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A new type of device consisting of a lithium niobate film coupled with a distributed Bragg reflector (DBR) was
theoretically proposed to explore and release Bloch surface waves for applications in sensing and detection. The film and
grating made of lithium niobate (LiNbO3) were placed on both sides of the DBR and a concentrated electromagnetic field
was formed at the film layer. By adjusting the spatial incidence angle of the incident light, two detection and analysis
modes were obtained, including surface diffraction detection and guided Bloch detection. Surface diffraction detection was
used to detect the gas molecule concentrations, while guided Bloch detection was applied for the concentration detection
of biomolecule-modulated biological solutions. According to the drift of the Fano curve, the average sensor sensitivities
from the analysis of the two modes were 1560 °/RIU and 1161 °/RIU, and the maximum detection sensitivity reached
2320 °/RIU and 2200 °/RIU, respectively. This study revealed the potential application of LiNbO3 as a tunable material
when combined with DBR to construct a new type of biosensor, which offered broad application prospects in Bloch surface

wave biosensors.

Keywords: lithium niobate, Bloch surface wave, Fano resonance, grating structure, biosensor
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1. Introduction

The optical surface resonance biosensor, 12! due to its

real-time, label-free and nonselective detection, >~

is recog-
nized to possess considerable potential applications in differ-
ent research fields such as medical care, homeland security,
environmental monitoring and biomedicine.®”) The mecha-
nism of the surface resonance sensor is mainly based on the
decay of full internal reflection (ATR),® where the electro-
magnetic waves decay along two different media and then
form surface waves at the junction of the two interfaces. Cur-
rently, surface wave sensors are mainly concentrated in sur-
face plasmon resonance (SPR) [9-13] and Bloch surface waves
(BSW).[14191 Similar to SPR, BSW can also be excited by
coupling prisms,!'*15] nanoparticles!'® and gratings.['’-1°]
Also, BSW can be excited by different polarization states
(P and S polarization) and any wavelength. As BSW does
not use the precious metals, the resulting reflection spectrum
curve is sharper,!?>!1 quality factor higher and can be used

22

for biosensing,*?! gassensing!?*! and enhanced fluorescence

emission. 4

The photonic crystal plate!®! and distributed Bragg re-
flector (DBR) structure are widely used in present photonic
crystal sensor designs. The DBR is a multilayer structure
formed by alternating low and high refractive index (RI)

12-17,26

media.l | Here, a similar “sandwich biscuit” structure

was used to build a DBR and introduce LiNbO3; material to
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interrupt its structural periodicity. LiNbO3 material was intro-
duced due to its excellent piezoelectric effect and wide trans-
parency range. Photonics crystals and Bragg gratings are some
of the optical functions that can enhance the electro-optical
and thermo-optical properties of LiNbO3-based devices.[*”!
Using the Pockels effect of LiNbO3, Bernal’s!?®! research
group has created an electro-optical tunable photonic crystal
linear cavity on a 200 nm LiNbOs3 ridge waveguide to work
in a slow light configuration. The electro-optical effect was
founded to be enhanced by nearly 20-fold more than in bulk
materials. Kovalevich!"! has introduced LiNbOz material and
rotated the sample in such a way that light propagates along
the ordinary or extraordinary axis. In that case, ngy represents
the ordinary RI and n, represents the extraordinary RI of the
lithium niobate film (LNF), which results in a 7° tunable dif-
ference. Devices based on LiNbO3 materials have been widely
used in sensors,?>3% resonators,3!! optical modulators!3?!
and integrated optical components.?*3#*! Compared to other
top layer materials,!*3-371 LiNbOj; provides enhanced field
confinement, ") which can be further improved by using the
thin films. 3!

A BSW device based on a LiNbO3 grating-coupled with
a DBR was proposed in this study. The rigorous coupled-
wave analysis (RCWA) method was used to discuss the in-
fluence of the field intensity distribution at different spatial in-
cident angles and the extinction coefficient of each material

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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on the performance of the BSW sensor. The designed sensor
was adapted to two detection methods: surface diffraction and
guided Bloch wave detections. The two modes were applied to
the detection of gas and biological solution concentrations, re-
spectively. The obtained results revealed the possibility of ap-
plying LiNbO3 materials to BSW sensors for high-sensitivity
sensing.

2. Design consideration and mathematical anal-
ysis
In this study, a Bloch device was designed that could sup-
port two detection methods, including surface diffraction and

guided Bloch wave detections. The structural diagrams are
shown in Figs. 1(a) and 1(b), respectively.

(a) SDG-BSW

m 40 nm TiO,
= 100 nm SiO»

30 nm TiOy
= LiNbO;3

= 40 nm TiO,
== 100 nm SiO»

30 nm TiO»
- LleO;

A

DBR

z
L,

Fig. 1. (a) Surface diffraction grating BSW design in (x—y—z) reference
system. Structure includes few-period DBR, buffer layer, and grating.
Coupling mediated by diffraction grating with period A = 440 nm and
thickness H = 159.5 nm. External medium assumed as air (n1exy = 1).
(b) 3D schematic diagram of grating coupling guided BSW sensor un-
der azimuthal illuminations (¢) in (x—y—z) reference system including
incident angle (i), 0"-order reflection (Ry), and grating parameters
(A, f, and H). Sensing region located at bottom of grating coupling
guided BSW sensor.

A sensor device was set up based on the azimuth sensi-
tivity, with the azimuth angle ¢ represented by the angle be-
tween the x axis and projection of incident light on the x—y
plane (Fig. 1). In three-dimensional (3D) space, the direction
of incident light propagation was expressed by the incident an-
gle O (the angle between the incident light and z-axis) and az-
imuth angle ¢@. A sensor device was designed here comprised
of a DBR structure-coupled grating in the numerical simula-

tion calculation. The DBR used in the design was composed

of three-period, and the single-cycle structure was similar to
a “sandwich biscuit” structure (ABA)3. The high RI material
A was TiO, with an RI of 2.584, and the low RI material B
was SiO, with an RI of 1.457. Then, a (A-B-LNF) pattern
was used to break the periodic structure of the DBR, thereby
forming a defect cavity. An LNF was an x-cut lithium niobate
thin film (LiNbO3), which possesses a subwavelength grating
structure. 331 Notably, a buffer layer was inserted between the
DBR and subwavelength grating. The buffer layer was made
of 160 nm low RI SiO,. The birefringence of the LiNbO3 at
A = 632.8 nm was expressed as ne = 2.2 and n, = 2.2885.
The multilayer film was designed to support lateral electrical
polarization of incident light in the visible light band, with the
overall configuration referenced to Fig. 1(a). The grating layer
was designed to couple free-space wavelength incident waves
into the Bloch surface mode. In the following simulation of
analytical process, only the physical size of the grating (fill
factor f, period A and thickness H) and the incident light ex-
cited BSW under different spatial angles were described by
the polarization and azimuth angles to optimize the reflection
resonance peak curve.

After optimizing the grating results, the grating param-
eters were determined as f = 0.25, A =440 nm and H =
159.5 nm. When BSW was excited, the overall grating-
Bragg reflector structure exhibited a sharp Fano resonance
curve. 349 The Fano resonance curve drifted when the ex-
ternal environmental conditions changes, causing the RI of
the detecting area to fluctuate. The device’s sensitivity was
obtained by comparing the curve shift to the RI change. To
achieve high-volume and low-cost production lines, the over-
all structure might be prepared by using a conventional micro-
electromechanical system (MEMS) process, which could also
be combined into a biochip for detection of biological cells. In
this case, the overall configuration of the device was used as
given in an optical module Rsoft, which was calculated by us-
ing rigorous coupled wave analysis (RCWA). Reflection spec-
tra and field distribution were computed with DiffractMOD,
based on the software package Rsoft. The core algorithm,
which was based on RCWA and enhanced with modal trans-
mission line (MTL) theory, was a rigorous fully-vectorial so-
Iution of Maxwell’s equations. During the simulation, the pe-
riodic boundary conditions (PBCs) and perfectly matched lay-
ers (PMLs) were applied to the unit cell, which made a regu-
lar photonic crystal have extensibility and extend into infinite
space.

In addition, the transfer matrix method was used to obtain
expressions of the optical properties of the multilayer sens-
ing geometry, such as reflectance and transmittance.*!! The

tangential component of the electromagnetic field between the
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boundaries was expressed by the formula

[;}1 } — MaMsMy My [211 ] —M [gxi ] LW
where A; and B; are the tangential components of the electric
and magnetic fields at the boundary of the first layer, respec-
tively, Ay_1 and By_; are the tangential components of the
electric and magnetic fields at the boundary of the N layer,
respectively, and M is the characteristic matrix of the com-
bined structure given as

1 1 rig e 1% 0
M= {1 e } x [ . ] o
The transmission phase shift was §; = 27n;d; cos(6;)/A, which
was determined by the incident wavelength A, layer thick-
ness d;, the RI n;, and refraction angle 6; of each structural
layer. The refraction angle was determined by Snell’s law, as
sin(6;) = ny sin(6iyc). The Fresnel reflection coefficient r; ;4
and transmission coefficient #;;;1 of transverse electric (TE)
polarization were given by Egs. (2) and (3), respectively. The
reflection (R) and transmission!?! (T') were calculated as R =
|Ma; |2/|M11 |2 and T = ny41c08(0p+1)/ (n1cos(Onc) [Mi1 |2)
with
nit+1cos(6;) —n;cos(6;y1)
niy1¢08(6;) +n;cos(6t1)’
2n;cos(6;)
nir1c08(6;) +n;cos(6iy1)

3)

Tii+1 =

“)

liit1 =

3. Results and discussion

3.1. Surface diffraction grating-BSW detection mode
(SDG-BSW)

The surface diffraction pattern detection was essentially
guided by mode resonance (Fig. 2(a)).[**~*! In subwavelength
gratings, the eigenmodes existed as the solution of Maxwell’s
equations in the periodic RI distribution. When the RI contrast
between the grating ridge and air gap was large, the incident
light not only excited the fundamental mode but also excited
higher-order modes due to the large RI modulation. These
modes were coupled to each other at the interface between the
subwavelength grating and buffer layer. If these eigenmodes
were in antiphase and canceled each other’s amplitude at the
interface, the intensity of the transmitted light through the sub-
wavelength grating became zero. When the RI of the external
environment was 1, the TE polarization optical field distribu-
tion was obtained by using the spatial incidence angle (6 =21°
and ¢ = 4°). The field strength was concentrated at the grating
groove and the local enhancement of the E, field 11.06. After
that, a spatial angle (6 = 2.63° and ¢ = 5°) of incidence was
adopted and the field strength observed to have significantly
decreased and concentrated at the junction of the buffer layer

and grating (Fig. 2(b)). Notably, although the field enhance-
ment factor obtained at this angle of incidence was 19.07, the
object to be detected in air was not easily adherent to the grat-
ing/buffer layer, thus reducing the detection area of the sensor,
compromising detection accuracy and lowering the detection
limit and sensitivity of the BSW sensor.

a FE,at Y=0
(2) Y 11.0613
/é\ I
h ———Bnffer layer———
0.077798
19.0735
€ "
= ]
N

0.240796

o (um)

Fig. 2. The calculated electric field distribution of TE polarized light
at resonance, as the field intensity distribution diagram of SDG-BSW
mode. Black dashed line represents the grating, buffer layer, DBR layer,
and Y = 0 represents x—z cross-section of the sensor. (a) Field distribu-
tion under incident angle (6 = 21° and ¢ = 4°). (b) Field distribution
under incident angle (60 = 2.63° and ¢ = 5°).

3.2. Grating coupling guided-BSW detection mode (GCG-
BSW)

In the above analysis, changes in the spatial incidence an-
gle was found to change the distribution of the field strength.
Notably, the literature shows that changing the incident angle
can change the photonic band gap of the Bragg reflector. 4681
In this case, the incident light was divided into several diffrac-
tion orders (m = 1, £2, ...), which provided additional mo-
mentum k,, = ki £ mG for the incident light required to cou-
ple to the BSW. In the formula, k,, is the wave vector of the
diffracted beam, ki equals to kosin(6;,c), the parallel com-
ponent of the incident light wave vector, m is the diffraction
order, G equals to 27 /A,, the grating wave vector, and Ay is
the grating period. When the grating provided appropriate ad-
ditional momentum, k,, equalled to kgsw and BSW was ex-
cited. In this case, the grating was not only used to provide ad-
ditional momentum, but also needed to be designed such that
the normally incident EM wave was coupled to the BSW by re-
ceiving a reciprocal lattice vector. The BSW resonance led to
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the enhancement of the coupling diffraction order, and thus a
high-quality Fano resonance. 34 in the scattering spectrum.

For this reason, the field intensity distribution of the de-
vice was altered by changing the spatial angle of the incident
light to construct a guided Bloch wave detection. In the pro-
posed scheme, the sensing area to the underlying LNF layer
was transferred to avoid insufficient contact with the reactants
due to the small reaction area of the grating grooves that fur-
ther reduced the sensitivity of the BSW sensor (Fig. 1(b)).
The basic configuration of the surface diffraction sensor device
was followed in this sensing arrangement. Unlike the surface
diffraction sensor, this sensor was placed on the upper layer of
the area to be detected. Changes in the concentration in the
area to be detected led to changes in RI. In addition, the inci-
dent space angle was adjusted, with the sensor placed on the
upper layer of the sample solution whose RI was close to 1.333
(pure water), where the thickness of the detection area of the
sample solution layer was 3 um. The evanescent properties
of BSW in biological solutions showed that when the solution
was thick enough, the thickness change of the sample solution
layer had almost no effect on the Fano resonance in BSW.5!
Therefore, no further directed research was performed regard-
ing sample solution thickness.

Fano resonance was created when visible TE polarized
light with a wavelength of A = 632.8 nm was irradiated on

(a) GCG-BSW sensor

4.5 0.9803
S
<
2 a4 |
@
—
=
o
a8
4’3 T T T T T T T T T T T T 1 =
0 2 4 6 8 10 12 0.1444
Azimuthal angle ¢ (°)
(c) E, electric field intensity, Ao =632.8 nm
E,at Y=0
14 39.88
0-
E I
2 -1 i}
w
—2
_3—"_I_'_T_' T T T T T T -
—-04 —-0.2 0 0.2 0.4 0.1664
x (pm)

the grating surface from (6 = 4.396° and ¢ = 9.4°) by layer-
by-layer DBR transmission and total internalization reflection
occurred when it reached the outermost LNF layer. The rela-
tionship between the incident and azimuth angle were exam-
ined in the space incident angle and the results clearly showed
that each azimuth angle corresponded to the incidence angle.
Also, BSW reflection intensity coupling occurred in the purple
band with decreased reflection intensity (Fig. 3(a)). Compared
with the larger angular fluctuation of the azimuth angle, the an-
gle change of the incident angle was only 0.2°, indicating that
the Fano resonance in the BSW resonant peak was more sen-
sitive to change of the azimuth angle relative to the incident
angle. The electric field distribution was sampled and checked
at the spatial angle (6 =4.396° and ¢ = 10°; Fig. 3(b)). It was
clear from these results that the electromagnetic field entered
through the grating and E, oscillated and propagated many
times in the periodic DBR to generate five peaks. The peak in
the LNF layer was the sharpest and the field strengths E, and
frequency (Hz) in this layer at maximum, with field enhance-
ment factors of 39.88 and 54.22 (Figs. 3(c) and 3(d), respec-
tively). Immediately afterward, the electromagnetic field in-
tensity in the biological solution decayed exponentially along
the z-direction. With the increased cut-off layer distance, the
interaction between light and the solution decreased, with the
BSW at 3 um penetration depth of the solution.

(D) Oy = 4.396°, 0 = 9.4°

40 — p=94° rrynn 2.584
30f k
12.2
m 20 1 S
10t 1
.............. Solution /. i %é‘%g
0 DBR Gratingq
-3 —2 —1 0 1
z (pm)
(d) H, magnetic field, A\g=632.8 nm
H,at Y=0
14 54.22
04
\E% —17 l
N 1
_2-
_3 ]
—0.4 —-0.2 0 0.2 0.4 0.00501
o (um)

Fig. 3. (a) GCG-BSW sensor reflection versus azimuthal and polar angles. BSW created by illuminations (49 = 632.8 nm) near 6 = 4.4° and
@ = 9.6°; BSW coupling occurred in very narrow areas (purple region) with relatively low reflective intensity. (b) Electric field (black line)
and RI distribution (dark red dotted line) inside sensing configurations (case 3.2 mode). Light blue dashed line represents RI distribution of
Bloch sensor device in z-axis direction. (c) The x—y plane diagram of the calculated E, electric field intensity at the working wavelength of
Ao = 632.8 nm. (d) The x—y plane diagram of the calculated Hz magnetic field strength at the working wavelength of 4y = 632.8 nm.
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Fig. 4. The influence of the extinction coefficient k of each material in the GCG-BSW configuration on the reflectivity of the device. (a) TiO,,

(b) SiO,, and (c) LiNbOs3.
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Fig. 5. For solutions of different concentrations, the reflectance curve was a function of azimuth. (a) SDG-BSW and (b) GCG-BSW configuration.

All materials were set as nondestructive materials (zero
extinction coefficient k). For this reason, the dielectric loss
for high RI (TiO;), low RI (Si0;), and LiNbO3 materials was
set, which was embodied in the imaginary part quantity k for
the material. The presence or absence of dielectric loss of all
materials in the device is shown in Fig. 4. The purple line in-
dicates that the greater the material loss was, the less obvious
the resonance dip peak was formed by the device.

The non-zero value, resonance dip peak depth and full
width at half maximum (FWHM) formed by the nondestruc-
tive material were then compared and studied. The material
had a certain extinction coefficient to help form a sharper dip
peak. The lower the extinction coefficient of the high RI ma-
terial and LiNbO3 material was, the more obvious the Fano
resonance and narrower the FWHM was obtained (Fig. 4(c)).
The loss of low RI materials also affected the overall light re-
flectivity of the device to a certain extent, but the effect was
not as obvious as with high RI and LiNbO3 materials. To be
more practical, the extinction coefficient of each material was
taken as kK = 1074,

Sensitivity is a characteristic parameter that describes the
sensitivity of sensor output and input, representing a criterion
for evaluating a device’s quality. The present biosensor was
essentially a RI sensor, which is usually designed to detect
small RI modulations caused by changes in the concentration
ratio of biomolecules. This sensor’s sensitivity was specified

as
_A¢
ARy ’

S 5)

where A is the resonance wavelength, representing the exter-
nal medium RI, 6 is the angle of incidence and ¢ is the az-
imuth angle. The FWHM was determined by calculating the
full width of the half maximum of the reflectance curve at the
half peak of the resonance dip, with H representing the depth
of the resonance peak, and the following formula was used to
calculate the value of the quality factor FOM:

FOM = x S (1/RIU). (6)

FWHM

The corresponding peak drift in the surface diffraction de-
tection mode was analyzed as well as the guided BSW de-
tection mode when the external medium changed (Fig. 5).
Changes in the external medium were reflected in RI changes.
For the surface diffraction structure, the wavelength and inci-
dent angle were fixed at 632.8 nm and 21°, respectively, and
for guided Bloch detection, the wavelength and incident angle
were set at 632.8 nm and 4.9°, respectively. When the ex-
ternal refractive index increased uniformly, the resonance dip
peaks formed under the two detection and sensing schemes all
drifted at a small angle to a larger azimuth angle.

The FOM is another indicator to measure the performance
of the sensor. It can be seen from the above Egs. (5) and
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(6) that the two most critical parameters affecting the qual-
ity factor are FWHM and S. The FOM of many optical sen-
sors is limited by the inherent balance between spectral sensi-
tivity and FWHM. A linear fitting analysis on the two detec-
tion modes showed that the average sensitivity of the sensors
obtained by analysis of the two modes was 1560 °/RIU and
1161 °/RIU, and the maximum detection sensitivity reached
2320 °/RIU and 2200 °/RIU, respectively (Fig. 6(a)). Changes
in the corresponding sensing characteristics between surface
diffraction grating detection and guided Bloch wave detec-
tion were observed when the same variable An was changed
(Fig. 6(b)). These results showed that they were all functions
of the RI of the surrounding environment, and as the RI of
the surrounding environment changed, the FWHM and sensi-
tivity presented a linear relationship with An. The sensitivity
and quality factor were substantially enhanced compared to
sensors in the literature.[!%3%] The ultra-high quality factor in-
dicates that the BSW absorber was suitable for biosensing and

gas sensing.
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Fig. 6. (a) Linear regression analysis between the resonance angle and
RI of the analyte at the specified position in SDG-BSW mode (left) and
GCG-BSW mode (right). (b) Sensing characteristics of GCG-BSW (red
bar) and SDG-BSW (blue bar) configurations, with the value of sensi-
tivity calculated by simulation with An.

4. Conclusions and perspectives

The overall aim of this study was to explore a means for
coupling LiNbO3 material coupled with a photonic crystal to

construct a label-free detection platform and detect RI changes
in the external medium by stimulating the BSW. A thin film
and grating structure composed of LiNbO3; material were de-
posited on both sides of a DBR, which was composed of dif-
ferent RI media. A rigorous coupled-wave analysis method
was used to carry out the numerical analysis, and the influ-
ence of the loss of each material on the sensor analysis was
studied in detail. The distribution of the electromagnetic field
strength of the sensor was explored and found to change with
changing incident angle in different spaces. For this reason,
two detection and analysis modes were set up for this sensor,
including surface diffraction detection and guided Bloch wave
detection. According to the drift of the Fano curve, the aver-
age sensitivity of the sensors was 560 °/RIU and 1161 °/RIU,
and the maximum detection sensitivity at 2320 °/RIU and
2200 °/RIU, respectively. Compared with sensor sensitivities
in the literature,['63%) these sensor sensitivities were greatly
improved, providing a new solution for LiNbO3- coupled DBR
for exploring Bloch surface wave devices.
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