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Aimed at a high-performance biosensor for sensing biological molecules quickly and accurately, a novel nonuni-
form photonic crystal waveguide (NUPhCW) with a feedback loop is systematically investigated based on the
mode-splitting effect. Thanks to the careful design of the nonuniform holes of NUPhCW with a feedback
loop, the Autler—-Townes splitting occurs in our device, and the spacing of two splitting resonance modes changes
with the environmental refractive index, which is beneficial for achieving biosensing scenarios. Further, this
integrated structure allows for self-referencing detection for immunity against environmental noise. Sensitivity
of the NUPhCW is achieved at ~117 nm/RIU, which is 2.6 times more than that of the common microring
resonator, indicating that our proposed device structure would be promising for high-quality optical label-free
sensing.  © 2018 Optical Society of America

OCIS codes: (280.1415) Biological sensing and sensors; (130.5296) Photonic crystal waveguides; (280.4788) Optical sensing and

sensors; (230.3120) Integrated optics devices.
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1. INTRODUCTION

Currently, optical biosensor technology is becoming a cutting-
edge research topic, and various optical resonant cavities, such
as microring resonators (MRRs) [1], surface plasmon resonators
(SPRs) [2], and 1D photonic crystals (1D PhCs) [3], have been
widely investigated for applications in clinical analysis, health-
care, and environmental monitoring as integrated optical label-
free biosensors [4].

MRRs and 1D PhCs have been employed for biosensing
applications due to their unique features such as ultrahigh qual-
ity factor (Q factor), extremely small mode volume, and com-
pact footprint as well as being integrated with conventional
waveguides [5,6]. In 2007, Vos ¢t al. [1] proposed a label-free
biosensor based on MRRs with a radius of 5 pm, which exhib-
ited bulk detection sensitivity of ~70 nm/RIU. In 2010,
Igbal ez al. [7] experimentally demonstrated a sensing array
based on silicon MRRs and showed a bulk refractive index sen-
sitivity of ~163 nm/RIU. In 2016, Yan et 4l. [8] fabricated an
MRR with a radius of 10 pm, achieving the measured bulk
sensitivity ~44.6 nm/RIU. In 2017, Lo et al. [9] fabricated
an MRR with a radius of ~7 pm, achieving a bulk index
sensitivity of ~111 nm/RIU.

In terms of 1D PhCs, in 2013, Quan ez al. [10] reported a
label-free sensor using 1D PhCs that had a sensitivity of
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~83 nm/RIU. In 2016, Yang ez al. [11] proposed a novel mul-
tiplexed ultracompact high-sensitivity 1D PhC sensor array and
presented a concept model with three parallel channels achiev-
ing the bulk refractive index sensitivities of 112.6 nm/RIU,
121.7 nm/RIU, and 148.5 nm/RIU, respectively. In 2017,
Sun et al. [12] proposed an ultracompact air-mode 1D PhC,
which possessed a high sensitivity of 252 nm/RIU.

To a certain extent, the sensing performance of these bio-
sensor platforms using symmetric single-resonance peak shifts
arising from the change of the refractive index is limited. Thus,
in order to improve the sensing performance, many effects
either to modify the biosensors themselves or to integrate differ-
ent structures to achieve a Vernier effect [13], mode-splitting
[14], Fano-resonance effect [15], electromagnetically induced
transparency (EIT) [16], and so on have been made in optical
biosensor areas in the past years.

EIT, produced by the quantum interference effect in an
interaction system, forms a sharp transparency window in an
interaction system, which has been applied to various scenarios,
such as slow light [17], nonlinear effects [18], optical switching
[19], optical biosensors [20], and so on. There is a similar phe-
nomenon to EIT called Autler—Townes splitting (ATS) [21],
which is formed by mode splitting due to the field-driven inter-
actions leading to energy-level splitting. In biological sensing,
the variation of the spacing between two splitting resonance
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modes of ATS with the environmental refractive index can be
used for an optical label-free biosensor. Using its two splitting
modes, the ATS is ideally suitable for sensing applications
because it enables a self-referencing detection system that is
immune to environmental noise [14,22,23]. Particularly,
whispering-gallery-mode  microresonators (WGMRs)  have
been excellent and fruitful platforms to form EIT and ATS. To
achieve the ATS for label-free sensing, structures based on
WGMRs have been widely investigated [24-33]. The MRR
integrated with a 1D PhC structure can maintain the compact
footprint of MRR and further improve its performances
[9,15,34]. However, ATS biosensing based on an MRR
integrated with a 1D PhC structure has, thus far, not yet been
demonstrated.

The main purpose of this manuscript is to explore an on-
chip device with the ATS characteristics for high-performance
biosensors. The concept of a ring resonator is borrowed by
introducing a feedback loop to the novel nonuniform photonic
crystal waveguide (NUPhCW) to form an equivalent circular
cavity. Our investigations show that the sensitivity of this sensor
is improved greatly than that of a common microring resonator.
On the other hand, in order to introduce the optical power into
the feedback loop, the reflection of 1D PhCs has to be reduced
slightly and, accordingly, lower the sensitivity of our device
compared with that of 1D PhCs. However, this integrated
structure allows self-referencing detection that is immune to
environmental noise [14,22,23], which is quite attractive for
the realization of a robust and stable biosensor. Furthermore,
the device is based on a silicon-on-insulator (SOI) platform
compatible with the CMOS process, allowing for a strong re-
duction of the chip cost by utilizing high volume manufactur-
ing. Thus, this sensor has great potential for specific biological
molecular detection.

2. DESIGN PRINCIPLES OF NUPhCW

We use the FDTD method to investigate the design principles
of NUPhCW in a water environment. As show in Fig. 1,
NUPhCW is composed of 2N - 1 holes with the reduced
radii from the center to the two sides (region II) and 2V uni-
form holes in regions I and III, periodically etched into a
0.45 pm width silicon ridge waveguide. In order to achieve
a Gaussian-type attenuation, the radii of nonuniform holes
are parabolically tapered from the center to both sides, as
expressed in Eq. (1):

i-1\2 .
7i = Tcenter + (rend - rcenter) (1\/1> 1= 1’2’ ""NO’
0-
(1)

Fig. 1. Schematic of the NUPhCW.
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Fig. 2. Mirror strength y for different hole radii.

where 7; is the radius of the ith hole from the center hole, and
the radii of the center hole and the last nonuniform hole on
both sides are 7.epe; and 7q, respectively.

The main structural parameters are the hole period 4, NV,
Ny, Teenter» and 7¢nq, which are the keys of our structural design.
First, the period # is determined as Ay/27n.g [35], where the
effective index of the NUPhCW cavity n4 is estimated to
2.63 by our numerical modeling of the strip waveguide. The
resonant wavelength Ag is chosen to be 1.677 pm, so the period
a can be calculated to 0.315 pm. Then, 7,4 is chosen to realize
the maximal mirror strength ¥, as shown in Fig. 2, which shows
the calculated mirror strength y for different hole radii. y can be
calculated by

y = (u)z (w,—wo>2 @)
w, + w; W, ’

where ®,, ®;, @y, and @, are the air band edge, dielectric band
edge, midgap frequency, and cavity resonance frequency,
respectively [36]. From the perspective of y, the optimal
Tend 18 0.092 pm to maximize the reflection, and the optimal
Feenter Of 0.125 pm is chosen to minimize the reflection.

3. NUPHCW WITH FEEDBACK LOOP
(NUPhCW-FL)

To calculate and observe the variation of Q and ER of the
NUPhCW cavity, FDTD is used to determine N and N,
as shown in Figs. 3(a) and 3(b). The grid step size used in
FDTD simulations was 20 nm. The optimal Q and £R can
be obtained as V and N are chosen at 4 and 6, respectively.
Furthermore, fine-tuning 7 e to 0.092 pm and 7.4 to
0.125 pm can further maximize Q and ER, as shown in
Figs. 3(c) and 3(d). Finally, the geometrical parameters of
NUPhCW cavity are determined and summarized in Table 1.

Introducing a feedback loop to our optimized NUPhCW
would form a microring resonator (MRR) further, and the
illustration of our proposed NUPhCW with feedback loop
(NUPhCW-FL) device is shown in Fig. 4. The width of access
waveguide W, of 0.39 pm is to satisfy the mode matching for
the coupling process between the access waveguide and
NUPhCW-FL. Actually, the proposed device can be equivalent
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Fig. 3. (a) Variations of Q and ER with N on the condition of
a= 0315 pm, Ny =5, 7eneer = 0.125 pm, and 7¢q = 0.09 pm.
(b) Variations of Q and ER with N, on the condition of
a=0.315pm, N =4, 7eprer = 0.125 pm, and 7,y = 0.092 pm.
(c) Variations of Q and ER with 7., on the condition of 2 =
0.315 pm, N =4, Ny = 6, and 7peer = 0.125 pm. (d) Variations
of Q and ER with 7., on the condition of 2 = 0.315 pm, N = 4,
Ny = 6, and 7.,qg = 0.092 pm.

Table 1. Designed Structural Parameters of the
NUPhCW

Parameter Numerical Value
Waveguide Width (W) 0.45 pm
Hole Periodicity (a) 0.315 pm
Number of Nonuniform Holes (V) 6
Number of Uniform Holes (V) 4
Uniform Holes (7.,q) 0.092 pm
Central Hole Radius (7cencer) 0.125 pm

(a) (b)

Fig. 4. (a) Illustration of NUPhCW-FL. (b) Key geometrical
parameters of NUPhCW-FL.

to two resonators, i.e., NUPhCW and MRR, as illustrated in
Fig. 5, and the resonance wavelengths of NUPhCW and MRR
are Anuphcw and Ayrg, respectively.

When the light launches into the in port of the access wave-
guide, the resonance mode splitting (ATS) occurs, which can be
detected from the out port due to the introduction of feedback
loop to NUPhCW.

The formation of ATS (that is, the mode splits into two
modes) needs strong inter-resonator coupling between
NUPhCW and MRR and satisfies the certain relationship
between Q factors of two interacting modes as well [31], which
means two Q factors would be close to each other.

First, K is defined as

P

o 3

K =

where P, is the input light power and P is the output light
power from NUPhCW, as shown in Fig. 5(a). P, indicates

_

(a) Pout
|

(b)

Fig. 5. Illustration of two resonator cavities: (@) NUPhCW;
(b) MRR.
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Fig. 6. Variation of K with gap in different V.

the optical power coupling into MRR from the NUPhCW;
thus, K indicates, indirectly, the inter-resonator coupling
strength between the NUPhCW and the MRR. As shown
in Fig. 5, the inter-resonator coupling strength can be con-
trolled by adjusting the mirror reflection ratio of the
NUPhCW, which is related to V. Figure 6 shows K calculated
by FDTD, and it is observed that, when /V is less than or equal
to 3, K drastically decreases with the increase of gap. However,
when N equals to 4 or is greater than 4, K does not change
much with the increase of gap, Furthermore, the greater X is
obtained with the increase of N when N equals to 4 or is
greater than 4. Thus, in order to obtain stronger inter-resonator
coupling, N is determined to 4.

Second, to satisfy the certain relationship between Q factors
of two interacting modes, Qnuppcw of the NUPhCW is impor-
tant. As shown in Fig. 5(a), Qnupncw and ERyupncw of the
NUPhCW are influenced by N. Figure 7 shows the variations
of Qnurhew and ERyupncw with a gap in different V. It is
observed that Qnuppcw increases with the increase of gap
and N, and ERguphcw decreases with the increase of gap
and increases with the increase of V. Thus, in order to achieve
greater £ Ryyphcw and maintain high Quuphew, which is close
to the Q factor of the interacting mode of the MRR, the gap of
0.14 pm can be determined, in which the respective Q factor of
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Fig. 7. (a) Variatdon of Quupncw with gap in different V.
(b) Variation of ERyyppcw with gap in different V.
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Fig. 8. (a) Resonance spectrum of the NUPhCW. (b) Resonance
spectrum of the MRR.

1
B

NUPhCW and MRR is 1.482 x 103 and 1.346 x 10% calculated
by the FDTD method, and Qyrr/Qnuphcw is around 9.

According to the above structural parameters, the transmis-
sion spectrum of the NUPhCW-FL is simulated by FDTD,
when we tune and make the resonance wavelengths equal
(Anurhcw = Amrr) indicating zero wavelength detuning, as
shown in Fig. 8, and the resonance mode of the NUPhCW-
FL splits into two modes of 4, and 4,, and the distance of two
modes Al is 4, - 4;, as shown in Fig. 9. The transmission spec-
trum of the NUPhCW-FL forms a symmetric doublet shape,
i.e., ATS. In order to achieve this purpose, we change the radius
R of the MRR because the resonant wavelength of the MRR
changes with R, and the resonant wavelength of the NUPhCW
is not changed basically. Thus, we achieve zero wavelength
detuning in the proposed device when R is 5.001 pm. Thus,
depending on the similar Q factors of the interacting modes
and their strong coupling, the ATS in our proposed device
can be realized.

To investigate sensing properties, the NUPhCW-FL is sup-
posed to be immersed in a solution containing the bio-analytes,
and the sensing characteristics of the NUPhCW-FL are inves-
tigated by monitoring the change (6457s) of spectral distance
A with the refractive index of the surrounding environment as

Al 22

1.653  1.654 1.655 1.656 1.657 1.658 1.659
Wavelength / pm

Fig. 9. Transmission spectrum of the NUPhCW-FL.




6980 Vol. 57, No. 24 / 20 August 2018 / Applied Optics

Research Article

Table 2. Relationship Between disrs and An

n An (RIU) A; (anm) 4, (nm) AA (nm) OApps (nm)
1.33 0 1655.03  1656.82 1.79 0
1.34 0.01 1655.81 1658.24 2.43 0.64
1.35 0.02 1656.40  1659.89 3.49 1.70
1.36 0.03 1656.91 1661.54 4.63 2.84
1.37 0.04 1657.41  1663.25 5.84 4.05
1.38 0.05 165791  1665.00 7.09 5.30

listed in Table 2. The transmission spectra of the NUPhCW-
FL are monitored in Fig. 10, with the variation of the refractive
index of environmental medium from » = 1.33 to » = 1.38.
The refractive index of silicon is 3.476, and the refractive index
of substrate material (silica) is assumed to be 1.444. In Fig. 9 or
the top one of Fig. 10 (z = 1.33), it is observed that the split-
ting resonances become symmetric with the same linewidths
and depths when zero-detuning is achieved. Q factors of the
left and right peaks are ~1 x 10%. As shown in Fig. 10, when
the refractive index of the environmental medium increases
from 1.34 to 1.38, A is wider, and the transmission also ex-
hibits asymmetric splitting resonances (i.e., asymmetric ATS)
resulting in unequal transmission dips because the resonant
frequency between MRR and NUPhCW changes with the
refractive index of environmental medium 7 [31]. The resonan-
ces are redshifted, but they have different shift rates. The line-
width of the left dip decreases slowly, and the linewidth of the
right dip increases slowly with the increase of the refractive in-
dex. The Q factor of the left increases gradually to ~2.3 x 10%,
and the Q factor of the right peak keeps to ~1 x 104
Meanwhile, depth of the left dip decreases and depth of the
right dip remains unchanged.

The sensitivity of the NUPhCW-FL can be estimated by

5

S__’
An

(4)

where 64 is the variation of the spectral distance A4, and A7 is
the variation of the environmental refractive index. Thus, the
sensitivity curve of the NUPhCW-FL is obtained by fitting

0
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Fig. 10. Transmission spectra of the NUPhCW-FL when the
refractive index of environmental medium 7 changes from » = 1.33
to n = 1.38.
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Fig. 11. Sensitivity fitting curve of the NUPhCW-FL and the
common MRR, representing the variation of the spectral distance
64 as a function of increasing 7.

the 8Az1s and Az, as shown in Fig. 11, and the sensitivity
of the NUPhCW-FL Sy is ~117 nm/RIU.

As a comparison, the sensitivity fitting curve of the regular
MRR with the same radius of our proposed device is also cal-
culated and shown in Fig. 11, and the sensitivity Sy is
~45 nm/RIU. Thus, the sensing performance of the proposed
device is greatly enhanced.

To calculate the largest refractive index change that can be
detected, two splitting modes have to be observed simultane-
ously. In Fig. 10, depth of the left dip decreases, and depth of
the right dip remains unchanged with the increase of the re-
fractive index. In the actual experiment, the left dip will not
be detected under the noise floor of the measurement system.
Therefore, the largest refractive index change (i.e., the detection
range) of this device is limited by the noise of the whole system.
However, the system noise is ignored in our simulation. Thus,
we have to wait for the left dip to disappear, where the refractive
index is equal to ~1.43, so the detection range of the refractive
index is estimated from 1.33 to 1.43.

4. CONCLUSION

We demonstrate a novel high-performance NUPhCW-FL bio-
sensor with ATS owing to the mode interacting between the
NUPhCW and the equivalent MRR. Further, the spectral spac-
ing of ATS changes with the environmental refractive index,
which can be udlized for an optical label-free biosensor.
Also, the numerical simulation results by using FDTD show
that the sensitivity of the NUPhCW-FL is ~117 nm/RIU,
which is 2.6 times over the regular MRR. By using the
NUPhCW-FL structure, the footprint of our device will not
change compared with the MRR device, though the optical
grating structures are integrated to the ring waveguide, which
also simplifies this kind of coupled-resonator device design.
Furthermore, even if the absolute value of sensitivity is not
high, and a little increased complexity is introduced, our
design still enhances the performance several times, which
can also offer benefits and new ideas not only for ring resona-
tors but also for other optical biosensors. Thus, we believe
that NUPhCW-FL has potential for biological and chemical
analysis scenarios.
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