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An ultrasensitive biosensor based on hybrid structure and composed of long-range surface plasmon polariton
(LRSPP) and dielectric planar waveguide (PWG) modes is proposed. Both PWG and LRSPP modes have strong
resonances to form strong coupling between the two modes, and the two modes can couple to enhance sensitivity
of sensors. In the hybrid structure, PWG is composed of cytop-Si-cytop multilayers and the LRSPP configuration
is composed of cytop-metal-sensing medium multilayer slabs. The highest imaging sensitivities of 2264 and
3619 RIU-! were realized in the proposed sensors based on Au and Al-monolayer graphene, respectively, which
are nearly 1.2 and 1.9 times larger than the 1910 RTU™! sensitivity of the conventional LRSPR sensor (LRSPP sen-
sor). Moreover, it is demonstrated that the PWG-coupled LRSPP biosensor is applicable to the sensing medium,
with refractive index in the vicinity of 1.34. © 2016 Chinese Laser Press
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1. INTRODUCTION

Surface plasmon polariton (SPP) is a special physical phe-
nomenon occurring at the interface of metal and dielectric,
where electromagnetic waves are coupled to charge excita-
tions. Usually SPPs can be excited via evanescent waves
in attenuated total reflection (ATR) configuration, utilizing
high-index prisms, where wave vector mismatch between
vacuum and SPPs is compensated. Once SPPs are excited
in ATR configuration, a reflectance dip always appears in the
reflectance-angle/wavelength curve. SPPs are very sensitive
to the refractive index of dielectric attached to the metal sur-
face due to strong light-matter interaction. Therefore, even a
small refractive index variation of the dielectric can be de-
tected via measuring changes of SPP excitation. Thus SPP,
sensors have various important applications in such areas
as food safety testing [1,2], environmental monitoring [3,4],
medical diagnosis [5,6], and biochemical applications [7],
etc. Ciminelli et al. have given a detailed description of the
types of biosensors or biochemical sensors [8]. Although
SPP sensors have been extensively investigated and applied,
higher sensitivities are always pursued by researchers. Long-
range surface plasmon polariton (LRSPP) is one of the most
effective ways to improve the sensitivity of sensors. LRSPP,
first reported by Sarid [9], can be excited through ATR in
a thin metal film sandwiched by two dielectrics. When the
metal film is thin enough and the two dielectrics have similar
refractive index, SPP modes on opposing surfaces of metal
film can be coupled together, forming the LRSPP. The dielec-
tric constants of the two dielectrics (e;, €5) should meet the
condition |e; — &| < €1, & [10], indicating that LRSPP is more
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sensitive to changes in the environment than SPP. As a result,
the LRSPP sensor has a higher precision compared to a
conventional SPP sensor [11,12].

Hybrid configurations composed of two different electro-
magnetic modes have also attracted much attention in recent
years [13-15]. Hayashi et al. reported a highly sensitive sensor
based on waveguide-coupled SPP, and sensitivity of 1500 RIU-!
was demonstrated [13]. Dielectric planar waveguide (PWG) is
formed by a dielectric core layer with high refractive index and
two cladding layers with low refractive index. Both PWG and
LRSPP modes can have strong resonances. If these two modes
are successfully coupled together, the phenomenon of normal-
mode splitting [16] will occur, which means strong coupling
between two modes. When the PWG supports a mode with
wave vector close to LRSPP, the two modes may couple to
enhance sensitivity of sensors additionally. In this paper, to im-
prove the sensitivity, we propose an ultrasensitive biosensor by
using the strong coupling of PWG and LRSPP modes, and en-
hanced sensitivity of 2264 RIU! is verified. Moreover, it is also
demonstrated that the proposed biosensor can use aluminum
(AD) film to replace the Au film in the metal layer, which can
further improve the sensitivity. We believe that this scheme
could find potential applications in chemical examination,
medical diagnosis, and biological detection, etc.

2. THEORETICAL MODELS AND
NUMERICAL METHODS

The proposed biosensor is shown in Fig. 1. In the con-
figuration, we choose chalcogenide glass (252G) as the
coupling prism due to its high refractive index (>2). 252G
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Fig. 1. Schematic diagram of the proposed PWG-coupled LRSPR
biosensor based on Au film.

also has shown potential in the fabrication of ultra-low-loss
waveguides among glasses [17], and it has been widely used
in sensing technology [18-20]. Silicon film with thickness of
14 nm is sandwiched between two cytop layers, and this sand-
wich structure can work as a PWG. Then PWG is placed under
the 2S2G prism. Then a metal film is added, the sensing
medium is assumed to be a biomolecule-containing solution
with refractive index in the vicinity of 1.34, and the structure
of cytop—Au-sensing medium constitutes the LRSPR configu-
ration. Here, the cytop is an amorphous fluoropolymer with a
low refractive index that is widely used in LRSPR structures
[21,22] and the waveguide structure [13]. Finally, we combine
the waveguide structure and LRSPR configuration to obtain
a new PWG-coupled LRSPR hybrid structure. The excitation
light wavelength is 633 nm, TM-polarized light is incident from
the 252G glass prism, and the reflective light can be received
at the other side through a photon detector.

The first layer is 2S2G prism, and its refractive index is
given by the relation n; = 2.24047 + 2.693 x 1072 /4% + 8.08 x
10-3/4* [18,23], where J is the wavelength of incident light in
micrometers. The dielectrics of the second and fourth layers
are cytop films and the refractive index (n,) is 1.34 at 1 =
633 nm [21]. The third layer is Si film and its refractive index
(ny) is calculated from the relation ny, = A + A;e /4 4+
Ase (24 95], where A = 3.44904, A, = 2271.88813, A, =
3.39538, t; = 0.0568304, and ¢, = 0.30384. The fifth layer is
Al thin film and its dielectric constant follows the Drude-—
Lorentz model [26], &,, = 1 — 124, //1?, (4c + 14), where A, and 4,
are the collision and plasma wavelengths, respectively. 1, =
8.9342 x 10° m and 4, = 1.6826 x 10-" m for Au film [27].

In the proposed biosensor, all layers are stacked along
the direction perpendicular to the prism, and each layer is
defined by the thickness (d;,), refractive index (n;), and di-
electric constant (¢;,), respectively. Therefore, we employ the
transfer matrix method [28,29] to analyze the reflectance (R,)
of the incident TM-polarized light, and hence the sensitivity
is defined as S = dR,/dn; [25].

3. NUMERICAL RESULTS AND DISCUSSION

The SPPs at two surfaces of a metal layer can couple together
when the metal thickness is small enough. The new coupled
modes can be divided into two modes called LRSPPs and
short-range surface plasmon polaritons (SRSPPs), according
to whether the electric field distribution is asymmetric or not.
The dispersion relation should be calculated to decide wave
vectors, which are related to incident angle of light directly, of
LRSPs and SRSPs; one can refer to the report by Giannini [30].
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The dispersion relation for LRSPs is calculated from the
formula tanh[ad/2] = -¢,,a,4/€,, Where ¢,, and ¢, are the di-
electric constants of metal film and the surrounding dielectric
(in the proposed configuration, the surrounding dielectric is
cytop), ag = —kieg, and a = % - kie,,, where k, is the
wave vector in vacuum and g is the propagation constant.
Hence, the effective index can be defined as n.y = f/ko.
Figure 2(a) has shown the effective indices of the LRSPP
and PWG modes. First, we calculate that the effective index
is 1.3448 (the corresponding incident angle is 34.7721°) for the
structure of cytop—Si—cytop when the thickness of Si is 14 nm
(solid blue line). Then we can plot the variation of effective
indices with respect to the thickness of metal layer for the
configuration of cytop—Au-cytop (solid red line). From the
figure, we can see that when the thickness of Au is 11.38 nm
(this precise thickness is mainly for numerical illustration,
while practical thickness need not be so precise), the solid
red and blue curves intersect at one point and this means the
LRSPP modes can couple with the PWG mode. Figure 3(b)
shows the variation of reflectance with respect to the incident
angle for the configuration of LRSPR (blue curve) and PWG-
coupled LRSPR (red curve) when the thickness of cytop is
2080 nm (note that the outermost cytop layer, which should
be replaced by sensing media in practice, is a semi-infinite di-
electric). It is obvious that the reflectance curve splits into two
dips to obtain two resonance angles (34.7337° and 34.7928°),
and both resonance angles are deviated from prediction of
individual LRSPP or PWG dispersion indicated by solid lines
in Fig. 2(a); this phenomenon is usually called normal-mode
coupling or splitting [17]. When normal-mode coupling hap-
pens, we can always trace the new dispersion relation by
measuring resonance angles numerically. The reflectance
curve has two different resonance angles with a fixed thick-
ness of Au film. Assuming that the thickness of Au film is var-
iable, we will get a series of resonance angles and then we can
plot the anti-crossing curve (upper branch and lower branch),
which is a feature of normal-mode coupling, as the red dotted
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Fig. 2. (a) Effective refractive indices of LRSPP and PWG modes;
(b) variation of reflectance with respect to the incident angle for
the LRSPR and PWG-coupled LRSPR configurations.
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Fig. 3. Schematic diagram of the electric field distributions for the

configuration of single (a) PWG and (b) LRSPR; electric field distri-

butions at (c) 0 = 34.7337° and (d) 0 = 34.7928° when the PWG is

coupled with LRSPR.

lines shown in Fig. 2(a). From Fig. 2(b), instantly we notice
that both the split resonant dips are narrower than the sole
dip of LRSPP, which qualitatively indicates higher sensitivity.

We have plotted Fig. 3 to show the tangential electric field
distributions for the configuration of PWG and LRSPR at
0 = 34.7721°. The field distribution in Figs. 3(a) and 3(b)
has the typical features of TM, PWG mode and LRSPP.
When the PWG mode was coupled with LRSPP mode, the
reflectance curve split into two dips. Figures 3(c) and 3(d)
are the electric field distributions at 0 = 34.7337° and 6 =
34.7928° (two separate resonance angles), and we can see that
the electric field has an obvious improvement at the interface
of both cytop/Si and cytop/Au when 6 = 34.7337°. Comparing
Figs. 3(c) with 3(d), it is clear that the electric field at the inter-
face of cytop/Au for the PWG-coupled LRSPR structure is
stronger than the LRSPR structure, which means a stronger
coupling between light and electrons at the interface of Au
and dielectric. Thus, we can expect that the hybrid structure
will be more sensitive to variation of dielectric environment.
Hereafter, we replace the last cytop layer with sensing
medium to obtain the PWG-coupled LRSPR sensor as shown
in Fig. 1. To make sure that the configuration of waveguide
can couple with the configuration of LRSPP, the refractive
index of the sensing layer is better in the vicinity of 1.34,
which may be the refractive index of impure water. We stress
that the chosen value of 1.34 is for symmetry and conven-
ience; 1.33 (refractive index of pure water) is also possible,
but all figures just discussed should be recalculated. In the
proposed imaging sensor, the thickness of cytop is found to
be an important factor affecting the sensitivity. To obtain
the highest sensitivity, we plot Fig. 4 to determine the optimal
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Fig. 4. Variation of peak sensitivity with respect to the thickness of
cytop layer for the proposed sensor.

thickness of cytop, and the result shows that sensitivity as
high as 2264 RIU-! can be obtained when the thickness of
cytop is 2080 nm. Note that the peak sensitivity may refer
to different dips of reflectance, and S,,,; here is obtained
by the left dip. During our calculation, the sensitivity of the
waveguide-coupled SRSPP sensor is much lower than that
of LRSPP. Therefore, in this paper, we only consider sensors
based on PWG-coupled LRSPP. Using the transfer matrix
method, we have obtained the reflectance and sensitivity
curves for the proposed sensor with optimal thickness. In
Fig. 5, we compared sensors based on PWG-coupled
LRSPR, LRSPR, and SPR. The results show that the full width
at half maximum (FWHM) for the PWG-coupled LRSPR
sensor is narrower than the sensors based on LRSPR
and SPR, and higher sensitivity can be expected. Here, we cal-
culate the sensitivity by examining changes in the reflectance
at a fixed incident angle caused by changes in the refractive
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Fig. 5. Variation of reflectance and sensitivity with the incident angle
for the sensors based on (a) PWG-coupled LRSPR, (b) LRSPR, and
(c) conventional SPR when n; = 1.34.
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Fig. 6. Schematic diagram of the electric field distributions for
the proposed PWG-coupled LRSPR sensor at 6 = 34.7337° and
0 = 34.7928°.

index of sensing medium (n,). For a reflectance dip with nar-
rower FWHM, we can get larger changes in reflectance with
a fixed change in ng, where usually a small change of 7, only
shifts the angle of resonance and influences resonance width
little. Therefore, a narrower reflectance dip can usually be
considered to produce higher sensitivity. It is shown that
the reflectance curve in Fig. 5(a) has two dips and it has the
highest sensitivity at the first dip. The sensitivities for sensors
based on PWG-coupled LRSPR, LRSPR, and SPR are 2264,
1910, and 62 RIU!, respectively.

In order to understand further the mechanism of the high
sensitivity in the proposed sensor, the tangential electric field
distributions for different n; have been shown in Fig. 6. The
electric field at the interface of Au/sensing medium will have
a dramatic change when 7 has a slight variation. This means
that the proposed sensor is very sensitive to the change in
sensing medium. We have plotted the variation of peak sensi-
tivity with respect to the change in n in the vicinity of 1.34, as
shown in Fig. 7. The peak sensitivity increases to its highest
value when 7 is near 1.34, and then decreases.

As we know, Au is not susceptible to oxidation and does not
react with most chemicals [31,32]; hence, it is often used as
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Fig. 7. Variation of peak sensitivity with respect to refractive index
of sensing medium in the vicinity of 1.34.
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the metal film in the sensor. In practical applications, the
Au film can be replaced by other metals such as Al, which
has been found to have higher sensitivity than Au and silver
(Ag) in the application of biosensors [24]. However, Al has
poor resistance to oxidation in different environments. In or-
der to prevent Al from oxidizing and increase the biomole-
cules’ adsorption, we introduce graphene. In recent years,
the application of graphene has been investigated in various
areas such as energy technology [33], hyperbolic metamateri-
als [34], optical bistability [35,36], and bioassays [37], etc.
Especially in optical sensors, graphene has been extensively
studied due to its high surface to volume ratio [38] and tunable
biocompatibility [39]. Graphene can also be used as the pro-
tective layer [24,40] adjoining the biomolecular recognition
elements [28] to prevent oxidation and increase the biomole-
cules’ adsorption. More importantly, owing to the ability of
graphene to support the electromagnetic waves coupled to
charge carriers, combining graphene with metal film to en-
hance SPP has also attracted considerable attention [41].
Therefore, we can use the structure of Al-graphene to replace
the Au film in the proposed sensor to obtain a new biosensor.
The thickness of graphene is taken as d; = L x 0.34 nm
(where L is the number of graphene layers), and the refractive
index in the visible range is ng = 3.0 + 1C;1/3 [42]. The varia-
tion of reflectance and sensitivity with respect to the incident
angle is shown in Fig. 8 and the highest sensitivity is
3619 RIU-!. Compared with the Au-based sensor, the sensitiv-
ity can have a huge improvement.

4. CONCLUSIONS

In this study, we have proved that the LRSPP mode can couple
with PWG mode to obtain an ultrasensitive biosensor. The
highest sensitivities for the proposed biosensors based on
Au film and Al-graphene are 2246 and 3619 RIU"!, respec-
tively, nearly 1.2 and 1.9 times greater than the sensitivity of
LRSPR sensors based on Au film (1910 RIU™!) and nearly 36
and 58 times greater than the sensitivity of conventional SPR
sensors (62 RIU-1). The present biosensor has shown a strong
SPR excitation and a high sensitivity to analyte, and the bio-
sensor is applicable to the sensing medium, with refractive
index in vicinity of 1.34. With such an excellent performance,
we believe that this novel structure can play an active role in
the field of optical sensing technology.
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