5. Experimental variation of shift in the resonance wavelength
with refractive index under different times of WS, nanosheet post-
coating: (a) Without coating; (b) one; (c) two; (d) three; (e) four;
(f) five.

and then decreases with the increase of post-coating times.
In the cases of one and two times of coatings, the sensitivities
were improved obviously, compared to that without a WS,
nanosheet overlayer. After post-coating once, the sensitivity
is enhanced to 2459.3 nm/RIU, which is 26.6% more than
the case without a WS, nanosheet overlayer.

Apart from the sensing sensitivity, the figure of merit (FoM),
defined as the ratio between sensitivity and FWHM, is also a
typical quality parameter for accessing the performance of SPR
sensors. Figure 6(b) depicts the FoM variation as a function of
the number of times of WS, nanosheet coating. Here, the
FWHM of the SPR spectra for the analyte refractive index
1.333 in Fig. 4 was used to acquire the corresponding FoM.
From Fig. 6(b), it can be seen that the FoM decreases with
the increase of WS, nanosheet post-coating times. Compared
with the case of uncoated gold film, a larger number of WS,
nanosheets stacked on the gold film cause strong absorption
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Fig. 6. (a) Sensitivity and (b) figure of merit comparison for differ-
ent number of times of WS, nanosheets coatings.
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and scattering, broaden the SPR dips, and thus result in the
decrease of FoM.

4. ANALYSIS AND EXPLANATION

Since all the SPR sensors were prepared in the same way except
the number of times of WS, post-coating, this suggests that
the analysis could be carried out by treating the WS, and the
analyte as a hybrid sensing layer. The introduction of the WS,
will change the effective refractive index of the hybrid
media and the evanescent field distribution as well.

First, we experimentally measured the SPR spectra of the
sensor with uncoated gold film in the analyte refractive index
range of 1.333 to 1.40 to observe the influence of the effective
refractive index on the SPR sensitivity and plotted them in
Fig. 7(a). The corresponding quadratic fitting curve with the
dependent coefficient R = 0.9996 for the resonance wave-
length versus refractive index was depicted in Fig. 7(a). It
can be found that the slope of the curve representing the sensor
sensitivity in the different refractive index ranges increases with
the increased refractive index. This means that the same refrac-
tive index increment in the high-refractive-index range will
cause more resonance wavelength shift amount than that in
the low-refractive-index range.

By means of post-coating, a mass of hollowness exists in the
WS, nanosheet overlayer, which can be seen from the WS,
overlayer SEM images shown in Fig. 2. Thereby, the introduc-
tion of additional WS, nanosheet overlayers with a high
refractive index onto the gold film actually changes the
sensing layer into the hybrid media of the analyte and WS,
nanosheets. The corresponding effective refractive index can
be €Xpr€SS€d as e = fanalyte X ”analyte + fWSZ X 7hy/S2> where
f analyte = Vanalyte/ (Vanaly(e + V\X/SZ) and f wWSs2 — VWSZ/
(Vanayee T Viwsz) are the volume fractions of the analyte
and WS, nanosheets, respectively, Ve and Vs, are the
volumes of analyte and WS, nanosheets in the hybrid sensing
layer, and 72,1y and 7y, are the refractive index for the an-
alyte and WS, nanosheets in the sensing layer, respectively. It is
apparent that one effect of the WS, overlayer is to change the
volume fraction of analyte f ... In the sensing experiment,
the sensitivity of the sensor is calculated via § = A1/ An,ppyee;
here A7 is the resonance wavelength shift amount and A7z,
is the refractive index increment of the sensing analyte and is
fixed at a value of 0.027 in the sensing measurement for the
sensors with different WS, nanosheet overlayer thicknesses.
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Fig. 7. (a) Experimental variation of shift in the resonance wave-
length with surrounding refractive index ranging from 1.333 to
1.40. (b) Evanescent electric field distribution at the resonance
wavelength within the prism/gold film (50 nm)/analyte (» = 1.36)
structure.
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With the increase of WS, overlayer thickness, f, increases,
while  f .. decreases, which results in the decrease
of the sensing effective refractive index increment Azn.g =
f analyte X B7analyre. Despite the decreased An.g, the correspond-
ing resonance wavelength shift amount A4 may increase due to
the large slope in a region of the correlation curve. For visual
demonstration, the segments in the quadratic fitting curve re-
present the resonance wavelength shift amounts for different
number of times of WS, post-coating, and the corresponding
effective refractive index increments were sectioned via different
color dash lines, as shown in Fig. 7(a). The subscript numbers
0, 1, 2, and 5 represent the corresponding number of post-
coating times. It can be seen that, although Angg; < Angg,
respectively, the corresponding resonance wavelength shift
amount satisfies A4; > A4y, which means that the sensitivity
increases with an increase of WS, nanosheet overlayer thick-
ness. However, this trend does not remain constant.

Another effect of the introduced WS, overlayer reflects in
affecting the evanescent field distribution. The evanescent elec-
tric field distribution at the resonance wavelength within the
prism/gold film (50 nm)/analyte (» = 1.36) structure was
numerically calculated and illustrated in Fig. 7(b). Coating gold
film with the WS, nanosheet overlayer will affect the evanes-
cent electric field distribution, which in turn has an impact on
the decay length. However, the precise field distribution corre-
sponding to the WS,-coated sensor is unavailable because of
the lack of reported data for the optical constants in a broad
spectral range for WS, material with a thickness of several hun-
dred nanometers. Based on the fact that the decay length of the
SPR evanescent field in the dielectric layer usually ranges from
tens to hundreds of nanometers [15], the interaction strength
between the evanescent field and the analyte will further de-
crease with the WS, overlayer thickness increasing and finally
result in the decrease of the resonance wavelength shift amount
AJ,. That is to say, the sensitivity goes into the decreasing trend
after the WS, overlayer thickness beyond a critical value. For
example, the resonance wavelength shift (Als) for five times of
post-coating of the sensor is even smaller than that (Alg) of the
uncoated one.

Summarizing the two effects on the SPR sensitivity brought
by the WS, nanosheet overlayer, positive enhancement and
negative weakening due to different mechanisms exist simulta-
neously. Therefore, the experimental results for the sensitivity
increasing first and then decreasing with the increase of WS,
nanosheet overlayer thickness can be easily explained by the
balance of the two abovementioned effects. As expected, a
higher sensing performance can even be further improved by
replacing the gold film with gold-silicon bilayer and reducing
the thin WS, overlayer to several WS, nanosheet monolayers
[29]. For the synthesis and deposition of a few layers of even
monolayer of 2D materials, a liquid metal-based reaction tech-
nique may be referred to [32,33].

5. CONCLUSION

We have demonstrated the RI sensing sensitivity enhancement
of SPR sensor by first introducing a layer of post-coating onto
the gold film surface with a 2D layered nanomaterial, WS,
nanosheets. The sensitivity is related to the thicknesses of
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the WS, nanosheet overlayer, which can be tailored by the
number of post-coating times of a WS, ethanol suspension.
With the increase of WS, nanosheet thickness, the sensing
sensitivity increases first and then decreases, for which a
detailed explanation is presented. The highest sensitivity (up
to 2459.3 nm/RIU) is achieved in the case of a one-time
post-coating of WS, nanosheets on the gold film in the experi-
ment. Compared to the case of an uncoated sensor, the exper-
imental result indicates that the presence of the WS,
nanosheets coating results in an enhancement of 26.6% in sen-
sitivity. Moreover, the proposed SPR sensor has a linear corre-
lation coefficient of 99.76% in the refractive index range of
1.333 to 1.360. By means of a simple post-coating process, this
work demonstrated an effective strategy to improve the sensor
performance in term of sensing sensitivity. It is worth pointing
out that the proposed WS, modified SPR sensors could hold
considerable potential in biochemical detections by further
exploiting the additional advantages of WS,, such as large
surface area and abundant surface functional groups.
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