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We present in-depth discussion of the design and optimization of a nanomechanical sensor using a silicon
cantilever comprising a two-dimensional photonic crystal (PC) nanocavity resonator arranged in a
U-shaped silicon PC waveguide. For example, the minimum detectable strain, vertical deflection at
the cantilever end, and force load are observed as 0.0133%, 0:37 μm, and 0:0625 μN, respectively, for
a 30 μm long and 15 μmwide cantilever. In the graph of strain versus resonant wavelength shift, a rather
linear relationship is observed for various data derived from different cantilevers. Both the resonant
wavelength and the resonant wavelength shift of cantilevers under deformation or force loads are
mainly a function of defect length change. Results point out that all these mechanical parameters
are mainly dependent on the defect length of the PC nanocavity resonator. This new PC cantilever sensor
shows promising linear characteristics as an optical nanomechanical sensor. © 2009 Optical Society
of America
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1. Introduction

Two-dimensional (2D) silicon photonic crystals (PCs)
have shown the advantages of ultracompact size,
high contrast of light confinement, and ease in inte-
gration of various functional elements, such as mi-
croelectronics and microelectromechanical systems
(MEMS). This new research regime is called optical
nanoelectromechanical systems (NEMS). There are
twomajor groups of optical NEMS devices. An optical
add–drop multiplexer [1], a wavelength selective op-
tical switch [2], a tunable coupler [3], and tunable
ring resonators [4] have been demonstrated by inte-
grating optical resonators with MEMS movable
structures, while an optical gate switch is realized

by using a comb actuator to drive a movable PC sli-
der [5]. A suspended polycrystalline Si movable beam
has been integrated on top of a PC waveguide struc-
ture to form a tunable PC modulator [6]. The second
group of optical NEMS devices is a new type of na-
nomechanical sensor. In this group, the intrinsic op-
tical properties of PCs are changed due to force,
stress, strain, and displacement. Jun and Cho have
reported that the absolute bandgap in 2D silicon PCs
can be effectively modified by uniaxial tensions [7].
Because of photon tunneling and Fano interference
in two slabs of PCs, transmission contrast is mea-
sured as a function of a distance variation between
the two PC slabs [8,9]. The concept of a displacement
sensor comprising two planar PC waveguides
aligned along the same axis of light propagation
was proposed by Levy et al.. It deploys the output
light intensity as the sensing signals, which are a
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function of alignment accuracy [10]. Based on a simi-
lar concept of two PC waveguides where one is sta-
tionary and the other is movable, Xu et al. placed
airholes on both sides of PC waveguides and created
an optical resonator structure with a Q factor of 40
[11]. The resulting intensity reduction in the output
port is in linear proportion to the longitudinal displa-
cement between PC waveguides. The evanescent
light wave coupling between two photonic nanowires
has been detected as a function of displacement in
the dynamic mode, i.e., this device is a nanomecha-
nical motion detector [12]. A suspended silicon bridge
structure integrated with a PC waveguide microcav-
ity based on an optical resonator has been proposed
as a nanomechanical sensor [13]. The output reso-
nant wavelength is sensitive to the shape of airholes
and the defect length of the microcavity resonator.
When a strain is introduced by external force to
the microcavity resonator, the shift of the output re-
sonant wavelength can be measured as a function of
parameters such as displacement, strain, or force.
Micromachined cantilever-based biosensors have

also been studied for a while [14–16]. The bending
of the microcantilever is very sensitive to changes
in the environment, more specifically, to changes
at the surface of the microcantilever. Available tech-
nologies lead to cantilevers with a properly functio-
nalized surface on one side of the cantilever surface.
Highly selective probe molecules (e.g., oligonucleo-
tides, DNA, and antibodies) are immobilized on said
surface of the cantilever, where they typically form a
monolayer and can capture the targeted DNA and
protein molecules. When a probe-functionalized can-
tilever is exposed to the environment with targeted
biomolecules, cantilever deflection is measured as a
function of the captured amount of target species on
the surface of the cantilever [17]. In addition, the
molecular-adsorption-induced stress on a bimaterial
microcantilever is used to characterize vapor concen-
tration due to differential stress, resulting in
readily measurable curvatures of the cantilever
structure [18].
The most common and commercially available

method of measuring the deflection of a cantilever
is the so-called optical lever technique based on using
an external bulky unit of a laser diode and a position-
sensitive photodiode detector [19]. MEMS-based
sensing mechanisms including the piezoresistive
scheme [20], the piezoelectric scheme [21–23], and
the capacitive scheme [24] have been demonstrated
more than a decade ago. On the other hand, the
drain-source current of a metal oxide semiconductor
(MOS) transistor biased in the saturation region can
be modulated with mechanical stress in its conduct-
ing channel. Akiyama et al. deployed this piezoresis-
tive effect of a MOS transistor for sensing cantilever
deflection [25]. The relative change in the source-
drain current of a MOS transistor under stress is
a function of the piezoresistive coefficient and the
stress. All the above-mentioned approaches can ef-
fectively get rid of the disadvantages attributed to

the bulky laser detection unit and provide a feasible
way of integrating biosensing cantilevers into a mi-
crometer scale array [26–29].

Recently a suspended Si3N4-based disk resonator
acting as a circular cantilever has been reported as a
nanomechanical optical displacement sensor. A hor-
izontal slot waveguide consisting of a Si3N4-based
disk resonator is suspended and integrated on top
of a silicon-based disk resonator, while a signal trans-
mission Si waveguide is placed close to the Si disk
resonator. When a downward bending of this circular
cantilever modifies the local electromagnetic field,
the modeling results have shown that the effective
refractive index change is a function of cantilever de-
flection. Such cantilever deflection can potentially be
used as a sensing parameter for biosensors [30]. In
this paper we investigate the dimension effects of
a Si cantilever embedded with a nanocavity resona-
tor as a sensing mechanism. Unlike most published
approaches [8–11,30] for force and displacement sen-
sing based on intensity measurement of the output
optical peak, our new device allows force sensing
and displacement detection by measuring the wave-
length shift of the output optical resonant peak due
to cantilever deflection.

2. Design Background

The proposed cantilever embedded with a PC nano-
cavity resonator at the edge of the cantilever and
substrate is shown in Figs. 1(a) and 1(b). Deep UV
photolithography and Si deep reactive ion etching
(DRIE) allow us to pattern the cantilever with the
PC structure. By using DRIE to remove the handle
Si wafer and SiO2 insulating layer underneath the
Si PC cantilever, we can release the PC cantilever
from a silicon-on-insulator (SOI) substrate. The PC
structure contains a hexagonal airhole array in the
silicon cantilever layer of 220nm with a lattice con-
stant of a ¼ 500nm, and the radius of all holes is
r ¼ 180nm. A U-shaped silicon waveguide is formed
by removing one row of airholes [Fig. 1(c)].

On the other hand, as we described in Section 1,
the resonant peak in the output optical spectrum
is measured against cantilever deflection. The nano-
cavity Si waveguide resonator comprising one-
dimensional (1D) periodic airholes and a local defect,
i.e., a missing airhole, leads to a highly confined op-
tical state. It has been reported that the Q factor of
the resonant wavelength peak is measured as 265
[31]. A modified design including two pairs of air-
holes located along a PC waveguide has been inves-
tigated as a good nanocavity PC resonator, as well
[32]. It is reported that two of the high-Q resonances
centered at wavelengths of 3.621 and 3:843 μm. The
quality factors of these two resonant wavelength
peaks were measured as 640 and 190, respectively.
Kramper et al. applied scanning near-field optical
microscopy (SNOM) to visualize the optical intensity
topography around these four airholes of this nano-
cavity PC resonator. The peak intensity of resonance
shown at 3:84 μm has been observed [33]. This
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evidence points out that the silicon PC waveguide
with four airholes is a good design for a resonator.
While most reported applications of nanocavity PC
resonators focus on biochemical sensing [34–36],
we first reported the feasibility of using a nanocavity
PC resonator as a novel nanomechanical sen-
sor [13,37].
The spacing between the two pairs of airholes is

defined as a defect length, Ad ¼ 640nm, where the
nanocavity PC resonator is located near the input
light terminal of the U-shaped silicon waveguide. In-
itially the Ad of 640nm is derived as 2a − 2r, i.e., 2 ×
500nm minus 2 × 180nm. The edge of the lower si-
licon substrate intersects with the cantilever along
the dashed line shown in Figs. 1(a) and 1(c). This
edge line is the junction between the second hole
and the adjacent silicon waveguide of the nanocavity
PC resonator. Thus the most significant strain hap-
pens at the region of defect length when the cantile-
ver end is under an applied force. According to
previously reported data, the wavelength shift of
the output optical resonant peak is primarily attrib-
uted to the change of Ad [13]. Therefore, Ad is a func-
tion of strain. Moreover, this U-shaped silicon
waveguide can allow the layout arrangement of
the input light terminal and output light detector
on the same side [Fig. 1(c)], such that the optical fi-
bers of the input and output terminals could be
aligned to waveguides at the same edge of the Si chip.

It allows densely arranged PC waveguides and PC
cantilevers, leading to a feasible sensor array testing
setup. Thus, we can apply such a PC cantilever array
as a novel nanomechanical sensing platform.

3. Finite-Element Modeling

In a previous study, we investigated the feasibility
of a 50 μm long and 15 μm wide PC cantilever [37].
Now we consider cantilevers of five dimensions.
These PC cantilevers are varied in terms of length
(L) and width (W), i.e., L=W ¼ 50=15, 30=15,
25=15, 30=20, and 30=10 μm. Initially, we need to
check the deformation distribution along the free-
standing PC cantilever. We built a three-dimensional
(3D) solid model by using a commercial finite-
element method (FEM) software, i.e., CoventorWare
[38]. We used Young’s modulus of 130GPa and a
Poission ratio of 0.3 in the FEM simulation. Initially
we need to check the strain distribution along this
suspended cantilever structure. The position
changes of the airholes along the longitudinal direc-
tion are recorded with respect to the applied force
loads, while the cantilever end deflection, i.e., verti-
cal deflection or displacement in the Z direction, is
measured. Figure 2(a) shows the deformed PC canti-
lever contour plot under an applied force of 0:6 μN. It
shows the deformation of each point on the PC can-
tilever along the X direction. Based on this approach,
we derived and recorded the corresponding positions
of the two pairs of airholes and variations in Ad when
we changed the force loads from 0.1 to 1 μN. We also
measured the vertical displacement of the cantilever
end versus various applied forces, as shown in
Figs. 2(b) and 2(c). The derived vertical displacement
at the cantilever end under 1 μN is simulated as
20.35, 4.79, and 2:82 μm for 15 μm wide cantilevers
with lengths of 50, 30, and 25 μm, respectively, while
the derived vertical displacement of 3:41 μm for
8:12 μm is observed for 30 μm long cantilevers with
widths of 20 and 10 μm, respectively. These data
show that the shorter and wider the cantilever is, the
stiffer it is. Later, such recorded position data were
used as the input data for a simulation using the
2D finite-difference time-domain (FDTD) method.

4. FDTD Simulation

According to a method proposed by Kawano and
Kitoh [39], we derived the effective refractive index
as 2.7967 for the air/Si/air layers that are the silicon
portion of said PC cantilever, as denoted by the white
part in Fig. 1(c). By performing the plane wave ex-
pansion method, we can obtain the normalized fre-
quency of the photonic bandgap for the TE mode.
The 2D FDTD method is performed to simulate
the propagation of the electromagnetic waves in
the waveguides. The resonant wavelength peak of
the unloaded case is simulated as 1444:097nm. It
is determined by lattice constant a, hole radius r,
and defect length Ad. Based on the FEM results of
cantilever deformation under various force loads,
the r along the light propagation direction and the

Fig. 1. (a) Top view drawing of PC cantilever with a nanocavity
resonator, (b) tilted top view drawing of PC cantilever where force
is applied at the end of the cantilever, and (c) schematic drawing of
nanocavity PC waveguide resonator on a U-shaped Si waveguide,
where the circled areas represent airholes.
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Ad are elongated when the force loads increase. Such
information is collected as the revised layout of the
PC structure in the FDTD simulation. Finally, we de-
rived the resonant wavelength spectrum with re-
spect to cantilever deformation under various force
loads. Figure 3 shows that the resulting resonant
wavelength peak moves to the shorter wavelength
region as the force loads increase. We define the dif-
ference between two resonant wavelength peaks as
the resonant wavelength shift Δλ. When the Ad be-
comes longer under larger force loads, the nanocavity
resonant structure is deviated from the optimized en-
ergy state. Thus, the quality factor of the resonant
wavelength peak becomes smaller as the resonant
wavelength decreases. The observed conclusion is
that, the more Δλ is, the lower the quality factor
is. In our previous study [13], we reported that the
deviation of hole radius (Δr) of holes in the U-shaped
PC waveguide does not affect the results of Δλ. The
resonant wavelength shift is mainly attributed to
changes in Ad and Δr of the nanocavity resonator.

5. Sensor Characteristics

From the aspect of mechanical sensors, force and
displacement are the typical parameters to be mea-
sured. Combining the results of FEM and FDTD, the
detected resonant wavelength is plotted as the func-
tion of the applied force [Fig. 4(a)] and the vertical
displacement of the cantilever end [Fig. 4(b)]. First,
a clear linear relationship among the data points de-
rived from one cantilever is observed for all the cases

in both figures. In the group of 15 μm wide cantile-
vers, the longest one, e.g., 50 μm, exhibits larger ver-
tical displacement at the cantilever end, while the
resonant wavelength changes from 1444.097 (no
load) to 1441:936nm (under a 1 μN load), correspond-
ing to a 20:352 μm vertical displacement. On the
other hand, the 10 and 20 μm wide cantilevers are
the softest and stiffest among the cantilevers of
30 μm length, respectively. Thus, we concluded that
the steep data line of larger slope value in Fig. 4(b)
indicates the stiffer cantilever. For example, the
25 μm long and 15 μm wide cantilever is stiffer
than the 30 μm long and 10 μm wide one. Besides,
Figs. 4(a) and 4(b) point out that we can measure
the resonant wavelength of the output peak of the
cantilevers as a function of various loading forces
or vertical displacements.

Second, Figs. 5(a) and 5(b) show the derived reso-
nant wavelength shift (Δλ) plotted as a function of
the applied force and the vertical displacement of
the cantilever end. Linear data lines are observed
for both figures. We consider 0:1nm as the typical
measurable wavelength resolution of commercially
available testing equipment. Comparing Fig. 5(a)
with Fig. 4(a), and Fig. 5(b) with Fig. 4(b), we ob-
served the same trend. For the 15 μm wide cantile-
vers, the minimum detectable force is derived as
0.0787, 0.0625, and 0:0392 μN for cantilevers with
lengths of 25, 30, and 50 μm, corresponding to a
0:1nm resonant wavelength shift. Besides, the
30 μm long cantilevers of 10, 15, and 20 μm widths

Fig. 2. (a) Deformation contour plot of a 30 μm long and 15 μm wide cantilever under 0:6 μN force load and (b), (c) data of vertical
displacement at cantilever end under various force loads.
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show minimum detectable force of 0.0393, 0.0625,
and 0:1053 μN. Again, in terms of Δλ ¼ 0:1nm, the
minimum detectable vertical displacement at the
cantilever end is derived as 0.26, 0.37, and 0:94 μm
for 15 μm wide cantilevers with lengths of 25, 30,
and 50 μm, respectively, while 0.36, 0.37, and
0:38 μm are derived for 30 μm long cantilevers with

widths of 10, 15, and 20 μm, respectively. In the case
of the same cantilever width, we observed that a
longer cantilever can provide better features in the
minimum detectable force and that a shorter canti-
lever can provide better features in the minimum de-
tectable vertical deflection of the cantilever end.
However, for cantilevers of the same length, the

Fig. 3. Resonant wavelength peaks of cantilevers under various force loads.

Fig. 4. (a) Resonant wavelength for cantilevers versus different force loads. (b) Resonant wavelength for cantilevers versus different
vertical displacements at cantilever end.
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narrower cantilever shows better features in both the
minimum detectable force and the minimum detect-
able vertical deflection of the cantilever end.
To further characterize the sensor features, we look

for the minimum detectable strain of various cantile-
vers.We define the strain as a ratio of the variation in
defect length, i.e., ΔAd, to the original defect length,
i.e., Ad. In other words, it is the percentage change in
the defect length. Figure 6 shows all data points that
are plotted in terms of the absolute value of strain ver-
sus the resonant wavelength shifts. With respect to a
0:1nm wavelength resolution limit, the smallest de-
tectable strains are derived as 0.0132%, 0.0133%,
and 0.0136% for 15 μm wide cantilevers of 25, 30,
and 50 μm lengths, respectively. Additionally
0.0139%, 0.0133%, and 0.0129% are derived as the
minimum detectable strains for 30 μm long cantile-
vers of 10, 15, and 20 μm widths, respectively. First,
the linear relation between the Δλ and the strain is
observed in Fig. 6, which has been explained in pub-
lished preliminary results [37]. It also points out that
the resonant wavelength shift is mainly a function of
defect length Ad. By sorting the minimum detectable
strain of various cantilevers, we observed the same
trend aswederived inFigs. 4(a) and5(a). On the other
hand, in Figs. 4(b) and 5(b), we can explore the stiff-

ness comparison among these cantilevers from the
trends of different lines.

6. Conclusion

We characterized PC cantilevers of various dimen-
sions for force, displacement, and strain sensing ap-
plications. The PC cantilevers embedded with
nanocavity resonators exhibit outstanding linear be-
havior among the derived data. Either the resonant
wavelength or the resonant wavelength shift is mea-
sured as a function of different mechanical para-
meters, such as force, displacement, and strain.
The resonant wavelength shift is dominated by the
change in defect length of the nanocavity along the
longitudinal direction. Potentially, multiple PC can-
tilevers can be easily integrated together to form an
array of biosensors. The main advantage provided by
this new sensing concept is the ultracompact foot-
print of the cantilever array for optical NEMS-based
biosensors.

The authors acknowledge financial contributions
from research grants of the University Research
Fund R-263-000-475-112 of the National University
of Singapore.
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