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We demonstrate refractive index sensing using parallel tapered nano-slotted photonic-crystal nano-beam cavities
with three-dimensional (3D) finite-difference time-domain (3D-FDTD) simulation. The electric field of the cavity
mode is strongly concentrated in the slot region leading to a large light-matter overlap, which is expected to add a
significant contribution to sensitivity, and thus we present high refractive-index sensitivity of more than
600 nm/refractive index units. Additionally, the quality (@)-factor in the proposed design is theoretically inves-
tigated, and through tapering the diameter of the pores outside the Bragg mirrors in nano-beam cavities and the
width of the adjacent nano-slots, an optimal @-factor of 11770 is obtained. A high figure of merit (FOM = 4637) of
the designed model has been obtained. We anticipate that this geometry is potentially an ideal platform for
refractive-index based bio-sensing. © 2014 Optical Society of America
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1. INTRODUCTION

Over course of recent years, the development of micro- and
nano-scale optical technologies for bio-detection [1-4] has
shown tremendous progress, with research activities mainly
focused on developing highly sensitive detection schemes.
The most exploited schemes are based on the principle of
interferometry [5-7], optical cavities [8-16], and surface plas-
mon resonance [17,18]. Besides, photonic crystal (PhC)
cavities having dimensions of the order of optical wavelengths
that can confine light strongly are very important for a variety
of scientific and engineering detection applications. All kinds
of optical cavity sensors based on PhC slabs, PhC nano-lasers,
one-dimensional (1D) PhC microfluidic, 1D nano-beam PhC
cavities, and air-slot PhC nano-cavities have been demon-
strated [19-28]. In these sensors the figure of merit (FOM)
has been used to analyze sensor characteristics. To compare
the performance of optical resonance based sensors, the FOM
is defined as [29]

FOM = S/AJ, )

where S is the sensitivity of the slope of the peak wavelength
value with respect to the refractive index (RI), RIU indicates
the refractive index unit, and A4 is the FWHM that represents
the full-width at half-maximum of the resonance. We define
the quality (@)-factor as follows [30]:

Q = 4o/AL. @
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(130.3120) Integrated optics devices; (230.5750) Resonators; (230.5298) Photonic crystals;

Ao is resonant wavelength that represents the wavelength
corresponding resonant frequency. Therefore, according to
Egs. (1) and (2), Eq. (1) can be modified to be

FOM = S - Q/A; 6)

however, the trade-off between S and @ limits the FOM. To
achieve higher S, the field largely extends into the holes to
increase the field overlap with the surrounding media. Never-
theless, in order to achieve higher @, the optical mode should
remain spatially localized in a small area. Here, the sensing
performance of extensive optical structures is evaluated
and compared in Table 1. As seen, the sensitivities of most
PhC-based sensors are generally around 100-350 nm/RIU
at around a 1550 nm wavelength [7,23,25-27]. Meanwhile it
can be found that an “air-slot” PhC nano-cavity [28] has ob-
tained an enhanced S (~500 nm/RIU) while ¢ maintains a
high level (~10%). S in a nano-slotted structure [31-33] shows
a great improvement with respect to regular PhC design cor-
responding directly to the large overlap of the mode field with
the analyte. It is worth noting that Allsop et al. [19] demon-
strated S of 33656 nm/RIU in surface plasmon resonance struc-
ture and Wang et al. [33] demonstrated S of 900 nm/RIU in
slot double-beam waveguides; however, @Q-factors are limited
to 1000 in [19] and 700 in [33].

In order to overcome above drawbacks and realize simul-
taneously high @ and S, PhC nano-beam cavities (PCNCs)
[34-36] are currently the subject of intense research interest
because they possess a suite of attractive characteristics: high

© 2014 Optical Society of America
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Table 1. Comparison of Sensitivity, Q-Factor and FOM for Different Optical Sensing Systems

Reference Type of Sensing System Target Substance  Sensitivity (nm/RIU)  @-factor (at Telecom Range) FOM
Allsop et al. [19] SPR (grating coupled) Water ~3365 ~10° ~2182
Sumetsky et al. [20] Capillary ring resonator Water ~800 ~100 ~b2
Dai and He [21] Mach-Zehnder interferometer Water ~2000 ~500 ~645
Beheiry et al. [22] PhC slab Water ~644 ~3000 ~1253
Mileriko et al. [7] PhC fiber Water ~115 ~10% ~T5
Kita et al. [23] PhC nano-laser Water ~350 ~3000 ~682
Nunes et al. [24] 1D PhC microfluidic Water ~836 ~200 ~108
Yang et al. [25] PhC array Water ~161 ~3000 ~313
Quan et al. [26] 1D nano-beam Water ~100 ~10% ~645
Gylfason et al. [27] Slot-waveguide ring resonator Water ~240 ~500 ~78
Jagerska et al. [28] Air-slot PhC nano-cavity Water ~510 ~6000 ~1985
Zhou et al. PTNS-PCNC Water ~606 ~11770 ~4637

optical Q-factor, wavelength-scale effective mode volume, low
effective mass, and small physical footprint. Integrated within
planer photonic waveguide circuitry, PCNCs provide an ideal
architecture for sensing applications.

In this paper, first we optimize PCNCs for reducing the
propagation loss based on spatially modulating the gratings
(holes radius) near the defect [15,37]. Gaussian field distribu-
tions are well-known functions that greatly reduce the
coupling to radiation modes [38]. We present a systematic
design of high-Q tapered hole-radius resonators where six
periods on each side of the defect are tapered. Second, to
achieve higher interaction between the light and the nonlinear
material, it is possible to use slotted waveguides [38]. In com-
bination with PCNCs, the field enhancement in the slot, and
thus the enhanced sensitivity to refractive index change, has
been exploited to create high-performance refractive index
sensors. Therefore, we propose the parallel tapered nano-
slotted PhC nano-beam cavity (PTNS-PCNC). We demon-
strated that a PTNS-PCNC sensor can simultaneously possess
high S exceeding 606 nm/RIU (at 1541 nm) and @ exceeding
11770, resulting in FOM of ~4637.

2. DESIGN OF PCNC

The schematic of the PCNC is shown in Fig. 1. It consists of an
array of air-holes in decreasing radii, etched into a ridge wave-
guide. The waveguide is formed in a 220 nm thick silicon core
layer that provides adequate optical isolation of the wave-
guide core from the silicon substrate. In order to obtain the
required high performance in this device, the reasonable
choice of cavity length, nano-beam width, and the combina-
tion of periodic mirror and tapered region hole diameters is
necessary. The hole-to-hole distances are constant (defined
as periodicity @ = 360 nm). The structure is symmetric with
respect to the center of cavity in Fig. 1. In contrast to the ma-
jority of other cavity designs, current structure has additional
cavity length inserted between the two periodic mirrors (w,)
that is the distance between the two central holes, which is
different from that of the rest of the structure (a). This design
minimizes the cavity loss, and the power guides along the
PCNC are more concentrated in the cavity. We report the
use of mirrors having Np = 2 periodically spaced holes with
diameters of 230 nm. Gradually tapered hole arrangements
with different diameters are designed to produce a signifi-
cantly enhanced @Q-factor value through reductions in propa-
gation losses and scattering that occur locally at transitions

outside the cavity. Such tapered hole arrangements are made
to reduce losses associated with abrupt changes in the modal
distribution at the interfaces between the periodic mirror
sections and the nano-beam waveguide. The tapered radius
region outside the periodic mirror has hole radii from
Tistart = 140 nm, ie., r; =71 - 11 x7 (4 increases from 2 to
3), r; = r3 — 22 x 4 (i increases from 4 to 9,y)-

The intrinsic properties of different regions of the PCNC
structures are studied by band-structure analysis with MPB
[39]. The holes in the cavity row are tapered accordingly to
provide a reliable in-plane field confinement in the x direction.
The holes surrounding the cavity are shifted to tune the opti-
cal field profile such that the vertical radiation scattering is
minimized [40]. Figure 2(a) shows the band structure of the
TE-like modes for the radius of six different holes in the PCNC
structure. In order to minimize the scattering loss and realize
high-Q design, each situation should satisfy the matching di-
electric-mode band-edge frequencies of the holes. Intuition
suggests that to limit out-of-plane scattering, the band-edge
frequency and spatial field profile should closely match those
of the hole of PCNC [15,16]. Figure 2(b) shows the mode-edge
frequency versus the hole radius r;. The apparent reduction in
bandgap (i.e., the difference between the upper edge and

\//\ "W

S ) 0SS
1 LS Ul
NN \\ /Jﬁ'\‘/\“‘k
\

i o
(ot et m‘
LA L { fus ™
PEANE e 0 7T
ox
,‘\'\\""‘ \,’\'\\ \\AML
e N
5 | _ave
AN A
) St )
\
v Symmetry axis
_ 10
B ved
\ Q Todiv Periodic
\\ //T/upi"L Tapered radius region mirror
- e el e Y
i
ey
Fig. 1. Schematic of the proposed photonic crystal nano-beam cav-

ity. The structure is symmetric with respect to its center (symmetry
axis indicated by red dotted line). On both sides of the cavity, each
mirror is composed of a periodic and tapered section. The periodic
mirror is made of Np holes (Np = 2 in the figure). The taper is located
on the periodic mirror side. @ (~360 nm) is the center-to-center dis-
tance between the gratings (periodicity), w, is the length of cavity. w,,
is the width of nano-beam. The thickness of nano-beam 7" = 220 nm.
r; are the radius of the gratings that are tapered from center to both
ends.
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(a) Band structures of the TE-like band for the nano-beam cavity with six different hole radii » = 140, 129, 118, 107, 85, and 63 nm, re-

spectively. Unit cell geometries are shown in the inset. (b) Nano-beam bandadge frequency versus the nano-beam cavity hole radius ;.

bottom edge for the certain hole radius) width with decreasing
hole radius 7; is due to an effective decrease in the filling frac-
tion or the ratio between air and dielectric regions in the unit
cell. We also find that the edge of this guided band is pushed
up as the hole radius increases and the almost zero overlap in
frequency range [10] is important for suppressing the optical
energy leakage via the PCNC. To further optimize the @-
factor, the modal distributions of the £, component for differ-
ent cavity lengths (w,) and nano-beam widths (w,,) are
analyzed using 3D-FDTD simulation as shown in Fig. 3. It is
clear that the electric field is concentrated in the center of the
cavity when cavity length w, = 310 nm and nano-beam width
Wy, = 432 nm so that it resembles a 1D cavity resonating
along the center line as shown in Figs. 3(e) and 3(g). The
E, profile is given by the red solid line in Fig. 3(f), correspond-
ing to 3(e).

From the band-structure design and the electric-field distri-
bution analysis, we have created a localized cavity made by
ensuring the in-plane modal confinement. In what follows
we use the 3D-FDTD method to simulate the PCNCs and

@ ~ ~ " "\/\/\ - OO O ¢
N \/\/\/ .Q \\/\\ /Y )

O \/\/\ . 8OO0 0 o
S\ N\

I —
B iR

o
()
" % s PV s
\J \/ \/ \J
0

(2) S

Fig. 3. E, field distribution for the fundamental TE-like polarized
light-wave 1n the x—y plane obtained from 3D-FDTD simulation with
different cavity lengths (w,) and nano-beam widths (wy).
(a) w, =274 nm, wy, = 432 nm; (b) w, = 310 nm, w,, = 396 nm;
(¢) w, =310 nm, wy, = 468 nm; (d) w, = 346 nm, wy, = 432 nm;
(e) w, = 310 nm, wy, = 432 nm. (f) E, field distribution along the
dash line in (e), length unit, pm. (g) E, field distribution for the fun-
damental TE-like polarized light-waves in the y—=z plane corresponding
to (e).

Simulation

optimize their @ by increasing the number of unilateral air
holes N. N is the total number of the periodic mirror (Np) and
tapered radius region (Ny). Figure 4 shows the simulation re-
sults for the resonant frequencies and @-factors in terms of the
number of unilateral air hole N. We have observed the desired
results where the number of unilateral air holes increases, and
the cavity resonance is pushed to higher frequencies because
of the decrease in high-dielectric material in the PCNC struc-
ture. As seen in Fig. 4, the number of unilateral air holes N = 7
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Fig. 4. 3D-FDTD -calculations for the resonant frequencies and
Q-factor as a function of the number of unilateral air holes N
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Fig. 5. Schematics of PTNS-PCNC that consists of multiple nano-
beam with nano-slot separations. The structure is symmetric with re-
spect to the center (mirror symmetry indicated by red dotted line).
Ny, is the number of nano-beams, w is the center-to-center distance
between the holes around the cavity. w,,, is the width of single beams.
wys(7) is the width of the nano-slot between adjacent beams.
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Fig. 6. Result of FDTD calculations displaying the cavity resonant frequencies and quality factors @ as a function of (a) the width of nano-slot wyg
(1) when N, = 2; (b) the width of nano-slot wys (2) based on wyg (1) = 0.23a when N, = 4.

results in an optimal design at (w = 0.23052(27c/a)) with a
Q-factor of 8631. Based on the above design we set optimized
parameters for the PCNC as follows: the length of cavity
w, = 310 nm, the width of nano-beam w,, = 432 nm, and
the radius of the periodic mirror r; = 140 nm. The periodic
tapered-radius region within the PCNC has radii (r;, i = 2,
3, 4, 5, 6) of 129, 118, 107, 85, and 63 nm, respectively.

3. DESIGN AND OPTIMIZED SENSITIVITY
OF PTNS-PCNC

The air-slot cavities have been investigated in [41,42]. Almeida
et al. [41] proposed a new waveguide structure where two
ridge waveguides are closely located with a nanometer size
gap of low index so that the strong electric field is confined
within the gap because of the large discontinuity of the field.
Owing to the strong light-matter interaction, the slotted wave-
guide can be advantageously utilized in optical sensors. On the
other hand, a slotted waveguide has been realized to control
dispersion in PhCs, which also allows confining strong fields
in the low-index gap [42]. Based on the above analysis, we
propose a PTNS-PCNC as shown in Fig. 5, which consist of
multiple parallel PCNCs with tapered nano-gap separations.
wys(J) (J increases from 1 to Jiax, Jmax = Nuw/2, Ny is the
even integer) is the slot width of adjacent nano-beams. As
the nano-slot width wys(j) changes, the refractive index in
the adjacent nano-beams changes. Thus, the resonant fre-
quency of PTNS-PCNC will shift. As wy,(1) increases based
on N, =2 from 0.15a to 0.26a with step size of 0.01a, the
calculated resonant frequencies and @-factors as the function
of the nano-slot width wys(1) are shown in Fig. 6(a), obtained
by using 3D-FDTD simulation. When the nano-slot width
wys(1) increases, the cavity resonance shifts toward lower
frequencies. As seen in Fig. 6(a), the nano-slot width of
wys(1) = 0.23a = 83 nm leads to an optimal design at
(0 = 0.23091(27c/a)) with a @-factor of 17546. Such high @
is most likely due to the fact that two nano-slot beams with
a smaller elastic constant and a smaller mass apply less force
to the anchor region and that the stress field is more localized
with a reduced beam cross-sectional area [10]. These two fac-
tors lead to weaker residual loss (and thus higher @). Next, we
change the nano-slot width wy(2), while fixing the nano-slot
width at the optimum wyg(1) = 83 nm based on N, = 4. The
resulting resonant frequencies and Q-factors calculated are
shown in Fig. 6(b). As can be seen, the maximum @-factor,
as large as 11770 at (w = 0.23061(27zc/a)), is obtained for

the nano-slot width wys(2) = 0.21a = 76 nm. In contrast to
Fig. 6(a) we find that @ drops seriously for the increasing
number of the nano-beams, there exist no confined mode.
Thus we observe that the slot width between the adjacent
nano-beams is linearly tapered from wyg(1) = 83 nm, i.e.,
wys(J) = wns(1) = 7x7 (G increases from 1 to  Joax,
Jmax = Nnp/2). Beyond that we also investigate the depend-
ence of @ on the slot thickness. As seen from Fig. 7, @ arrives
at the climax when the slot thickness is 220 nm. When the slot
thickness is lower than 100 nm, @ decreases because of the
cut-off thickness of the fundamental TE mode. In addition, @
decreases when the slot thickness is larger than 300 nm. This
is because the mode frequency becomes lower when the slot
thickness increases and the lattice modulation of PTNS-
PCNCs becomes gentle, which leads to reduced mode gap
and thus results in weaken confinement and decreased the
@-factor [43].

In order to compare the sensitivity of the cavities at differ-
ent resonances and @Q-factors for different numbers of nano-
beams, we define normalized sensitivity as S,, = S/4;. In the
following discussion and simulation, the PTNS-PCNC sur-
rounding media have indices that vary around the index of
common liquid at telecom wavelength (nq,q = 1.330,
Ao = 1547 nm). As shown in Fig. 8(a) we obtain normalized
sensitivity (S,,) and @-factor versus the number of nano-beams
(Np)- The sensitivity increases as N, increases and gradually
saturates beyond N, = 6. As N, increases, light is forced
into the slot region as a result of the refractive index disconti-
nuity [41]. When N, > 6, most light has been strongly
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1750 J. Opt. Soc. Am. B/ Vol. 31, No. 8 / August 2014

0.45
- L e et P I LR
/ I -0.40
1.35x10" t ;
@ , ; : : : : =Sh, | 0.35
1.20x10" -~ -~ fosma NG s b e
S 0.30
2 1.05x10"
= 0.25
z 3
£’ 9.00x10°
g 0.20
2 3
O 7.50x10"
6.00x10°
; : : ; 0.10
0 2 4 6 8
Nanobeam Number N"b
(a)

Zhou et al.

5000
7 4500+
: =z
3 2 4000+
I )
§ T 3500+
= ; i H
§ = 3000 1o :
Z S 2500 :
Z £ : ;
ZF 5o 2000 4o :
g = 15004 ----!

1000 - ;

0 2 4 6
Nanobeam Number N
(b)

Fig. 8. (a) Normalized sensitivity (S/4y) and @-factors as a function of the number of nano-beams (NV,;,). (b) The FOM as a function of the number

of nano-beams (Ny,).

squeezed in the slot region, and thus S approaches saturation.
However, the @Q-factor is degraded in the number of nano-
beams (N, > 4) due to the weak horizontal confinement.
As a result of the trade-off between S,, and @, the number
of nano-beams N, = 4 is selected to have S, ~0.394 and
Q@ ~ 11770 with the width of the nano-slots wys(1) = 83 nm,
wys(2) = 76 nm. In Fig. 8(b), the FOM reaches climax when
the number of nano-beams N, =4 and an optimized high
FOM of 4637.4 has been obtained. As is expected from the
slotted waveguide characteristics, it is clearly visible that

10
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23 K - 0
" (um)

Fig. 9. 3D-FDTD simulation of the major field distribution profile
(E,) in the PTNS-PCNC. Here the number of Gaussian mirror
segments N = 14, with an additional seven mirrors on both ends of
tapering section. The calculation @-factor is 11770 and the S factor
is 606 nm/RIU. a =360 nm, w,, =432nm, w, =310 nnm,
T = 220 nm, wys(1) = 83 nm, wys(2) = 76 nm. Unit of the x/y axis
is pm.
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Fig. 10. FDTD simulation of @-factors considering the effect of fab-
rication roughness. A random distribution of hole radius offset from
-5t0 5, ~10to 10, —15to 15, and -20 to 20 nm, respectively, are calcu-
lated. The cavity is immersed in an environment with a refractive
index of 1.330.

most of the electric field profile (E,) is confined within the
slot of low-index material in the electric-field distribution
along the y axis in Fig. 9. Eventually we also considered
the effect of the fabrication roughness (e.g., hole radius offset)
in our design. Our simulation was done assuming a random
distribution of hole radii offset from -5tob, -10to 10,
-15t0 15, and -20 to 20 nm, respectively. As seen from Fig. 10,
the @Q-factor of 6 x 10°-8 x 10% should be accepted when the
fabrication perturbation is taken into consideration. In addi-
tion, the influence of the sensitivity has been calculated
and the standard deviation is also evaluated approximately
12.3, that is, the obtained S = 606.7 + 12.3 nm/RIU.

4. SENSING CHARACTERISTIC OF
PTNS-PCNCs

The above proposed PTNS-PCNC is one of the emerging con-
figurations for refractive-index detection-based optical sen-
sors due to unique properties simultaneously possessing high
@ and high S. Alternatively, PTNS-PCNCs can also be coupled
to on-chip optical network for high integration. In Fig. 11 we
design a kind of coupler [44—46] that ridge the waveguide to
introduce the light into the PTNS-PCNC structure as much as
possible, with three ridge waveguides extruding to three nano-
slots, respectively. Each beam of PTNS-PCNC “bites” with the
ridge waveguide. Here, the width of the ridge waveguide wyjqge
is 76, 83, and 76 nm, respectively. The thickness is kept at

Monitor

ridge,

o
[ [lhuknu

Fig. 11. Schematic diagram of the ridge waveguide used for the
PTNS-PCNC sensor in/out coupling. The structure is symmetric with
respect to the center.
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220 nm. The length of ridge waveguide Lijqqe is 1.5 pm. With
3D-FDTD simulation, we obtained the transmission spectrum
of PTNS-PCNC, as light is launched from the ridge waveguide
coupled into the PTNS-PCNC by the above-designed structure
and finally collected from the output ridge waveguide. The to-
tal transmission spectrum is shown in Fig. 12(a). Since the
mode shape of the nano-beam cavity is very similar to the
waveguide mode, the coupling efficiency is relatively high
enough to get a good transmission ratio while additional loss
is not introduced by the existence of the ridge waveguides. A
high @ around 11770 and near 100% transmission peak was
observed. The modes at wavelengths lower 1360 nm and
higher than 1650 nm are at the band edge modes. Figure 12(b)
shows the shift of the fundamental TE-like mode when the
refractive index changes from RI = 1.330 to RI = 1.345.
The resonant wavelength shifted 9.1 nm. Thus, sensitivity
S = 606.7 nm/RIU. In the case of the cost of reducing the
on-resonance transmission, the current @-factor should be
further improved. However, the relatively high @-factor and
large S are expected while the transmission is kept the same.

5. CONCLUSION

In this paper we report on theoretical studies PTNS-PCNCs for
high Q-factor and to measure high sensitivity (S) in the back-
ground material by 3D-FDTD simulation in the quadrabeam
geometry. We fine-tuned the diameter of the circular gratings
outside the Bragg mirrors in the single nano-beam cavity and
widths of the adjacent nano-slots. The theoretically calculated
Q-factors can be increased significantly, thus realizing a high
Q of 11770. Because of a strong overlap of the cavity mode
with the surrounding medium, such architecture can achieve
a high sensitivity of 606.7 nm/RIU. It makes sense that we
demonstrate a high FOM of 4637. In addition, we also inves-
tigated PTNS-PCNCs and found that it could be strongly
coupled to the feeding waveguide with high efficiency with
ridge-waveguide-to-PTNS-PCNCs couplers. Therefore, the
proposed PTNS-PCNCs proved to very suitable for sensing
biomolecules and could be also applied for medical or
biological label-free sensing applications via proper function-
alization. Simultaneously, it also would be a potential platform
for making the sensor appropriately used for high-density
integrated on-chip optical circuits. Furthermore, the obtained
theoretical results are very promising for future experiments.

We also anticipate that future experimental measurement will
be better able to verify the calculated results.
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