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a  b  s  t  r  a  c  t

In  this  paper,  a  micro  electro-optic  sensor  structure  and  its sensing  technique  based  on  lattice-shifted
resonant  microcavity  (H0-nanocavity)  in  a  triangular  lattice  photonic  crystals  (PhCs)  slab  are  presented.
The  H0-nanocavity  is  formed  by  only  laterally  shifting  two  adjacent  holes  outwards  slightly  in the oppo-
site  direction,  which  can  realize  a nanocavity  with  high  quality  factor  (Q)  value  to  meet  the  requirements
of  practical  application.  The  electro-optic  sensor  is  realized  in  hole-array  based  photonic  crystal  slab  with
triangular  lattice  air  holes  infiltrated  with  a  nonlinear  optical  (NLO)  polymer  (npoly =  1.6)  in Silicon-on-
Insulator  (SOI)  operating  in the  wavelength  range  from  1400  nm  to 1600  nm.  The  simulation  results  of
PhC electro-sensitive  structure  show  that  the  optical  properties  of PhCs  can be  used  to  design  sensing
attice-shifted microcavity
aveguide

OI

devices  characterized  by a high  degree  of  compactness  and  good  resolution.  The  properties  of  the  sensor
are  analyzed  and  calculated  using  the plane-wave  expansion  (PWE)  method  and  simulated  using  the
finite-difference  time-domain  (FDTD)  method.  The  simulation  results  display  that  the  resonant  wave-
length  of  the  mode  localized  in  the microcavity  shifts  its  spectral  drop  position  following  a  linear  behavior
when  a driving  voltage  ranging  between  0.0 V and  3.2  V is applied,  and  the  sensitivity  of  31.90  nm/V  is
observed.
. Introduction

Over the past decade, photonic crystal (PhC) is considered
s a kind of periodic dielectric structure with the capability to
anipulate light propagation, for instance Refs. [1,2]. Photonic

rystal has been studied extensively for many applications such
s electro-optical modulation [3–6], high-resolution sensors [7–9],
ltra-small filters [10–12],  low-threshold nanolasers [13], quantum

nformation processing [14], and group delay [15]. Their applica-
ion as sensors is a recent research field which seems to be very
romising due to their extreme miniaturization, high spectral sen-
itivity and MEMS  (Micro-Electro-Mechanical System) integration.
hus there has been a dramatic increase in the level of interest
egarding the ultra-compact and high-sensitivity micro sensors. So
ar, with the further research, large number of architectures regard-
ng to micro sensor based on PhC technology have been proposed in
orks and researches on various sensors with different functions,
uch as stress sensor [16,17],  micro displacement sensor [18–21]
nd biochemical sensor [22–29].  In addition, the development of
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nanotechnologies makes it possible to fabricate photonic crystal
structures on the scale of tens to hundreds of nanometers, which
have been previously shown to work from solution [30,31].

In practice, a 2-dimensional (2D) photonic crystal slab has
emerged as one of the most important platforms to fabricate a high
quality factor (Q) optical microcavity, such as Ln cavity [32], mode-
gap cavity [33], and H0 nanocavity [34] used in this paper. Recently,
most of the reported 2D PhC based microcavities are formed from
periodic air hole-array. Because of that relative to the pillar-array
based PhC [35], hole-array based PhC usually selectively removed
the material underneath the cavity to form a similar free-standing
membrane which can better reduce the vertical leakage into the
substrate than the pillar-array based PhC cavity could do. Addi-
tionally, a pillar array based 2D PhC is difficult to form a similar
free-standing membrane. At the same time, it is well-known that
a triangular lattice PhC can create the PBG more easily than the
square lattice PhC. Hence, the basic structural unit of electro-optic
sensor designed in this paper is based on triangular lattice, hole-
array based PhC. In addition, two  micro electrodes are placed on
each side of the PhC waveguide.

In this paper we  report the design and simulations of a PhC

electro-sensitive device consisting of a PhC waveguide (PhCW, here
is W1 waveguide) coupled to a PhC microcavity obtained by shifting
two  lattice points in a triangular lattice PhC slab to create a point
defect in the regular 2D periodic pattern. The waveguide is designed

dx.doi.org/10.1016/j.sna.2011.08.001
http://www.sciencedirect.com/science/journal/09244247
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As seen in Fig. 2, the PhC waveguide supports one even mode
and odd mode in the photonic band gap which ranges about from
0.206(2�c/a) to 0.285(2�c/a). Since the even mode is seen to flatten
ig. 1. Structure model of W1  PhC slab waveguide without a microcavity, where a =
nd  here the lattice shift sx = 0. (For interpretation of the references to colour in this

n order to allow the propagation to obtain a large effective wave-
ength range in photonic band gap (PBG). The coupling with the
oint defect causes a sharp drop in the transmittance spectrum
orresponding to the microcavity resonance wavelength. When an
xtra driving voltage is applied to the PhC sensor sample, a varia-
ion in the refractive index of the nonlinear optical (NLO) polymer
nfiltrated in the air holes of the PhC slab occurs due to the electro-
ptical effect in electro-optic crystals. This simultaneously modifies
he optical properties of the cavity, thus shifting the resonant wave-
ength in the transmittance spectrum. The amount of such spectral
isplacement can be therefore exploited to measure the applied
riving voltage. Particularly, the numerical results, obtained by the
D-FDTD method, illustrate that the spectral position of the res-
nating drop detected at the output of the PhCW shifts towards
ower wavelengths as the driving voltage value increases. The shift
inearly depends on the applied driving voltage, being displaced of
bout 31.90 nm/V.

The whole organization of this paper is as follows. In Section 2,
e first introduced the PhC slab lattice-shifted microcavity (H0-
anocavity) structural model and some corresponding simulation
ata. Then, in Section 3 we analyzed the electro-optical effect and
he simulation method of the electro-optical sensor based on W1
aveguide coupled to a PhC microcavity structure, and at the same

ime, the sensitivity of the PhC sensor was discussed and obtained
ith the different applied driving voltages. Finally, in Section 4, we
rew a brief conclusion.

. The basic structural unit design of electro-optical sensor

In this section, we will introduce how to design the basic struc-
ural unit of an electro-optic sensor which consists of a microcavity
oupled to a PhC single line defect waveguide (W1). Firstly, in Sec-
ion 2.1 we introduce the design of the W1 PhC slab waveguide
hich can realize a large enough photonic band gap and confine

he TE-like polarized light strongly in both in-plane direction and
ut-plane direction. Then we introduce how to design the resonant
icrocavity (H0-nanocavity) which can better couple to W1  PhC

lab waveguide in Section 2.2.

.1. Design of the W1  PhC slab waveguide without microcavity

sx = 0)

The basic structural unit of electro-optic sensor designed in
ur paper is based on triangular lattice, hole-array based PhC, and
m,  r = 0.32a, T = 0.55a. The red holes are the shifted holes forming a resonant cavity,
e legend, the reader is referred to the web version of the article.)

shown as Fig. 1. It is constructed in a silicon slab (nsi = 3.48) by
arranging a triangular lattice of air holes, where the central row
of air holes are removed in order to form a line defect (W1) waveg-
uide. The red holes are used as shifting holes to form a resonant
cavity coupled to the W1  waveguide, and here the lattice shift sx = 0
(Fig. 1).

In Fig. 1 we can see that the W1  PhC slab waveguide with-
out microcavity (sx = 0) is modeled by a PhC single line defect
waveguide (W1) with a triangular lattice of air holes, having lat-
tice constant a = 403 nm,  radius of air holes r = 0.32a = 128.96 nm
and slab thickness T = 0.55a = 221.65 nm realized on silicon slab.

In this paper, regarding to the 2D PhC slab (considering the thick-
ness), the properties of the sensor are analyzed and calculated using
the plane-wave expansion (PWE) method and simulated using the
finite-difference time-domain (FDTD) method to calculate the 2D
PhC slab’s photonic band and transmittance spectrum, respectively.
The analysis performed in this work has concentrated on the TE-like
polarization, for which the PhC structure exhibits a large band gap
(PBG) [36]. A typical band diagram for TE-like polarized light in the
single line defect waveguide PhC is obtained numerically by using
the plane wave expansion method when the lattice shift sx = 0, and
shown in Fig. 2.
Fig. 2. Photonic band of a W1 PhC with the shift sx = 0 for the TE-like polarization;
insert is the unit cell.
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Fig. 3. The transmission spectrum of TE-like polarized light wave in the line defect
PhC and perfect PhC. The red line is the transmission in the line defect PhC when the
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hift sx = 0; the blue line is the transmission in the perfect PhC without any defect.
For interpretation of the references to colour in this figure legend, the reader is
eferred to the web  version of the article.)

t large wave vectors due to the folding at the Brillouin zone-end,
n our numerical calculation, the simulated transmission is cal-
ulated based on the even mode. We  can also see that when the
ormalized frequency exceeds 0.24(2�c/a), the even mode is lying
bove the light line (in the radiation mode region) and leakage in
he vertical direction will increase (compared to the even mode
ying below the light line). That is in complete accordance with the
esults shown in Fig. 3. As shown in Fig. 3 when the normalized fre-
uency exceeds 0.24(2�c/a), the transmission decreases. However,
s proven in previous work, with careful design about the structure
arameters such as lattice constant, radius of the holes, and thick-
ess of the slab as shown in Fig. 1, the loss in the vertical direction
ould be reduced. And the relevant simulation results of the light
ropagation through the PhC slab waveguide with lattice shift sx = 0
n Fig. 1 are shown in Fig. 4. As seen in Fig. 4, the TE-like polarized
ight is confined strongly in both in-plane direction and out-plane
irection, and the leakage of light is very small.

ig. 4. Steady state electric field profile for the fundamental TE-like mode propa-
ating through a PhC waveguide with shifting sx = 0 in the (a) x–y plane; (b) y–z
lane.
Fig. 5. Output transmission spectrum of TE-like polarized light wave in the basic
structural unit of electro-optic sensor with the different lattice shifts ranging from
sx  = 0.15a to 0.35a.

2.2. Design of the microcavity coupled to W1  PhC slab waveguide

In this paper, based on the W1  PhC slab waveguide structure, we
increase the Q-factor of the device by using the high-Q microcavity
(lattice-shifted microcavity) which is designed by only shifting the
two  red holes outwards slightly in the opposite direction around
the W1  waveguide as shown in Fig. 1. In Ref. [16], the microcavity
demonstrated by Stomeo et al. is used in the fabrication of force
sensors based on 2D photonic crystal, where the microcavity was
formed by changing parameters of more than six holes around the
W1 waveguide. However, the microcavity used in this design is
formed by only shifting the two  red holes outwards slightly in the
opposite direction around the W1 waveguide (Fig. 1). In view of
the higher accuracy and simpler implementation, the design of the
microcavity presented in this paper seems to be more appropriate
for practical design. In addition, it can also create a sharp drop in
transmission spectrum and achieve Q-factors as high as in the order
of 105 given in [37] to meet the requirements of practical applica-
tion. At the same time, it provides a better coupling between the
W1 waveguide and the resonant cavity and improves the Q factor
of the microcavity because of the envelope function of the in-plane
mode profile varies more gently than the single defect case.

With the different lattice shifts of sx,  the resonant frequency
between the resonant cavity and the W1  PhC waveguide will shift.
As sx increases from sx = 0.15a to 0.35a, the simulation results
reveal that the position of resonating drop detected at the output
of the PhC waveguide shifts towards lower frequency. The detailed
simulation result is shown in Fig. 5. As seen in Fig. 5, when the
shift sx = 0.2a, the coupling strength between the microcavity and
the W1 PhC waveguide is maximum in the PhC slab microcavity
structure.

3. Electro-optic effect analysis and simulation results

In our proposed electro-optical (EO) sensor based on the PhC
slab, which consists of a line defect PhC waveguide (W1) coupled
to a resonant cavity obtained by creating a point defect in the reg-
ular 2D periodic pattern as shown in Fig. 6. Here, the air holes
are infiltrated with a nonlinear optical (NLO) polymer (npoly = 1.6)
[5,6], which can be purchased commercially. First of all, EO effect

via NLO polymers allows extremely high response speeds extend-
ing up to frequencies in the terahertz range [38]. Furthermore,
molecular engineering of organic EO materials has led to extremely
high Pockels coefficients in polymers, exceeding 300 pm/V [39],
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ig. 6. Structural model of electro-optic sensor based on W1  PhC slab microcavity
oles  and the bulk holes (orange holes) are all infiltrated with NLO polymer (npoly

eferred to the web version of the article.)

hich is 10 times the value available in lithium niobate as the
tandard in organic material used in EO applications. Photonic
evices based on a hybrid material system merging silicon and
olymer are therefore attractive, since they combine the strong

ight-confining abilities of silicon with the superior NLO proper-
ies of polymers. In addition, concepts based on PhC waveguides
an exploit high quality factor (Q) cavities or slow-light mecha-
isms to achieve very compact device dimensions and have been
iscussed [40,41].  So, through the design of the basic structural
nit of electro-optic sensor discussed in Section 2, the electro-
ensitive sensor reported in this paper consists of a PhC single line
efect waveguide (W1) coupled to a resonant cavity obtained by
reating a point defect in the regular 2D periodic pattern. Here,
he triangular lattice PhC is realized on silicon slab (nsi = 3.48) in
ilicon-on-Insulator (SOI) with air holes infiltrated with a non-
inear optical (NLO) polymer (npoly = 1.6) which is required to be
oled before becoming electro-optically active [5,6,41], and hav-

ng lattice constant a = 403 nm,  radius r = 0.32a = 128.96 nm and
he slab thickness T = 0.55a = 221.65 nm.  In addition, two  micro
lectrodes are placed on each side of the PhC waveguide, which
eans that the electrostatic field lines are parallel to the y axis,

llowing the largest electro-optic coefficient in polystyrene to be

sed. The lattice-shifted microcavity (H0-nanocavity) is designed
y only laterally shifting the two red holes slightly (sx = 0.2a)

n the opposite direction along the PhC waveguide as shown in
ig. 6.

Fig. 7. Steady state electric field profile for the fundamental TE-like mode 
led to the photonic crystal, where a = 403 nm, r = 0.32a, T = 0.55a, sx = 0.2a. The red
. (For interpretation of the references to colour in this figure legend, the reader is

Based on the electro-optic sensor’s architecture shown in Fig. 6,
by applying the 3D-FDTD method, with the structure excited by an
input Gaussian pulse characterized by a wide spectrum centered
at ω = 0.25(2�c/a), the simulation of light propagation through
the electro-sensitive structure in the x–y plane and the output
transmission spectrum of TE-like polarized light wave in W1  PhC
waveguide is numerically calculated, as plotted in Figs. 7 and 8.

Now we are in a position to investigate the modification of band
gap in a photonic bandgap structure undergoing driving voltage
(U) application. The operation principle of the PhC slab electro-
optic sensor is based on the fact that the driving voltage application
provokes a change in the refractive index of the polymer which
modifies the output transmission spectrum of the regular photonic
crystal or that of the localized state when a defected photonic crys-
tal is considered.

Fundamentally, the electric-optical sensor system is based on
the linear electro-optic effect (Pockel’s effect) in electro-optic crys-
tals where a pulsed microwave signal acts as a transient bias to
induce a transient polarization in the sensor crystal. This polar-
ization causes a change in the index of refraction. The change in
refractive index is then probed by a synchronously pulsed laser
beam, and then converted into an amplitude modulation. In the

small signal regime, amplitude variation of the optical probe beam
is proportional to the applied electric field. If the driving voltage
varies, the refractive index of polymer will be changed because of
the Pockel’s effect. To model the driving voltage action, the change

propagating through the electro-sensitive structure in the x–y plane.
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ig. 8. Output transmission spectrum of TE-like polarized light wave in the electro-
ensitive structure in absence of applied driving voltage.

n the refractive index (�n) of the polymer due to the electro-optic
ffects acting on the NLO polymer infiltrated in the PhC holes has
een evaluated. The final expression for the relationship between
he variation in the refractive index of polymer (�n) and the driving
oltage (U) is expressed as follow [6]:

n  = −1
2

× n3
poly × �33 × U

d
(1)

here �33 is the electro-optic coefficient, U is the applied driving
oltage and d represents the spacing between the electrodes. We
hoose a state-of-the-art polymer material with �33 = 150 pm/V [5].

Based on the electro-optic sensor’s architecture as shown in
ig. 6, simulation results show that the refractive index change of
he polymer is mainly due to the electro-optic effects when a driv-
ng voltage is applied normally to the plane of PhC slab. By applying
he 3D-FDTD method, we calculate the output transmission spec-
rum for different values of the applied driving voltage. The drop
eak corresponds to the resonant wavelength of the mode local-

zed in the PhC slab microcavity, and it shifts its spectral position,
ollowing a linear relation when a driving voltage ranging between
.0 V and 3.2 V with step �U  = 0.4 V is applied. The output trans-

ission spectrum for different driving voltages ranging from 0 V to

.2 V is shown in Fig. 9. As seen in Fig. 9, it reveals that the spectral
osition of the resonating drop detected at the output of the PhC

ig. 9. The sharp drop fraction of output transmission spectrum for different applied
riving voltages ranging between 0 V and 3.2 V.
Fig. 10. The shift of output drop resonance wavelength as a function of the applied
drive voltage of PhC electro-optic sensor structure.

waveguide shifts towards lower wavelengths as the applied voltage
value is increased.

Here to analyze the sensitivity (S) of the PhC electro-optic sen-
sor, we define the sensitivity of our electro-optic sensor device by
observing the shift in the resonant wavelength (��) as a function
of the change in applied driving voltage (�U) of the PhC electro-
optic sensor structure as shown in Fig. 10.  The electro-optic sensor’s
sensitivity is expressed as:

S = ��

�U
(2)

As seen in Fig. 10,  there is a linear relationship between the
output drop resonant wavelength and the applied driving voltage.
From the simulation data shown in Figs. 9 and 10,  it is possible
to calculate the sensor sensitivity that is equal to 31.90 nm/V. In
addition, based on Eq. (1) we also can calculate that a refractive
index change of just �n  = 0.001 results in a wavelength red shift
of approximately ��  = 0.18 nm (refractive index (RI) sensitivity is
∼180 nm/RIU). Compared to the slotted photonic crystal waveg-
uide based Electro-Optical Modulator demonstrated by Wülbern
et al. [5],  where the ��  is 0.12 nm as refractive index change
of �n  = 0.001, the device presented in this paper is improved. At
the same time, compared to photonic crystals slab sensor with
multiple-hole defects (MHDs) photonic crystal cavities demon-
strated by Kang et al. [42], the sensor with lattice-shifted cavity in
this paper enabled an 80% increase in detection sensitivity towards
bulk refractive index. This strong sensitivity is a result of the elec-
tric field enhancement in the H0-nanocavity region with the small
mode volume (Fig. 7).

4. Conclusions

In summary, we have proposed to apply the electro-optic prop-
erties of photonic crystals to realize electro-optic sensing devices
characterized by an ultra-compact and a good resolution. We  con-
firmed the characteristics of electro-optic sensor by designing
and simulating a silicon waveguide PhC slab microcavity for the
wavelength range 1400–1600 nm,  with the sensitivity is equal to
31.90 nm/V. This sensitivity could be further improved by either
maximizing the quality factor of the resonance state or by fabri-
cating the same 2D PhC structure on a membrane configuration.

It is worth mentioning that the microcavity used in our design is
formed by only laterally moving the two adjacent holes around the
W1 waveguide outwards slightly in the opposite direction, which is
relatively simple and will be easier and more accurately designed in
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ractical applications compared to the microcavity demonstrated
y Stomeo et al. used in the fabrication of force sensor [16].

In addition, it is noteworthy that the same micro-sensor
rchitecture can be integrated on the single silicon substrate to
onstitute a micro-sensor array, which enables the realization of
ensors covering a broad sensing range and versatile functions. This
ubject is under investigation.
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