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Abstract: In this work, we propose radius-graded photonic crystal sensor arrays applied on
nano-scale optical platform for label-free biosensing. Two L3 cavities and two H1 cavities are
multiplexed and interlaced on both sides of a photonic crystal W1 waveguide on the
radius-graded photonic crystal slab. The optical sensing characteristics of the nanocavity
structure are predicted by three-dimensional finite difference time domain (3D-FDTD)
simulation. In response to the refractive index change of air holes surrounding the cavities,
four interlaced and symmetrical cavities are shown to independently shift their resonant
wavelength without crosstalk. The simulation results demonstrate the refractive index
sensitivity of sensor array varies from 66.67nm/RIU to 136.67nm/RIU corresponding to the
number of functionalized air holes ranged from 4 to 21. This design makes different cavities
multiplexed on both sides of waveguide possible. Meanwhile, the radius-graded photonic
crystal with more symmetrical and interlaced cavities is better for large integration in the
sensor arrays.
Keywords: Photonic crystal; Biosensor; Nanocavity; Waveguide; Integrated optics devices

1. Introduction

Since E. Yablonovitch and S. John firstly introduced the concept of photonic bandgap (PBG)
in 1987 [1,2], photonic crystal (PhC) has attracted increasing attention in the past decades.
Due to wide photonic bandgap and photon confinement ability, PhC devices are applied in
many fields (e.g., photonic crystal filters [3-9], electro-optical modulators [10-12], switching
devices [13,14], and delay devices [15]). Besides, PhC sensors seem to be very promising
because of their ultracompact size, high spectral sensitivity and more suitable for monolithic
integration. Thus, during the last decades, many PhC sensors for different sensing application
have been demonstrated, such as stress sensing, humidity sensing, refractive index sensing,
and biochemical sensing [16-23].

With the extensive research about photonic crystal sensors, ultra-high quality factor (Q)
and high sensitivity can be achieved by using different kinds of structure such as
microcavities [24,25], resonant rings and disks [26], slot waveguides [27,28], and
heterostructures [29]. Photonic crystal biosensors detect analyte attached to the surface
(surface-based sensing) or liquids filled into the holes around the PhC (bulk index sensing)
via modulation of microcavity resonant wavelength. When the molecule exposed to a
photonic crystal sensor is changed, the effective refractive index of the cavities will be
changed. According to the Bragg diffraction principle [41], the resonant wavelength will shift
along with the change of refractive index based on the same structure. So, a shift in the
resonant wavelength peak will be caused in the transmission spectrum. Here the magnitude of
the resonant wavelength shift is related to many factors, such as the number of functionalized
holes, the spatial overlap of the mode with the analyte, the bandwidth of the photonic crystal
structure, and so forth. Recently, nanoscale photonic crystal sensor array has drawn much
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attention. The photonic crystal sensor arrays make detecting different analyte simultaneously
on a single platform possible. Considering the multiple sensing performance and label-free
biomolecular detection, photonic crystal sensor array is a better choice. Examples of such
structures include that Yang et al. demonstrated a nanoscale photonic crystal sensor array on
monolithic substrates using side-coupled resonant cavity arrays [30], S. Pal et al. designed a
multiple nanocavity coupled device for error-corrected optical biosensing [31], and S. Mandal
et al. proposed a nanoscale optofluidic sensor array based on a silicon waveguide with 1D
(one dimensional) photonic crystal microcavity [32]. However, the drawbacks of these sensor
arrays are that the scale is larger and fewer cavities could be allowed without crosstalk due to
the limited bandwidth.

In this work, we propose a novel ultracompact interlaced and symmetrical radius-graded
photonic crystal sensor array which can overcome the above limitations. The radius-graded
photonic crystal structure has drawn much attention for some years. Works have mainly
focused on the electromagnetic waves which propagate and transform along the graded
structure. Due to its ability to efficiently control the propagation of light, the graded photonic
crystal has been successfully applied as light bending, lens and photonic crystal demultiplexer
[33-40]. In this paper, we firstly introduce the radius-graded structure to design photonic
crystal sensor arrays. The device contains two pairs of interlaced and symmetrical resonant
cavity arrays side-coupled to PhC W1 waveguide. Considering the easier and more accurately
design in practical applications, we choose L3 cavity and H1 cavity as the resonant cavities
[42-46]. By using three-dimensional finite-difference time-domain (3D-FDTD), we optimize
the distance between the two cavities to minimize the size of photonic crystal sensor arrays
without crosstalk. The sufficient simulation results reveal that the resonant wavelength of
each micro-cavity shift linearly when the effective refractive index around the cavity change.
The radius-graded photonic crystal sensor arrays can detect different kinds of analyte at the
same time. In addition, the total sensor sensitivity is 113.34nm/RIU as the functionalized
holes equal 12 (N=12). If we tuned the number of functionalized air holes, the sensitivity
varies from 66.67 nm/RIU (N=4) to 136.67 nm/RIU (N=21). In addition, if we only use L3
cavity as the interlaced resonant cavity, the number of the microcavities could be added to six
along with the direction of radius increasing in the platform. This means that the structure
based on the nanoscale radius-graded photonic crystal platform is promising in the optical
integrated circuit in the future.

2. Design of theradius-graded photonic crystal with interlaced micro-cavities

We examine the effect of adding different microcavities (H1 or L3) to the raidus-graded
photonic crystal sensor arrays by performing 3D-FDTD simulations. The 3D illustration of
our radius-graded photonic crystal sensor arrays structure with three interlaced H1 and L3
microcavities are shown in Fig. 1(a) and Fig. 1(b), respectively. The PhC devices have lattice
constants (a) of 437nm with a slab thickness of 0.5 (220nm). Additionally, the structure in
our paper is designed on a silicon slab (n,;=3.48) by arranging a triangular lattice of air holes.
Moreover, the radius in our design is graded with ;=0.28a, r,=0.3a, r;=0.32a. Using the
radius-graded photonic crystal structure, we can easily achieve microcavity arrays in a
platform.
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Fig. 1. 3D illustration of the graded photonic crystal with interlaced micro-cavities, where a=437nm, 7=0.49q,
r;=0.28a, r,=0.3a, r;=0.32a. (a) structure for H1 cavity; (b) structure for L3 cavity.

As shown in Fig. 1, HI and L3 cavities are regarded as the resonant cavities separately.
H1 cavity represents removing one air hole, and L3 cavity stands for three air holes losing.
Figure 1(a) shows the interlaced H1 microcavities, while Fig. 1(b) is the structure of L3
microcavities. The photonic crystal slab structure designed for biosensing is based on silicon,
and consists of a 21x21 array of air holes in a triangular-lattice pattern. We use the TE
polarized Gaussian-pulse source as the incident source. The simulations are performed by
using Meep [30] to observe the steady state electric field and the transmission spectra. For
improving accuracy in the simulation, FDTD analysis of photonic crystal structure is carried
out with a mesh size of /200 and time step of 0.025a/c, where a is the lattice constant. All
the simulations are carried out with the same mesh size and time step for future comparable
results. Since the boundary conditions at the spatial edges of the computational domain must
be carefully considered. The simulation area in our paper is surrounded by one-spatial unit
thick perfectly matched layer (PML), in which both electric and magnetic conductivities are
introduced in such a way that the wave impedance remains constant, absorbing the energy
without inducing reflections. Furthermore, the structural and simulation parameters keep the
same except for cavities in the future research.

Since the graded photonic crystal has been applied as demultiplexer before [35], we firstly
introduce this theory to sensor arrays. Figure 2 shows the band diagram of a W1 PhC slab
waveguide by using plane wave expansion (PWE) method. From the simulation, we conclude
the effective working frequency of the waveguide within the PBG is between 0.259(2zc/a)
and 0.308(2zc/a). In figure 2(a) there are three different color lines (blue, green and black)
which represent the mode under conditions of different radii. We focus on the even mode in
our following research. We calculate that the blue line signifies the mode in »=0.28a, while
the black one shows the mode when r is equal to 0.32a. It means that as the radius increasing
the guided modes move to the higher frequency (blue line to the black line). Figure 2(b)
shows the transmittance of the interlaced L3 cavities. The resonant frequency peaks of the L3
cavities all intersect with the even mode line in the band diagram. Because the radius-graded
photonic crystal disrupts the periodicity, the transmission has some fluctuation on the edge of
the bandgap. As seen, the radius-graded photonic crystal with three interlaced microcavities
can generate three resonant wavelengths easily.
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Fig.2. (a) Band diagram for a W1 waveguide. The blue, green and black lines represent the mode line in different
radii. (b) The transmission spectra of the three L3 cavities structure. The dashed black lines are a guide for the eye.

As concluded the simulation about the structures pictured in figure 1, the refractive
frequencies of three interlaced cavities separate clearly in the transmission spectra. To ensure
every resonant frequency is introduced by the corresponding cavity, we research the three
interlaced L3 cavities and H1 cavities respectively. As observed in Fig. 3(a) and Fig. 3(b), the
three L3 cavities and three H1 cavities have perfect independence property. In addition, when
designing the photonic crystal sensor arrays, not only the quality factor and sensitivity are
crucial, but also the size of the structure is important. In order to decrease the size, we discuss
the resonant frequency shift caused by the space between two cavities. Figure 3(c) illustrates
the transmission spectra of different distances which affect the sensor array size directly. We
can clearly point out that when the distance ranges from 10a down to 4a, the resonant
frequencies are still at the same frequent points except that a few lobes have tiny deviation.
What’s more, the cavities interval has slightly effect on quality factor corresponding to the
L=10a, 8a, 6a, 4a. And the fluctuation of quality factor based on different interval between
cavities is so small that the impact on practical sensing research can be ignored. Thus, we can
choose the appropriate distance for the future optimal design.

1

@
1
s
3
£
=
£
b= ——three L3 cavites exist - 0.4 | =—three HI cavities I
=== one L3 cavity only exists in s1 - | -~ the H1 cavity only exists In 51
0.2 one L3 cavity only exists in 52 0.3t the H1 cavity only exists n 52 |
=== one L3 cavity only exists in 53 - | === the H1 cavity nnr_\“ exists in s3
0265 027 0275 028 0285 0265 027 0275 0.8
Normalized Frequency--oa/2ne Normalized Frequency--[oa/2mc]
(a) (b)

Transmittance

0.265 0.27 0.275 0.28 0.285
Normalized Frequency--[oa/2ne]

(c)

Fig. 3. (a) The black line represents the transmission spectra of three interlaced L3 cavities, while the dotted lines
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signify the transmission of L3 cavity only exists in one sensor; (b) The transmission spectra of three interlaced H1
cavities marked in the black line, while the dotted lines signify the transmission of H1 cavity only exists in one
sensor; (c¢) The transmission spectra of different distance (L=10qa, 8a, 6a, 4a) between two interlaced L3 cavities
based on radius-graded photonic crystal platform.

3. Design of photonic crystal sensor array with interlaced and symmetrical
microcavities on the both sides of W1 waveguide

It is well recognized that the radius-graded photonic crystal could be applied in the small
scale sensor arrays. For applications such as label-free biosensing and chemical detection, it
should be noted that it is better when more sensor structures are designed on a nano-scale
single platform. According to the research above [30,35], we discuss the interlaced and
symmetrical microcavities on the both sides of W1 waveguide in order to detect different
analytes on a single platform. As shown in Fig. 4, the radius-graded photonic crystal sensor
arrays contain two H1 and L3 microcavities on the both sides of W1 waveguide. The
parameters of the design are a=437nm, 7=0.5a, r;/=0.28a, r,=0.3a, respectively. With the
3D-FDTD simulation, the air holes radius around the cavities is slightly optimized to magnify
the output transmittance. The radii of air holes marked blue (r,) are 0.34a, and the red ones
(rp) are 0.4a.

Si
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Light in
™ Monitor
L ] L ] [ ] [ ]
Cavity 1 Cavity 2
L ] [ ] [ ] L ]
- Cavity 3 Cavity 4
Thickness

Fig. 4. The 3D illustration of symmetrical microcavities on the both sides of W1 waveguide. The design contains two
L3 and H1 microcavities, where a=437nm, 7=0.5a, r,=0.28a, ry=0.3a, r,=0.34a, r,=0.4a.

Figure 5 plots the light propagation profile in PhC and the output transmission spectra. The
calculated resonant frequencies for the radius-graded photonic crystal sensor arrays are
0.2708(27c/a) (cavity3), 0.2778(2zc/a) (cavity2), 0.282(2zc/a) (cavityl), 0.2885(2zxc/a)
(cavity4), respectively, corresponding to a lattice constant of 437nm. Examination of Figs.
5(a)-5(d) demonstrates the steady state electric field distribution (£x) for the fundamental TE
mode propagating in the x-y plane. Each cavity has a strong optical field so that the interlaced
and symmetrical microcavities are sensitive corresponding to the change of refractive index.
The output transmission spectrum for a radius-graded photonic crystal sensor device which
consists of four resonant cavities is plotted in Fig. 5(e). We just magnify the radius of air
holes that are around the four resonant cavities to optimize the cavities performance. The air
holes marked in blue and red are ,=0.34a and 7,=0.4a leading to an optimal device with high
transmittance. In spite of the bandgap of our design being similar with that in [30], we apply
the radius-graded photonic crystal structure to multiplex different kinds of cavities for
biosensing.
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Fig. 5. The electric field distribution (Ex) for (a) cavityl and cavity3, (b) cavity2 and cavity4, (c) cavity3, and (d)
cavity2 in the x-y plane. (¢) 3D-FDTD simulation showing the output transmission spectrum for a radius-graded
photonic crystal sensor device (pictured in figure 4) consisting four interlaced and symmetrical cavities.

4., Simulation results and discussion

Based on the above optimal design, it is essential to note that the magnitude of the resonant
wavelength shift is dependent on the combination of many factors such as the number of
functionalized holes and the effective refractive index change. We assume that the holes
around the cavities are totally injected with analyte. When a detection event occurs, the
refractive index will change due to the detection targets infiltrated into the air holes around
the resonant cavities. Here, we try different number of functionalized holes (N) nearby the
resonant cavities in the photonic crystal sensor array illustrated in Figure 4 to study the
relationship between the mass sensitivity and the number of functionalized holes. As can be
seen in Fig. 6, simulations are performed in the case of the two functionalized holes (the two
red holes marked in Fig. 6), four functionalized holes in the corner of the resonant cavities,
eight functionalized holes, twelve functionalized holes and up to twenty-one functionalized
holes. The mass sensitivity is defined as AMN where AL is the resonant wavelength shift and
N means the number of functionalized holes.
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Fig. 6. (a) 3D-FDTD simulation showing the mass sensitivity of the design related to the number of functionalized
holes. The blue circles illustrate the mass sensitivity, while the red curve shows an exponential fit; (b) Plot
demonstrating the dependence of the resonant wavelength shift on the number of functionalized holes. The blue
points indicate the data obtained by 3D-FDTD simulations. The red curve is a logarithmic fit curve of the form
axN+bxlog(cN)+m, where a, b, c and m are the constants.

The blue points in Fig. 6(a) present the mass sensitivity (AAMN) in different cases. An
exponential function which is a+bxe” can perfectly match the simulations, where the value
of a, b and ¢ are 1.3564, 5.4181, and -0.1074, respectively. We could see that targeting the
inner holes around the resonant microcavity as the functionalized holes (N=4) allows the
highest possible mass sensitivity for the device. Figure 6(b) illustrates the relationship
between resonant wavelength shift (AL) and the number of functionalized holes (N). We use a
logarithmic curve of the form a xN+bxlog(cN)+m to fit our simulation results, where a, b, ¢
and m are the arbitrary constants. The value of @, b, ¢ and m are -0.9422, 23.053, 0.8114, and
-6.083, respectively. As seen in Fig. 6, the resonant wavelength shift gets larger as the number
of functionalized holes increases, while the mass sensitivity decreases. In the left area of
N=12 (such as N=4, 8), the sensing clement can realize higher mass sensitivity, but the
resonant wavelength shift is lower. While in the right area of N=12 (such as N=16, 21), the
sensing element can realize higher shift in resonant wavelength, but the mass sensitivity is
lower. Thus, in our design we make a tradeoff between the wavelength shift and mass
sensitivity and determine that the functionalized hole number is N=12 in the sensing element.

Through the design and discussion about the number of functionalized holes, a summary of
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the resonant wavelength shift for the radius-graded photonic crystal sensor arrays is shown in
Fig. 7. A series of 3D-FDTD simulations have been conducted to estimate the sensitivity of
the sensor arrays illustrated in Figure 4. Figure 7(a) shows the transmission spectrum of the
sensor arrays when two sensors are under variations in refractive index and others are not.
The refractive index is set from 1.10 to 1.18 in the interval of 0.02. The shift only occurs with
the functionalized sensors while others keep completely unchanged. We can see each resonant
wavelength has the analogous linear shift due to the refractive index change. Figure 7(b)
demonstrates the resonant wavelength shift of cavity2 when the target objects with different
refractive indices are injected into the functionalized holes. When only one sensor is under
the variations in refractive index, its resonant wavelength just shifts while other resonant
wavelength dips are unaffected. We then further research the different cavities detect
individually with kinds of molecules, and the results show that two or more cavities can
detect different molecules at the same time. All these results represent that each sensor can
work independently without crosstalk.

Transmittance
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Fig. 7. (a) The transmission spectra of the sensor array while two microcavities are subjected to the change in
refractive index. (b) The output transmission spectra of the structure when one of the sensors is under conditions of
different refractive indices. (c) The resonant wavelength shift based on the refractive index changing for L3 and H1
cavities in different radii.

To investigate the sensitivity of the radius-graded photonic crystal sensor arrays, we
perform a series of simulations based on different situations. According to the simulation
results, we obtain the sensitivity shown in Fig. 7(c). The resonant wavelength shift is defined
as A) and the sensitivity of the sensors (S) can be expressed as

AL
§="2 1
» (M)
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An means the refractive index change. The sensitivities of the four resonant cavities are
irregular as a whole due to the light not cloned well in the radius-graded shape. Moreover, the
simulation results can prove the ability of light confinement in different cavities with different
radius. It is easy to calculate the sensitivity of the radius-graded photonic crystal sensor arrays
is close to 113.34nm/RIU when the number of targeting holes is 12. Besides, if all the air
holes are applied as the functionalized holes, the calculated sensitivity can be up to
150nm/RIU. In a word, the sensitivity of the device can be varied from 66.67nm/RIU (N=4)
to 150nm/RIU (N=all).

We then further research the detection limit of refractive index which is an important
parameter in actual applications. The detection limit of refractive index changes (DL) can be
expressed as follow [21]:

DL = A )

SO
where A represents the resonant wavelength, S is the sensitivity of the resonant cavity, and
O means the quality factor which is nearly 2000. In our proposed structure, the detection limit

is about 6.5%10°.

In addition, the radius-graded photonic crystal structure is extensible. We also research the
radius-graded photonic crystal sensor array using six interlaced L3 cavities as the resonant
cavities achieve refractive index sensing without crosstalk. This structure that we designed in
this paper allows multiplexing different resonant cavities on both sides of the photonic crystal
waveguide on monolithic substrate. As a result, a large number of resonant microcavities can
be multiplexed in an integrated optical platform with the radius-graded photonic crystal
design.

5. Conclusion

In this paper we have proposed a novel nano-scale photonic crystal biosensor arrays platform
with a three dimensional radius-graded photonic crystal structure. Firstly we research one
kind of resonant cavities (L3 or HI cavity) interlaced on the radius-graded photonic crystal
slab. This basic design provides possibility to get more interlaced resonant cavities as sensor
array in the optical integrated circuits. Then we multiplex two different resonant cavities on
both sides of W1 waveguide in the radius-graded photonic crystal structure. As indicated
from the simulation results, each resonant wavelength can shift independently without
crosstalk corresponding to the change in refractive index. We demonstrate that the sensitivity
of the design varies from 66.67nm/RIU (N=4) to 136.67nm/RIU (N=21) when the
functionalized holes around the resonant microcavity are different. The architecture in this
paper has the advantage of multiplexing different resonant cavities on both sides of
waveguide with the radius-graded photonic crystal structure to get smaller scale of sensor
array and realize multiple biosensing detection without crosstalk. It is more suitable for
monolithic integration in actual design and applications.
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Highlights
This paper firstly proposes a nanoscale photonic crystal sensor arrays using radius-graded
structure for biosensing. The sensor arrays can detect different molecules at the same time
without crosstalk. The device is novel with four symmetrical nanocavities interlaced-coupled
along the W1 waveguide which can largely decrease the sensing footprint. The radius-graded
photonic crystal is more suitable for monolithic integration in actual design and applications.
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