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Bloch surface waves (BSWs) are excited in one-dimensional photonic crystals (PhCs) terminated by a graphene
monolayer under the Kretschmann configuration. The field distribution and reflectance spectra are numerically calculated
by the transverse magnetic method under transfer-matrix polarization, while the sensitivity is analyzed and compared with
those of the surface plasmon resonance sensing method. It is found that the intensity of magnetic field is considerably
enhanced in the region of the terminated layer of the multilayer stacks, and that BSW resonance appears only in the
interface of the graphene and solution. Influences of the graphene layers and the thickness of a unit cell in PhCs on the
reflectance are studied as well. In particular, by analyzing the performance of BSW sensors with the graphene monolayer,
the wavelength sensitivity of the proposed sensor is 1040 nm/RIU whereas the angular sensitivity is 25.1°/RIU. In addition,
the maximum of figure of merit can reach as high as 3000 RIU™!. Thus, by integrating graphene in a simple Kretschmann
structure, one can obtain an enhancement of the light—graphene interaction, which is prospective for creating label-free,

low-cost and high-sensitivity optical biosensors.

Keywords: optical sensor, Bloch surface wave (BSW), photonic crystal (PhC)
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1. Introduction

The spectroscopy of attenuated total reflection (ATR) has
been applied widely in chemical and biological sensors. Op-
tical sensors based on surface waves (SWs) excited under the
ATR condition, ! which are electromagnetic (EM) waves that
propagate along the interface of two different media and can
be confined strongly at the interface, have become powerful
diagnostic tools due to their unique properties, such as high
surface sensitivity, (2 real-time and label-free detection.[®! The
most common SW, which is widely used in the sensing design,
is undoubtedly surface plasmon resonance (SPR).[*3! Surface
plasmon polaritons (SPPs) are collective oscillations of charge
density at the interface between a metal and a dielectric layer.
High angular and wavelength sensitivity have been attained in
popular SPR sensors. %7 Bloch surface waves (BSWs) are EM
modes confined at the interface of a homogeneous medium
and a finite 1D photonic crystal (PhC),®-191 have been pro-
posed as an alternative to SPR.I"!~141 BSW sensors have some
similar characteristics with those of SPR but bear some dis-
tinctly different features.!'>-191 The use of BSWs is more flex-
ible and efficient than the use of SPR. This is due to the fact
that SWs in dielectric media can be absorption-free. In ad-
dition, the BSW dispersion relation can be easily engineered,
providing long-range guiding properties and being inherently
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inert with respect to sensitive biological materials to optimize
device performance./17-20]

In recent years, graphene’s unique optical and electronic
properties including the strong light—graphene interaction and
the broadband high-speed operation have attracted intense sci-

[21-26] Graphene is used as a sensing material

entific interest.
due to its high specific surface area and unique electrical prop-
erties such as high mobility and low electrical noise. Graphene
promises a variety of exciting applications for conventional
plasmonics, attributed to its intrinsic plasmons that are tun-
able and adjustable.?’! It has been proved to be a suitable al-
ternative to the conventional noble metals due to the ability of
dynamically tuning its SP spectrum by chemical and electrical
doping in real time locally and in homogeneously.?®! Thus,
graphene is promising in overcoming the problem of poor con-
finement of SW in sensing applications.

In this context, here we propose a graphene-based 1D
PhC and demonstrate the excitation of surface EM waves in
the multilayer at optical frequencies under the Kretschmann
configuration. The effects of the thickness of the PhCs and
the graphene layers on the magnitude and location of the re-
flection dip caused by the BSW resonance are investigated.
The proposed graphene-based 1D periodic structure has low
loss, which gives a narrow reflectivity resonance and high sur-
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face fields. It is also found that the incident angle plays a fun-
damental role in the magnitude of resonance wavelength and
reflectance simultaneously. Finally, the effect of the small re-
fractive index (RI) variations of the bio-solution on the sensi-
tivity of the proposed structure is analyzed and discussed.

2. Theoretical background and model

Figure 1 shows the typical Kretschmann prism-coupled
sample structure schematically. It consists of a repeating mul-
tilayer of two nonmagnetic dielectric materials and graphene
nanolayers are tightly attached to the top of the 1D PhC. The
thickness of graphene monolayer is 0.34 nm, and its RI can
be expressed by ng = 3+ j5.4464 /3 (where A is the operat-
ing wavelength with a unit of micrometers).'?°=!1 Graphene’s
complex RI can effectively describe the optical behavior to
the bulk limit, as reported in Ref. [30]. The RI of the stan-
dard input prism is set as 1.51 which is close to that of the
BKT7 glass in the near-infrared range. In each unit of the PhCs,
we choose TayOs (RI ng = 2.1) as the high RI material and
SiO;, (ny, = 1.46) as the low RI material. To see the details of
the structure more clearly and to facilitate the following cal-
culation, one unit of the periodic part is presented in Fig.1(b).
Their thicknesses are 148 nm (TayOs) and 260 nm (SiO;), re-
spectively. The total number of the unit cells is defined as T,
and the optimized parameter T is set to be 18. Due to the
characteristics of graphene that it behaves like a thin metal in
TM polarization when imaginary part of the graphene conduc-
tivity is negative, the incident light is chosen to be incident
at an angle of 6.3% There has already been an investigation
on the Kretschmann configuration containing 1D PhCs and a
metal layer for the optical sensor.[33] Advantages of this BSW
approach in contrast to SPR are that the BSW dispersion can
be almost arbitrarily tuned by the stack design and the layer
materials used, which means that the BSW can operate at any
wavelength and the resonance angle can also be adjusted to
maximum sensitivity. In the present study, we present an alter-
native approach to excite BSW with graphene-terminated 1D
PhCs. Meanwhile, the designed sensor with confinement of
BSWs is expected to acquire a characteristic of high sensitiv-
ity so that it can have extensive applications in optical sensors.

In the investigation of the performance of the BSW sen-
sor, the reflectance, sensitivity, field distribution as well as fig-
ure of merit (FOM) are analyzed through the transfer-matrix
method (TMM).[34’35] The EM fields of the transfer-matrix
polarized wave (H, = H, = 0, E, = 0) in each layer (j) can
be described as

Hyj(x,2) = Hyj(z) e ™" = (A e'his 4 Bje ™ Hiet) e ik,

ik

Exj(x7z) = wi‘;Hyj('LZ)v (1)
—i dHyj(x,z)

Bnd) = e az

where k; . = 1/(2)%€; — k2 is the wave number, and the TM
mode is defined as the component of the magnetic field par-
allel to the surface of the 1D PhCs. j indicates layers of
high RI material (H) and low RI material (L) with electric
permittivity €; and magnetic permeability f;, respectively.
The transverse wave vector component, k, = kosin 6, is pre-
served across all interface. Also, for the bio-solution, ks =
—iy/ (%)28S — k2.1331 The propagation matrix that propagates
freely through a given material is given by

[ exp(—ik;.d}) 0
p/‘( 0 exp(ik;.d;) | 2)

du+dr,
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Fig. 1. (color online) (a) Schematic diagram of the sensor design,
which consists of a prism, 1D PhCs, a graphene monolayer and the
bio-solution to be estimated. The incident light is incident at an angle
of 6 with TM polarization. (b) A more detailed view of a unit cell. The
thickness of a unit cell is P.

The dynamic matrix that propagates through the boundary of
two dielectrics is defined as
1 /14+c 1—c¢ kit1:€j;
D : — = == 3
i+ 2(1—(: 1+c>’ ¢ K€ (3
When the total number of medium layers is J, the transfer ma-
trix M of the whole medium is given by

M =Dy 1PID13--Pr—1Dj_1. @

We can relate the field of the top layer to that of the bottom
layer as

Aprism Asolution My Mp
=M , M= , (5
(Bprism Bsolution My My )
where M is the total transfer matrix that relates the field co-
efficients (A, B) of the first layer to the ones of the last layer
of the whole structure.[3037] The reflectance of the structure is
given by

2
| My

= 6
M, (6)

054102-2



Chin. Phys. B  Vol. 27, No. 5 (2018) 054102

3. Results and discussions

The Kretschmann configuration is a great technique for
exciting SWs. 8] In this configuration, by using an appropri-
ate prism, light is coupled to the non-radiative SW. The ex-
citation of SWs can be achieved by a dip appearing in the
reflection spectrum. The dip location depends on the RI of
biomolecules that are immobilized at the interface between the
sensor and the fluid in which an analyte exists. The localiza-
tion of the BSW at the interface between graphene monolayer
and an external dielectric medium, generally an aqueous so-
lution, can be guaranteed by Bragg reflection and ATR on the
two sides of the interface. Firstly, we calculate the reflection
spectrum of the proposed BSW sensor structure based on the
parameters given above, as shown in Fig. 2. It is evident that
the obtained resonance wavelength is 713.03 nm, this deep-
est dip corresponds to the non-radiative SWs propagating at
the graphene/binding layer boundary. The only narrow reflec-
tion dip appears in the whole visible and near-infrared wave-
length regions, indicating good wavelength selectivity. The
proposed biosensor configuration provides a deeper, narrower
dip as compared to the SPR biosensor. It is evident that the
graphene-based 1D PhC has low loss and maximal surface
mode excitation compared to the SPR biosensor.

The field distribution at the sensing layer interface largely
affects the overall performance of the BSW sensor through
the overlap integral between the evanescent field and the spa-
tial distribution of the dielectric constant of the sensing re-
gion. The field distributions and the magnitude as a function
of thickness along +Z direction are simulated. Figure 3(a) il-
lustrates the 2D plot of magnetic field intensity (|Hy|) distribu-
tion with distance normal to the interface. Such high magnetic
field at the graphene—sensing layer interface has a correspond-
ing high electric field intensity and in turn can help to achieve
the high performance of graphene-based BSW sensors. Note
that the output magnetic field is normalized with respect to
the incident field. Figure 3(b) shows the 1D plot of the ab-

total unit cells 7"

Z/um

-1.0
X/pm

—-0.5 0 0.5 1.0

solute value of magnetic field intensity (|H,|) parallel to the
interface as a function of distance normal to the interface for
sensing layer RI of 1.330 and operating wavelength 713 nm.
It is visible that the intensity decays toward the prism/1D PhC
interface and the field oscillates many times throughout the pe-
riodic structure. One can obviously count out that there are 18
peaks in the region of 1D PhCs. The positions of peaks are
located in the L-H interface (i.e., the interface from low RI di-
electric to high RI dielectric) and the positions of dips located
in the H-L interface. According to Fig. 3(b), it is also clear
that when the surface mode is excited, the EM field enhance-
ment occurs within the last layer of the 1D PhC. The maximal
field enhancement factor is observed at graphene/binding layer
interface, which is due to the tighter confinement mode to the
surface.3°! The magnetic field intensity in the bio-solution is
gradually decaying along the 4-Z direction, explaining that the
interaction between light and solution declines with the in-
creasing distance away from the truncated layer. It also shows
that the mode at the band edge has less attenuation and thus
the decaying evanescent filed can penetrate much further into
the 1D PhC.
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Fig. 2. (color online) Reflection spectrum of the proposed sensor with
the parameters given above with 6 = 63°. Inset: amplification of the
reflection dip with a resolution of wavelength reaching 0.01 nm.
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Fig. 3. (color online) (a) Density plot of the magnetic field distribution in the 2D plane of the proposed structure at A = 713 nm under
TM polarization. (b) Magnitude of magnetic field as a function of thickness along the +Z direction. The parameters are chosen as

T =18,dy =0.148 um, d, = 0.26 pum, 6 = 63°.
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By the proper design of the multilayer stack, the perfor-
mances of the resonance in terms of dispersion as well as res-
onance width, depth and shift can be adapted. A periodic high
(H)/low (L) reflector is taken because the light inside the stack
has to be optimally reflected to achieve the resonant mode with
the light that is totally reflected at the upper boundary. To
reveal the physical mechanism of the unity absorption of the
graphene monolayer and the ultra-narrowband response of the
designed graphene sensor, the resonance spectrum of the sen-
sor is plotted as a function of wavelength for variable thick-
nesses of one unit cell in the 1D PhCs, as shown in Fig. 4.
When dy changes from 0.1 to 0.2 um (Fig. 4(a)) and dy, varies
between 0.2 and 0.3 um (Fig. 4(b)), the reflection dips of the
BSW resonance are red-shifted in both cases. Furthermore, the
locations of reflection dips are related to the thicknesses of the
two dielectric materials linearly. It can be seen that the slope
related to d, is larger than dy. In other words, the increase of
dy, causes a larger red-shift of resonant wavelength than that
of dy. Thus, we can first change the thickness of SiO; to ad-
just the resonant wavelength, and then alter the thickness of
TayOs to fine-tune the resonant wavelength to minimize the
reflectivity of the BSW resonance.

du/pm

T0.57 0.65 0.75 0.85
Wavelength /pm
0.30 1.0
0.9
0.28 0.8
0.7
g 0.26 0.6
= 0.5
(]
= 0.24 0.4
0.3
0.22 0.2
0.1
0.20 0
0.63 0.66 0.69 0.72 0.75 0.78
Wavelength /um

Fig. 4. (color online) (a) Density plots of the reflectance of the sensing
structure as a function of wavelength with a variation of the thickness of
TayO5 (dy) with the thickness of SiO; (dp.) maintains 0.26 um. (b) Den-
sity plots of the reflectance with a variation of d, and dg = 0.148 pum.
Spectra are calculated for 6 = 63° and the other parameters are kept
unchanged.

In order to comprehensively consider the factors which
affect the reflection dip, the influence of the number of
graphene layers on absorption enhancement is also investi-
gated and plotted in Fig. 5. It shows that the graphene-based
1D PhC has low loss and maximum surface mode excitation
compared to the SPR biosensor.'”! It is found that the mini-
mum (value of near-zero) of the reflective resonance related to
the BSW is observed when the graphene monolayer is intro-
duced and there is a little red-shift in the BSW mode resonance
with the increase of the graphene layers. It can be seen that
the reflectance of the sensor structure without graphene in the
whole wavelength region remains a constant, demonstrating
the role of the graphene layer in exciting BSW resonance. [4°!
The reflection dip of the BSW sensor is gradually reduced and
the FWHM (full width at half minima) is widened, indicating
that the sensitivity declines with the increase in the number of
graphene layers. The increase in FWHM with graphene layers
is due to the finite imaginary part of the dielectric constant of
graphene. The BSW curve broadens for a higher number of
graphene layers, as the concentration of SWs inside graphene
multilayer increases due to their increased penetration depth
resulting from increased in-plane wave vector. Hence, SWs
exhibit damped oscillation and the FWHM is a linear func-
tion of damping, so the FWHM increases with increasing the
number of graphene monolayer which leads to wider curves.
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Fig. 5. (color online) Shift of spectral curves of reflectivity as a function
of wavelength with increasing number of graphene layers. All the other
parameters are consistent with that in Fig. 2.

In the application of graphene-based photonic devices,
the proposed device structures should ensure high optical ab-
sorption efficiency working over a wide range of incident an-
gles. To achieve a deeper understanding of the reflection dip
of the sensor based on BSW resonance, the relationship be-
tween angle and wavelength is analyzed in Fig. 6. The angles
shown are those inside the prism, calculated from the external
angle in the air by using Snell’s law. The angle variation is in
the range of 62°-68°, because the BSW resonance can hardly
be excited in the range of the rest angles. The absorption of
graphene is significantly enhanced by appropriately choosing
the incident angle. The total absorption resonance can be ob-
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tained within an angle range of 62°-64°. The increasing an-
gle leads to the blue-shift of the locations of resonance in the
visible range, clearly indicating the way of designing sensor
geometries to get the best performance of sense. It is also ob-
served that the resonance intensity of the reflectivity obtains
a near-zero value in a very small range of angles. Thus, it
is expected that high sensitivity of graphene-based 1D PhCs
biosensor can be achieved.

68
67
66

65

Aangle/(°)

64

63

62
0.60 0.63

0.75

0.66 0.69 0.72
Wavelength /um

Fig. 6. (color online) Density plots of the reflectance of the BSW-based
optical sensor as the functions of the incident angle varied from 62° to
68° and the incident light wavelength at the region of 0.60-0.77 pm. It
is calculated by the proposed structure with TM polarization.

Due to the high field intensity associated with the state
at the graphene/solution interface, this structure may have po-
tential use as a sensor. In addition to optimizing the structural
parameters of the sensor, which is conducive to the fabrication

1.0
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0.8
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Refractive index

process, we also carry out an evaluation of the performance
of the sensor. The sensitivity (S) of the sensor plays an im-
portant role in characterizing the sensing performance. It is a
response to the variation of the out—out signal (the RI of the
bio-solution) caused by the target analytes in the bio-solution.
S is usually defined in term of a shift in the wavelength or the
angle of incidence of the reflection dip, for a unit change in
the RI (S) = AA/Any, (nm/RIU) or Sg = AB /An,, (deg/RIU)).
Thus, the reflectance of the multilayer stacks with respect to
changeable RI of bio-solution is analyzed as a function of
wavelength and angle that are plotted in Figs. 7(a) and 7(b).
With the refractive indices of the bio-solution changing from
1.330 to 1.340 in an interval of 0.002, one can find that the
reflection dip meets a red-shift, but the depths of the dips are
decreased. Figure 7(b) shows that the shift of resonant angle
caused by the refractive indices of the bio-solution is almost
at the same interval. According to the reflectance spectrum
modulated by refractive indices, the sensitivity of the biosen-
sor is studied as shown in Figs. 7(c) and 7(d). The BSW peak
is shifted by 10.4 nm on varying the RI by 0.01, demonstrat-
ing that the sensitivity S; reaches 1040 nm/RIU. Similarly,
the sensitivity Sg is 25.1°/RIU in the same condition, which is

[19.20411 Moreover,

higher than the values reported previously.
to unify the sensitivity of the two definitions, we calculated
the FOM that is defined as the ratio of sensitivity to FWHM of
the reflectance curve (F = S/FWHM). The maximum FOM
is obtained in the order of magnitude 3000 RIU™! in both two

ways.
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Fig. 7. (color online) (a) Variation of reflectance as a function of wavelength under different refractive indices. (b) Variation of reflectance as
a function of incident angle under different refractive indices. (c) Variation of resonance wavelength with changeable RI of bio-solution. (d)
Variation of resonance angle with changeable RI of bio-solution. All the structural parameters are the same as that in Fig. 2.
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4. Summary

In summary, the excitation and confinement of BSWs
in graphene-based 1D PhCs and its sensing applications in
biomolecule detection is analyzed over a broad wavelength

range. Due to the unrivaled role of graphene, BSWs can

be excited and then confined effectively at the interface of
PhC-solution in the process of the light-matter interaction,
which is clearly illustrated by the magnetic field distribution.
Furthermore, the reflectance spectra as a function of incident
wavelength and incident angle are discussed in conditions of
the changeable thickness of a unit cell of PhCs, numbers of
graphene layers, and variable concentrations of bio-solution.
Finally, in order to more accurately describe the performance
of the sensor, the sensitivity and FOM of the designed sen-
sor are studied, which finds that they are both enhanced sig-
nificantly compared to SPR biosensors. Thus, the proposed
configuration may provide a new window for designing high-
performance optical sensors by combining the advantages of
2D materials like graphene and the latest nanofabrication tech-
niques.
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