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Abstract
In this simulation study, integration of a nanocantilever inside a two-dimensional (2D)
photonic crystal (PC) cavity resulted in a unique photonic crystal-cantilever cavity (PC3 ),
where the cantilever served as a tunable mechanical defect of the PC slab. Strong
nano-opto-mechanical interactions between the cantilever and the defect-mode field inside the
PC3 gave rise to a high sensitivity of the resonance wavelength to surface stress-induced
cantilever deflection. Mechanical and optical responses of the PC3 to surface stress changes on
the cantilever surface were studied by using a finite-element method (FEM) and a
finite-difference time-domain (FDTD) method, respectively. Theoretical analysis revealed that
the devised PC3 sensor could resolve a conservative minimum surface stress at the level of
∼0.8 mN m−1 , representing state-of-the-art cantilever sensor performance. Also, the PC3
sensor design used an ultracompact structure with an on-chip optical length of only several
microns, while a conventional reflected laser beam detection scheme requires a ∼1 m long
free-space optical path.
Keywords: photonic crystals, optical cavity, cantilever, sensor
(Some figures may appear in colour only in the online journal)

1. Introduction

a simple PC cavity is formed by introducing a defect to a
perfect PC and the resonance wavelength of the cavity is
sensitive to a change in its effective refractive index 1n [11].
However, biochemical binding or molecular adsorption to the
surface of a PC cavity produced only an ultrathin molecule
coating, and thus, caused a small change in 1n, and thus,
a limited resonance wavelength shift of the conventional PC
cavity sensor [8, 11].
A competing non-optical label-free biochemical sensor
approach utilizes micro/nano-sized mechanical cantilevers.
The sensing mechanism involves changing surface stress on
the surface of a cantilever due to specific molecular binding
or adsorption. The change in surface stress can cause the
cantilever to bend. To detect the deflection of the cantilever,
a laser beam is focused on the tip of the cantilever and a

Label-free detection of chemical and biological species is
a rapidly growing research area with wide applications
ranging from clinical diagnostics, environmental monitoring,
explosive detection, and biological research [1]. Many
label-free optical sensor platforms have been established
such as surface plasmon resonance [2], interferometry [3],
evanescent waveguides [4], Bragg reflectors [5], photonic
nanocavity laser sensors [6], and diffractive gratings [7].
These sensor techniques often require collimated readout
optical beams and hence a relatively large sensing area [8].
To solve this problem, researchers developed nanophotonic
biochemical sensors based on a 2D PC resonant cavity capable
of confining light to an ultrasmall volume [8–11]. Generally,
2040-8978/12/075002+08$33.00

1

c 2012 IOP Publishing Ltd Printed in the UK & the USA

J. Opt. 14 (2012) 075002

D Mao et al

position-sensitive detector (PSD) detects a position shift of
the reflected beam [12]. This conventional method provides
tremendous sensitivity and the state-of-the-art surface stress
detection limit is ∼1 mN m−1 . However, it requires a large
optical distance (∼1 m) in free space to amplify the cantilever
deflection [13], hindering further miniaturization of the sensor
system.
We point out that in order for the conventional PC
cavity sensors to achieve high sensitivity, an amplification
mechanism is desired to amplify the molecular bindingor adsorption-induced index change, while maintaining the
features of small sensing area and short optical path. On the
other hand, in order for the conventional cantilever sensors
to reduce system dimensions, a compact deflection detection
scheme is needed to interrogate cantilever deflections,
while maintaining the high sensitivity. Recently, nano-optomechanical interactions between mechanical structures and
PCs have attracted much attention for a range of device
applications [14–23]. Iwamoto and et al developed a PC
line-defect waveguide integrated with an integrated moveable
dielectric plate for a tunable optical switch [14]. The
movement of the plate towards the PC surface modulated
the transmittance of the PC waveguide. Takahata et al
reported that the transmittance of a PC waveguide could
be controlled by moving the height difference between
the PC slab and silicon rods [15]. Also, Abdulla et al
developed another interesting tunable PC waveguide. The
PC waveguide was integrated with a MEMS cantilever
actuator for electro-opto-mechanical modulation of light
transmission [16]. Besides, tuning the resonance of a PC
cavity has been reported with a scanning probe microscope
(SPM) probe and an atomic force microscope (AFM)
cantilever [22]. Researchers demonstrated that the switching
and tuning of a PC cavity resonance was achievable by
approaching a mechanical tip to the cavity [23]. Overall, these
tunable optical devices were developed by taking benefits
from the strong mechanical–optical interactions on a 2D PC
platform and their optical properties were mechanically tuned
by position control actuators. Despite these developments,
to the best of our knowledge, there are few reports in the
literature of nano-opto-mechanical sensors using remarkable
mechanical–optical interactions on a 2D PC platform.
In this paper, we devised a novel nano-opto-mechanical
sensor that had a compact device structure comparable to
the conventional PC cavity sensors, and sensitivity higher
than or at least comparable to that of the conventional
cantilever sensors. The basic approach was to integrate a
nanocantilever inside a PC cavity to form a unique PC3 .
By matching the characteristic size of the defect mode
of the PC cavity by the dimensions of the cantilever, the
surface stress-induced cantilever bending would significantly
influence the defect-mode field inside the cavity, resulting in
a massive change in effective index of the cavity, and thus, a
large shift in its resonance wavelength.

Figure 1. Schematic for the devised PC3 device. (a) Top view.
(b) Cross-sectional view. (c) Magnified view of the PC3 region to
show structural parameters.

served as the substrate of the device. A Si3 N4 thin film
was deposited on the top silicon (Si) layer of the SOI
wafer. A PC was formed by creating periodic holes in
the Si3 N4 /Si composite membrane. An ultrathin gold (Au)
layer was formed on the top surface of a cantilever at the
center of the PC. Generally, the Au layer allows facilitating
surface chemical functionalization (e.g., Au–thiol bond) with
probe molecules for specific sensing purpose. The Au/Si3 N4
cantilever was suspended in a rectangular hosting hole and
centered between two identical PC Bragg reflectors in the
0–M direction of triangular coordinates. The input and output
waveguides were formed by missing holes on two ends of the
reflectors.
To obtain an appropriate photonic bandgap (PBG) for
transverse-electric (TE)-like modes, the diameter of the
perfect holes of the Si3 N4 /Si PC was chosen to be d = 0.7a,
where a is the lattice constant of the PC (figure 1(c)). To study
the influence of the Si3 N4 layer on the optical and mechanical
properties of the PC3 , the thickness of the Si3 N4 layer tSi3 N4
varied from 0.11a to 0.23a and 0.34a. The thickness of
Au was fixed at 20 nm, which generally allows efficient
immobilization of probe molecules on its surface. The Drude
model was used for Au in the simulation [24]. The length and
width of the cantilever were set to be l = 2.4a and w = 0.23a,
respectively. The length and width of the central hosting hole
were set to be L = 2.7a and W = 0.43a, respectively. The
thickness of the top Si layer and oxide layer were set to
be 0.8a and 1.38a, respectively. As we will see later, this

2. Architecture and design of PC3
Figures 1(a) and (b) show the schematic for the PC3 sensor.
In this theoretical study, a silicon-on-insulator (SOI) wafer
2
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Figure 2. (a)–(c) Band diagrams of TE-like modes for the perfect Si/Si3 N4 PC structure and dispersion curves of line-defect modes (orange
dashed lines) along the 0–X direction for different tSi3 N4 : 0.11a (a), 0.23a (b), and 0.34a (c).

design allowed for the formation of the PC3 . Note that the
minimum gap between two regular holes was 0.3a, which was
larger than the width of the cantilever. This will allow us to
release the cantilever without etching through the top silicon
layer between two regular holes during device fabrication
in the future. In the following simulations, the device was
considered to work in an aqueous environment (here, water,
refractive index 1.33) for the purpose of biochemical sensing,
and thus, all holes in the device were filled with water. The
dielectric constant of Si, Si3 N4 , and SiO2 was 11.68, 7.50,
and 3.90, respectively.
Figure 2 shows the three band diagrams for TE-like
modes of the perfect Si/Si3 N4 PC with tSi3 N4 = 0.11a, 0.23a,
and 0.34a. Since all structural parameters of the PC were
proportional to the lattice constant a, a three-dimensional (3D)
plane-wave transfer matrix method with periodic boundary
conditions was used. The SiO2 layer was included in the
simulation structure. Rectangular coordinates were used
because the 0–X direction in rectangular coordinates is
generally equivalent to the 0–M direction in triangular
coordinates. No PBG for TM-like modes was found beneath
the light cone. As tSi3 N4 increased from 0.11a to 0.23a
to 0.34a, the normalized frequency gap for TE-like modes
decreased from 0.0152 to 0.0083 to 0.0031, and thus, the
corresponding central frequency red shifted from 0.2418 to
0.2389 to 0.2374. By choosing a = 435 nm for all of the three
cases, the central wavelength of the PBG was near 1815 nm.
Therefore, tSi3 N4 = 50, 100, and 150 nm were used in the
following discussions. Also, we found several guided modes
of a line-defect waveguide in the PBG structure along the
0–X direction (orange dashed lines in figure 2). This result
indicated the possibility of employing these guided modes to
couple the light into and out of the PC3 device.

(Ansys Inc.) based on a FEM method. The cantilever was
modeled with eight-node 3D brick elements (SOLID 186).
The mechanical response of the cantilever for an applied
surface stress was calculated under a static stress loading
condition. It is known that generally, the initial surface stress
on a micro/nanomachined cantilever is dependent on the
methods and conditions used for depositing the thin films
of the cantilever. Here, in this simulation, for demonstration
purposes, Young’s modulus of the Si3 N4 and Au film was
set to be 80 and 210 GPa, respectively. Poisson’s ratio
of the Si3 N4 and Au film was fixed at 0.42 and 0.24,
respectively [25, 26]. The resulting initial surface stress on
the top surface of the cantilever appeared compressive. Thus,
the cantilever initially bent downward into the central hosting
hole. As a tensile (compressive) stress (caused by molecular
binding/adsorption during sensing) to the top surface of the
cantilever, the cantilever bent upward (downward) from its
initial bending condition. As an example, figure 3(b) shows
the simulated bending profiles of the cantilever under three
different applied surface tensions for tSi3 N4 = 100 nm. As we
will see later, the bending of the cantilever could cause a shift
of the resonance wavelength of the PC3 . Figure 3(a) shows
that the vertical deflection at the tip of the cantilever 1z was
linear to an applied surface stress. The thicker the Si3 N4 layer
used, the lower the displacement of the cantilever observed.
By fitting the data with a linear function, the changing rate of
deflection with increasing surface stress was found to be 3.32,
1.40, and 0.79 nm (mN/m)−1 for tSi3 N4 = 50, 100, and 150
nm, respectively.

4. Optical responses of PC3 to mechanical
perturbations
To investigate how the mechanical bending of the cantilever
influenced the resonance shift of the PC3 , 3D electromagnetic
simulations were performed by using the FDTD method with
the freeware package MEEP [27]. The computing region
covered a 300 nm thick top water layer, a 5 nm molecule

3. Mechanical response of cantilever to surface
stress
The deflections of the cantilever under different applied
surface stress were simulated by using the software ANSYS
3
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displacement at the tip of the cantilever was 1z = −320 nm,
−100 nm, 0, and +100 nm from the top surface of the slab,
the resonance frequency of the cavity was 0.2370, 0.2392,
0.2397, and 0.2401 c/a, and thus, the resonance wavelength
was 1838.8, 1818.2, 1814.4, and 1812.5 nm, respectively. For
tSi3 N4 = 100 nm, the Q factor of the cavity was 113.7, 125.6,
145.2, and 117.8 when 1z = −320, −100, 0, and +100 nm,
respectively. We note that the Q factor was relatively low and
slightly degraded as the cantilever bent downward inside the
hosting hole. The explanation for the slight Q degradation is
as follows: the Q factor in the planar direction (X–Y plane)
was determined mainly by the geometry and location of the
hosting hole, while only slightly by the bending location
of the cantilever inside the hosting hole. It is noteworthy
that the defect-mode field leakage into the SiO2 layer was
limited. This allowed us to neglect the Si handling substrate in
these simulations. When tSi3 N4 = 50 (figure 4(a)) and 150 nm
(figure 4(c)), the PC3 attained the capability of localizing the
defect-mode field as the cantilever bent inside and outside the
cavity.
Since an incident light near the resonance wavelength
was able to tunnel through the PC3 , the detection of a
surface stress change on the cantilever surface would be
possible, by detecting the peak wavelength (or the resonance
wavelength) shift in the transmission spectrum at the output
of the device. Here, TE-polarized incidence of a broadband
light was incident laterally on the device in the 0–M direction.
Figures 5(a)–(c) show that the transmission peak red shifted
when the cantilever bent downward into the hosting hole over
the entire thickness of the slab from 0 to −320 nm, and
blue shifted when it bent upward out of the hosting hole up
to +150 nm. Interestingly, the resonance wavelength shifted
more rapidly when the cantilever bent downward than it did
when the cantilever bent upward. As the defect-mode field
strength outside the slab was much lower than that inside the
slab (figure 4), the nano-opto-mechanical interaction between
the cantilever and the defect-mode field was relatively weak
when the cantilever was outside the slab. However, when
the cantilever bent inside the hosting hole, this interaction
became more intensive, and thus, the mode field became more
sensitive to the deflections of the cantilever.
Although the molecule coating was already considered in
the previous simulations (figures 4 and 5), it was interesting
to examine the influence of the molecule coating thickness
tmol on the optical properties of the PC3 . We conducted
the simulation for three different thicknesses of tmol = 0,
5, and 7.5 nm in figure 6. Since we intended to have the
minimum feature size of the simulation structure (here, tmol )
to cover at least two simulation grids (the grid resolution used
was 2.5 nm), no simulation was conducted for 0 < tmol <
5 nm. Figure 6(b) compares the mode profiles and resonance
wavelengths between the PC cavities with different tmol . To
simplify the discussion, we assumed that each cantilever bent
downward from the horizontal plane (1z = 0) to the same
low level at 1z = −320 nm. We found in figures 6(b)–(d) that
the mode profiles of the three cavities were almost the same.
As shown in figure 6(a), their resonance wavelength slightly
red shifted as tmol increased from 0 to 7.5 nm. Specifically,

Figure 3. (a) Vertical displacement at the tip of the cantilever as a
function of an applied surface tension. (b) Bending profiles of the
cantilever (tSi3 N4 = 100 nm) by the surface tension of −30
(compressive), 0, and +30 mN m−1 (tensile).

layer (refractive index: ∼1.4), the Au, the Si3 N4 , the top
Si, and the SiO2 layers, from top to bottom. Generally,
molecular binding- or adsorption-induced coating on a surface
is only a fraction of a nanometer or several nanometers thick.
Considering the grid resolution of 2.5 nm, we chose 5 nm
(a relatively large thickness) for the molecule coating layer
covering simulation grids in the vertical direction. 150 nm
thick perfectly matched layers (PMLs) were applied at the
boundaries of the entire computing region. 17 periods of the
photonic lattice in the 0–M direction and 11 periods in the
M–K direction were covered. The handling substrate of the
SOI wafer was excluded because as we can see later, the mode
profiles hardly reached the substrate through the SiO2 layer.
A TE-polarized pulse line source with a Gaussian frequency
distribution was placed vertically along the Z direction and
offset by 20 nm from the spatial center of the hosting air hole.
This line source had the same height as the top Si layer. The
resonance wavelength and Q factor of the PC3 were computed
according to Harminv [28]. To record the mode profiles, a
continuous-wave line source at resonance was used.
Figure 4 shows the resonance mode profiles of the PC3
under different bending conditions of the cantilever with
tSi3 N4 = 50 nm (figure 4(a)), 100 nm (figure 4(b)), and
150 nm (figure 4(c)). Here, the mode profiles were taken
after propagation over a distance of 1000 wavelengths. The
defect-mode field distributions demonstrated the capability of
the PC3 to confine the mode fields in all three dimensions. In
the case of tSi3 N4 = 100 nm (figure 4(b)), when the vertical
4
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Figure 4. Electric field (amplitude) distributions at the resonance mode of the PC3 for tSi3 N4 = 50 nm (a), 100 nm (b), and 150 nm (c). In
the middle row of each panel, the four images from left to right show the field distributions when 1z = 0, −100, −320, and +100 nm,
respectively, and each image contains three smaller images showing the field distributions in the plane of X–Y, Y–Z, and X–Z, at the cross
section of C–C0 , B–B0 , and A–A0 , respectively (see figure 1). In the bottom and top rows of each panel, the images from left to right display
the magnified field distributions around the cavity at the A–A0 and C–C0 cross sections. The resonance wavelength λ for each device
structure is also given in the figure.

5

J. Opt. 14 (2012) 075002

D Mao et al

Figure 5. Normalized transmission of the PC3 under different bending conditions of the cantilever for tSi3 N4 = 50 nm (a), 100 nm (b), and
150 nm (c).

Figure 6. (a) Resonance wavelength shift of the PC3 as a function of a deflection of the cantilever (tSi3 N4 = 50 nm) for tmol = 0, 5 nm, and
7.5 nm. (b)–(d) Electric field (amplitude) distribution at the resonance mode of the PC3 in the X–Z plane at the A–A0 cross section (see
figure 1(a)) when tmol = 0 (b), 5 nm (c), and 7.5 nm (d).

S1λ→τ to evaluate the influence of tSi3 N4 on the optical
properties of the PC3 . Specifically, for tSi3 N4 = 100 nm,
S1λ→τ reached a maximum value of 0.13 nm (mN/m)−1
when the cantilever bent inside the slab (figure 7(c)), while
only 0.021 nm (mN/m)−1 when bent outside the slab. By
adjusting the material properties, processing conditions and
structural geometries of the cantilever, the initial bending of
the cantilever can be well controlled [29, 30]. Therefore, it is
possible to have all surface stress-induced cantilever bending
activities occur inside the slab, allowing us to obtain high
sensitivity of the PC3 sensor to surface stress.
Generally, the detection resolution of a conventional
optical spectrometer is ∼0.1 nm (conservatively). Thus,
theoretically, the sensor can resolve a surface stress of
∼0.77 mN m−1 , which is higher than that of the stateof-the-art detection limit (∼1 mN m−1 ) of the cantilever
sensors [12]. For a practical example, hybridization of
the 12-mer oligonucleotides can produce a compressive
surface stress of 5 mN m−1 in a liquid environment [31].
Theoretically, when using the devised PC3 scheme, we will
be able to easily observe the resonance wavelength shift of
∼0.65 nm on a conventional spectrometer. Also, presently
the lowest detectable concentration of non-amplified RNA
from a cell is 10 pM, which is limited by the surface
stress sensitivity (1 mN m−1 ) of a conventional cantilever

at tmol = 0, 5, and 7.5 nm, the resonance wavelength was
1818.15, 1818.3 and 1818.4, respectively. Obviously, the
differences (≤0.25 nm) were considered negligibly small
(compared to the total resonance wavelength shift of ∼7 nm as
the cantilever bent from 0 to −320 nm). Therefore, the optical
properties of the cavity were little changed by the variation in
cantilever thickness (due to the contact of an analyte with the
cantilever’s top surface).
By combining the mechanical response of the cantilever
to an applied surface stress (figure 3) and the optical response
of the PC3 to a mechanical bending of the cantilever
(figure 7(a)), we obtained the resonance response of the
PC3 to an applied surface stress shown in figure 7(b). The
thin cantilever deflected easily, but, due to the insufficient
interaction between the thin cantilever and the mode field, the
resonance wavelength shift with tSi3 N4 = 50 nm was a little
less sensitive to a surface stress change than that with tSi3 N4 =
100 nm (see the slopes of the plots). On the other hand, the
thick cantilever deflected with more difficultly than the thin
one under the same surface stress condition. The resonance
wavelength shift with tSi3 N4 = 150 nm changed more slowly
with varying surface stress than that with tSi3 N4 = 100 nm.
Therefore, we found that when tSi3 N4 = 100 nm the resonance
shift changed most rapidly with changing surface stress. We
used the mean surface stress sensitivity of resonance shift
6
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Figure 7. (a) Resonance wavelength shift of the PC3 as a function of cantilever bending. (b) Resonance wavelength shift of the PC3 as a
function of an applied surface stress. (c) Mean surface stress sensitivity as a function of tSi3 N4 when the cantilever bent inside the slab.

sensor [32]. Therefore, the present PC3 sensor technology
possibly can push the lowest detectable concentration of
non-amplified RNA down to only several pM, which will be
comparable with conventional gene-chip technologies with
fluorescent probes.
As mentioned early, the current standard for the
cantilever-based surface stress detection is as high as
∼1 mN m−1 . However, to achieve that sensitivity, the laser
beam reflected by the cantilever needs to propagate in free
space for ∼1 m to obtain a sufficient deviation of the beam
spot from the center of the PSD. In contrast, the present
PC3 technology allows for a much more compact sensor
structure. The on-chip optical length of the sensor is several
micrometers. The output light of the sensor potentially can
be coupled to an external fiber at the end of the on-chip
output waveguide and detected by a handheld spectrometer
for the readout. Therefore, the present sensor has the potential
to eliminate the need for a long free-space light traveling
distance. Also, compared to many miniaturization efforts
on integrating a piezoresistive or piezoelectric deflection
detection circuit with a cantilever sensor [33, 34], the present
sensor needs relatively less special care of isolating on-chip
detection electronics from surrounding fluidic and chemical
environments.
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