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Microcantilever sensors have been known as a fundamental design used in force sensors, strain sensors
and biochemical sensors. The fast-growing applications in nanoelectromechanical systems (NEMS) lead
to strong demands in new sensing mechanism in order to downsize the sensing elements to nanometer
scale. Photonic crystal (PC) based resonators have been investigated as promising solutions because the
bandgap structure and resonator characteristics are extremely sensitive to the deformation and position
shift of holes in PC resonators. In addition to the well-known nano-cavity resonator (NCR), we proposed
hotonic crystal resonator
ano-ring
anomechanical sensor
icrocantilever

hexagonal nano-ring resonators (NRR) of two different layout configurations. When a microcantilever
under different force loads, both of the resonant wavelength and the resonant wavelength shift can be
measured as a linear function of force load. The linear relationship between wavelength shifts and strain is
observed as well. The minimum detectable force and detectable strain for NRR configuration 1 is derived as
small as 0.0757 �N and 0.0023%. The outstanding sensing capability renders PC resonators as a promising

elem
nanomechanical sensing

. Introduction

Since the late 1980s there have been spectacular developments
n micromechanical sensors and microelectromechanical systems
MEMS) which have enabled the exploration of transduction

odes that involve mechanical energy and are based primarily on
echanical phenomena. Among these micromechanical transduc-

rs, microcantilever is a well-known and widely-adopted device.
icrocantilever has been the fundamental sensor configuration for

pplications ranging from atomic force microscopy (AFM), force
ensors, flow sensors, chemical and biological sensors, to actua-
ors for dip-pen lithography [1–3]. The key feature distinguishing
t from other sensor structures is its high sensitivity to beam deflec-
ion. The most common and commercially available method to

easure the deflection of a cantilever is the so-called optical-lever
echnique using external bulky unit of laser-diode and position-

ensitive photo diode detector [4]. In order to remove such a bulky
aser testing unit, significant research effort has been devoted to
he design and optimization of MEMS-based sensing mechanisms
ersus the cantilever shapes and dimensions. For example, the

∗ Corresponding author. Tel.: +65 6516 5865; fax: +65 6779 1103.
E-mail address: elelc@nus.edu.sg (C. Lee).
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ent to be integrated in various transducers for NEMS applications.
© 2010 Elsevier B.V. All rights reserved.

piezoresistive [5–6], the piezoelectric [7–12] and the capacitive
[13] have been investigated extensively. Recently a suspended
Si3N4 based microdisk resonator acting as a circular cantilever
has been reported as a nanomechanical optical displacement sen-
sor. A horizontal slot waveguide consisting of a Si3N4 based disk
resonator is suspended and integrated on top of a silicon-based
disk resonator, while a signal transmission Si waveguide is placed
close to the Si3N4 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
(ERI) change is a function of cantilever deflection. Such cantilever
deflection can be potentially used as a sensing parameter for
biosensors [14,15]. In view of the demands of using cantilevers
for nanotechnology applications such as atomic manipulations,
nanolithography and implanted biomedical devices, downsizing of
cantilever and its strain sensing element, or cantilever deflection
sensor, becomes a research task of great attention. As a result, nano-
electromechanical systems (NEMS) based sensors provide feasible
approaches to enable smaller sensing elements.

Photonic crystals (PCs) are nanostructure materials in which a

periodic variation of the material dielectric constant results in a
photonic bandgap (PBG). This PBG effect of photonic crystals pro-
vides the highly confined mode needed to control the propagation
of the light. In two-dimensional (2D) PCs, the electromagnetic field
is localized in the defect region of periodic structure, e.g. line or

dx.doi.org/10.1016/j.sna.2010.01.006
http://www.sciencedirect.com/science/journal/09244247
http://www.elsevier.com/locate/sna
mailto:elelc@nus.edu.sg
dx.doi.org/10.1016/j.sna.2010.01.006
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Fig. 1. (a) Layout configuration of a hexagonal nano-ring resonator. (b)–(d) Three types of resonant modes at 1561 nm. The degenerated modes are presented two abreast.
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ig. 2. (a) Spectra of ports A, B and C. (Inset) Sketch of channel drop filter with
ingle resonator. The coupling distance is one line of air holes. (b) Real part of reso-
ant steady out-of-plane magnetic field distribution. (c) Imaginary part of resonant
teady out-of-plane magnetic field distribution.

oint defect. The resonant cavity structures can be created by intro-
ucing point and/or line defects into 2D PC periodic holes array

n which it supports field localization in PBG. Thus PC resonators
xhibit resonant wavelength peak which is a function of the surface
tate of the defects, or the shape and dimension of the defects in
he PC resonant cavity structures. A suspended silicon bridge beam
tructure integrated with PC waveguide nano-cavity based optical
esonator has been investigated as a nanomechanical sensor [16].
he output resonant wavelength is sensitive to the shape of air

oles and defect length of the nano-cavity resonator. When a strain

s introduced by external force to the nano-cavity resonator of a pair
f two-holes separated by a point defect, the resonant wavelength
nd shift of output resonant wavelength can be measured as the
unction of parameters such as displacement, strain or force. Later

ig. 3. (a)–(c) Sketch of the forward channel drop filter mechanism. The real part of re
aveguide and the imaginary part of resonant mode (b) is anti-symmetric with respect t

ketch of the backward channel drop filter mechanism. The real part of resonant mode
maginary part of resonant mode (e) is anti-symmetric with respect to the mirror plane p
ators A 165 (2011) 16–25

on, this sensing mechanism has been characterized as a NEMS sen-
sor for microcantilevers of various dimensions operated in air and
water environment [17–20]. A rather linear relationship is derived
for strain and resonant wavelength shift. The minimum detectable
strain and force load are observed as 0.0136% and 0.046 �N for a
50 �m long and 15 �m wide cantilever, [17]. On the other hand,
two suspended InGaAsP PC beams with a thin air spacer layer in
between have been proposed as a novel double-layered PC micro-
cavity for force and stress sensors application [21]. It is a favorable
approach for realization of multiple cantilever sensors by integrat-
ing PC lens, PC waveguides, or conventional waveguides, with 2D
PC resonators to form a cascaded 1×N microcantilever array which
contains one PC resonator in an individual cantilever as the sensing
element [17–20,22]. A pair of 2-hole located along a PC waveguide
has been extensively characterized as nano-cavity PC resonators.
In this paper, we investigated the sensing characteristics of a new
nano-ring PC resonator and compared it with an existing PC res-
onator for microcantilever sensors.

2. Design and optimization of nano-ring resonators

Among the reported optical resonators, the circular micro-ring
resonator of a few tens micrometers has been known as a good fil-
ter because it provides outstanding performances such as low loss,
good confinement and high quality factor. The basic configuration
of the micro-ring resonator comprises one or more ring waveguides
and two straight waveguides along the two sides. A circulating res-
onant mode of micro-ring resonator is normally obtained by having
the evanescent waves coupling between two bus waveguides and
the micro-ring waveguides with regard to particular wavelengths
fulfilling the constructive interference criteria, i.e., a function of
micro-ring size. Although the micro-ring resonators have been
reported as promising chemical sensors and mechanical sensors
[23–25], precise control of spacing between waveguides and micro-
ring, and dimension of the micro-ring are critical in order to achieve
repeatable and reliable device characteristics [26]. The other type
of microcavity based optical resonators such as micropillar cav-
ity and whispering gallery microcavity have been investigated as
force sensors and biochemical sensors as well [27–29]. K.J. Vahala
has given a comprehensive overview on the microcavity resonators

[29].

On the other hand, during the last decade, the rapid develop-
ment of nanofabrication technology has enabled the successful
demonstration of various PCs-based nano-cavity resonators [30].
Integration with suspended micro/nanostructures or actuators

sonant mode (a) is symmetric with respect to the mirror plane perpendicular to
o the mirror plane perpendicular to waveguide results in (c) forward drop. (d)–(f)
(d) is symmetric with respect to the mirror plane parallel to waveguide and the
erpendicular to waveguide results in (f) backward drop.
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ven gives tunability to resonators, i.e., tunable filters [31–33], or
nables new functions [34]. In fact, PCs structures also provide an
lternative ring resonator platform in nano-scale. Fan et al. [35]
eported channel drop filters based on square-lattice 2D PCs. The
esonators are consisted of one or two point defects inside the 2D
Cs. The size and the refractive index of scatters are varied to match
he desired resonance condition. The quality factor of forward and
ackdrop drop filters in their results is approximately 1000 and
000, respectively. Qiang et al. [36] studied add-drop filters based

n square-lattice PCs, thus the resonator comprises a square trace
efect in 2D PCs. Four additional small air holes, i.e., scatters, are
laced at the four corners of square defect to enhance the qual-

ty factor. The quality factor of single square ring filter is enhanced
rom 160 to over 1000 by increasing the coupling sections between

ig. 4. (a) Spectra of ports A, B and C. (Inset) Sketch of channel drop filter with single reso
ut-of-plane magnetic field distribution at 1555 nm. (c) Imaginary part of resonant stea
teady out-of-plane magnetic field distribution at 1562 nm. (e) Imaginary part of resonan
ators A 165 (2011) 16–25 19

waveguide and ring. They also proposed a dual-square-ring fil-
ter with quality over 2000. The drop direction and wavelength is
decided by the relative position of the two rings. Recently Monifi et
al. [37] presented a three output-ports channel drop filter based on
the ring structure introduced by Qiang et al. in Ref. [36]. By manip-
ulating the refractive index and radius of some scatters in PCs, they
achieved a high transmission, three wavelengths channel drop fil-
ter in double-ring configuration. The estimated quality factor based
on the reported data is about 100. PCs based ring resonators pro-

vide very well optical confinement due to ultra low bending loss. It
is helpful to overcome the challenge aforementioned by reducing
the radius of ring to achieve a resonator with high-Q, high wave-
length selectivity, and ultra small footprint size. In addition, Hsiao
and Lee reported a nano-ring resonator (NRR) based on 2D PC of

nator. The coupling distance is 2 lines of air holes. (b) Real part of resonant steady
dy out-of-plane magnetic field distribution at 1555 nm. (d) Real part of resonant
t steady out-of-plane magnetic field distribution at 1562 nm.
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exagonal lattice [38]. The NRR structure is formed by removing
oles cylinder along a hexagon in the 2D PC silicon slab as shown

n Fig. 1 (a). By leveraging the excellent light confinement of PC
lab structures, the NRRs demonstrate characteristics of resonators
nd filters as good as micro-ring resonators while its footprint has
een significantly reduced to 1–4 �m. Owing to such promising
haracteristics of hexagonal NRRs, we are keen to explore the sens-
ng characteristics in terms of force and strain for applications like

icrocantilevers.
In the section, we reported the design and optimization of NRR

rom the aspect of nanomechanical sensor applications. In Fig. 1(a),
he ratio between the radius of air holes (r) and lattice constant
a) is selected as 0.292, while the lattice constant is 410 nm. The
orresponding band gap wavelength range extends from 1305 nm
o 1626 nm. Fig. 1(b)–(d) display three types of resonant modes
t 1561 nm. The field distributions on the left and right, i.e., real
nd imaginary parts, are acquired in two different time frames.
he time difference of these two frames is a quarter of the tempo-
al period of the light. The mode in Fig. 1(b) is 6-fold symmetry.
he symmetric axes in Fig. 1(c) and (d) are denoted as a dash
ine. Both modes observed in Fig. 1(c) and (d) are anti-symmetric

ith respective to the dash line. The above mentioned results have
een derived by combining and using the two-dimensional finite-
ifference time-domain (2D FDTD) method and effective refractive

ndex (ERI) approximation, while Qiu reported a good agreement
etween the data derived by this kind of combinational approach
nd full vector three dimensional (3D) FDTD method [39]. Kitamura
t al. also reported that the cavity modes obtained by 2D plane wave
xpansion (PWE) method and ERI approximation in PC slab struc-
ure are in agreement with the measured results [40]. The effective
efractive index of air/220 nm-Si/SiO2 is derived as 2.82.

The inset in Fig. 2(a) illustrates the layout configuration of a
hannel drop filter with a hexagonal nano-ring which is sand-
iched by two terminal waveguides with coupling distance (i.e.,
istance from the hexagonal nano-ring to the waveguide) of one

ine of air holes. The light input terminal on the left side of the bot-
om waveguide, i.e. the bus waveguide, is marked with a yellow
rrow. Whereas the opposite side of the bottom waveguide, port
, is defined as the transmission terminal. Port A and C of the top
aveguide are denoted as forward drop and backward drop ter-
inals, respectively. The normalized spectra of the output-ports

n A, B and C are displayed in Fig. 2(a) as green, blue and red lines,
espectively. In the FDTD simulation, one lattice contents 20 spatial
alculated grids. A temporal light pulse was incident into the input
ort. The time signal of each port is obtained by recording integra-
ion of the Poynting vector flow through the output cross-section of
aveguide. The spectra are obtained by performing the Fast Fourier

ransform (FFT) on the time-domain signals which are monitored
t three ports and normalized to the transmission spectrum of pure
ine defect waveguide. The spectra show a strong resonant peak
ocated at 1565 nm. The quality factor of forward dropping peak is
23. The energy in the bus waveguide are extracted by resonance
t the hexagonal ring and coupled into port A (forward dropping).
ig. 2(b) and (c) display the steady out-of-plane magnetic field
istribution in two different time frames. The steady field distribu-
ion is obtained by replace the temporal pulsed light source with

mono-wavelength temporally continued light source in FDTD
imulation. The wavelength of the light source is set to be the reso-
ant wavelength. The continued light source is launched into input
aveguide until the field distribution is stable. The temporal phase
ifference between Fig.2(b) and (c) is 90◦, i.e. a quarter of the tem-

oral period of the light. This mode corresponds to Fig. 1(b) but
ith 4 nm wavelength shift. The slight discrepancy is caused by

ntroducing the bus and drop waveguides. Adding waveguides on
oth sides of the NRR disturbs the boundary condition of resonance
ence it results in the shifting of resonant wavelength.
ators A 165 (2011) 16–25

In Fig. 2(a), we also observed that the intensity of forward drop-
ping is stronger than backward dropping by a factor of 9. It has
been reported that the asymmetric dropping mechanism can be
explained by the symmetry of steady resonant field distribution
of resonator [39]. In this model, the input wave is decomposed
into real and imaginary parts. The asymmetric drop mechanism
requests two conditions: (1) the real part and imaginary part cou-
ple into drop waveguide independently; (2) the spectral width and
wavelength of resonance are equal for both parts. As Qiu reported in
Ref. [39], the mechanism of asymmetric dropping into forward and
backward ports in channel drop filter is depicted in Fig. 4. The for-
ward drop cases are introduced in Fig. 3(a)–(c). The steady resonant
field distributions in Fig. 2(a) and (b) reveal different symmetries
with respect to the mirror plane which is perpendicular to waveg-
uide (indicated by the dash line). The state decays to forward and
backward directions with the same phase in Fig. 3(a) and exhibits
180◦ out of phase in Fig. 3(b). Hence the backward drop is totally
cancelled. The backward drop can be explained by similar fash-
ion via Fig. 3(d)–(f). The forward drop cancellation occurs when
the symmetries of resonant modes of real and imaginary parts cor-
respond to Fig. 3(d) and (e), respectively. On the other hand, due
to the low symmetry of general channel drop system, only one-
dimensional irreducible representation is allowed. An accidental
degeneracy between the resonant modes of real and imaginary
parts occurs when they belong to different irreducible represen-
tations. Thus, the input wave interferes destructively with the
decaying wave of resonant mode into the forward direction of the
bus waveguides [39]. In the FDTD computation, the real and imag-
inary parts of steady field distribution can be represented by the
field distributions in two time steps with 90◦ temporal phase dif-
ference, i.e. Fig. 2(b) and (c). The steady out-of-plane magnetic field
distributions in Fig. 2(b) and (c) are symmetric and anti-symmetric
with respect to the mirror plane perpendicular to waveguide, as
denoted as a virtual line of a–a′, respectively. According to the above
mentioned cancellation mechanism of Fig. 3(a)–(c), this symmetry
results in forward drop as observed in ports A and B in Fig. 2(a).

In order to enhance the quality factor, we increased the cou-
pling distance to 2 lines of air holes as depicted in the inset of
Fig. 4(a). Fig. 4(a) shows the normalized spectra of all output-ports.
The resonant peaks split into two which are located at 1555 nm
and 1562 nm. Fig. 4(b) and (c) show the real and imaginary parts
of a steady out-of-plane magnetic field distribution of the reso-
nance mode at 1555 nm whereas Fig. 4(d) and (e) show those of
the resonance mode at 1562 nm. The quality factor for the peaks at
1555 nm and 1562 nm are 676 and 1690 respectively. The modes
at 1555 nm and 1562 nm correspond to Fig. 1(b) and 1(c), respec-
tively. The increased coupling distance leads to the disturbance
of light wave coupling and confinement boundary condition. The
corresponding wavelength of each resonance is shifted individu-
ally hence the resonant peak is split. Comparing with the resonant
peak in Fig. 2(a), the quality factor is enhanced by increasing the
coupling distance. We observed that, in both resonances, the light
drop equally into forward and backward direction rather than only
into forward direction as Fig. 3(a). In Fig. 4(b)–(e), both steady out-
of-plane magnetic field distribution of real and imaginary parts are
anti-symmetric with respect to the virtual line a-a’. The drop inten-
sities into forward and backward directions are almost the same. In
terms of sensing application, the configuration in Fig. 4(a) is more
suitable than Fig. 2(a). First, the quality factor of configuration of
Fig. 4(a) is higher and it means the sensitivity and resolution of sens-
ing will be better. Second, the configuration of Fig. 4(a) enables the

flexibility of the layout arrangement in order to meet various con-
straints attributed to multiple microcantilevers inside the fluidic
channel. Since the drop light propagate into forward and backward
direction equally such that both forward and backward drop ports
could be adapted as the output signal for sensing applications.
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. Device configurations and modeling

Hexagonal NRR has been reported as a promising sensor with
igh wavelength selectivity and high quality factor [38]. To further
xploit the potential sensor applications, three kinds of microcan-
ilever sensors integrated with PC resonators are designed as shown
n Fig. 5. The 50 �m long and 15 �m wide microcantilevers can be
ealized by removing the underneath bulk silicon from a silicon-
n-insulator (SOI) substrate, while the released microcantilevers

re bilayer beam and contain a 250 nm silicon layer on top of a
00 nm SiO2 layer. In our previous studies [18,20], various micro-
antilever sensors with nano-cavity resonator (NCR) are studied
Fig. 5(a)), where the NCR is formed by having a pair of 2-hole

ig. 5. 3D illustration of three types of microcantilever sensors using different PC
esonator structure as strain sensors located at the edge of a Silicon-On-Insulator
SOI) chip. The silicon base was not shown in the figure but should be presented in the
eal device. (a) 4-holes PC resonator (b) Nano-ring resonator (Type1) (c) Nano-ring
esonator (Type2).
Fig. 6. Output of resonant peaks of the microcantilever sensors (a) Nano-cavity
resonator (b) Nano-ring resonator (Type1) (c) Nano-ring resonator (Type2).

located along a U-shaped PC waveguide. The lattice constant is
a = 540 nm and the hole’s radius r = 220 nm. The defect length, Ad, is
defined as the distance between the second hole and the third hole
of said 4-hole in the resonant cavity, and is given by Ad = 2a − 2r, as
shown in inset of Fig. 5(a). To further investigate the performances
of NRR-based micro cantilevers in term of force and strain detec-
tion, two kinds of NRR microcantilevers are proposed as shown in
Fig. 5(b) and (c). The NRR is formed by a regular hexagonal array
of air holes with lattice constant a = 410 nm and the radius of the
holes r = 120 nm. Two bus PC waveguides are created by removing
air holes along the two lines parallel to the edge of the hexago-
nal ring to form the input and output optical terminals. In order to
investigate the resonant behavior of NRR under strain, we designed
two types of NRR configurations. Fig. 5(b) shows the type 1 config-

uration (NRR1) which has a corner of the hexagon located at the
edge of junction of the beam and the substrate, i.e., denoted as
a dash line, and two bus PC waveguides arranged along the lon-
gitudinal direction of the microcantilever. We also define D1 as
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force. Essentially the quality factor of NCR, NRR1 and NRR2 is about
5500, 3500 and 3800, respectively. The quality factor of NRR2 is
slightly larger than that of NRR1 because forward drop signal typi-
cally has higher quality factor than backward drop signal.
2 T.T. Mai et al. / Sensors and

he NRR diameter which is the distance between the centers of
he holes at the two vertexes of hexagonal ring along the longi-
udinal direction of the microcantilever. On the other hand, type
configuration (NRR2) shown in Fig. 5(c) depicts that an edge of

exagonal ring is along the edge of junction of the beam and the
ubstrate, and two bus PC waveguides arranged along or paral-
el to this substrate edge. Meanwhile, we define D2 as the NRR
iameter which is the distance between the centers of the holes
djacent to two edges of the hexagonal ring along the edge of
he fixed end of the microcantilever. According to the configura-
ion shown in Fig. 2 and Fig. 4, the output terminal of NRR1 and
RR2 collects the backward drop and forward drop signals, respec-

ively.
The modeling involves with two parts. First of all, a finite-

lement method (FEM) simulation is carried out to get the
eformation contour of holes of the PC resonator under various
orce loads. As shown in Fig. 5, this force is applied at the center
f microcantilever end and makes it bend downward. In the mod-
ling, the Young’s modulus and Poisson’s ratio of Si and SiO2 are
30 GPa, 70 GPa, 0.3 and 0.17, respectively. Second, a 2D FDTD sim-
lation is used to get the characteristics of the resonators under
arious strains. The effective refractive index used in the model-
ng is derived as the Si/SiO2 bilayer microcantilevers operated in
ir. Among the output spectra of resonators under various force
oads, we only select the peaks attributed to resonant modes of res-
nators. The backward drop and forward drop signals are recorded
or NRR1 and NRR2 sensors respectively.

. Characterization of sensors

Fig. 6(a)–(c) shows various simulated resonant wavelength
eaks of these microcantilever sensors under no loading condition
nd three different loading forces. For NCR sensor, the loaded forces
re chosen as 1 �N, 2 �N and 5 �N. In the case of NRR1, forces of
�N, 7.5 �N and 10 �N are picked. For NRR2, the force magnitudes
re selected as 2.9 �N, 4.6 �N and 6.2 �N. Observations show that
s the loaded force increases, in the case of NCR and NRR2, the res-
nant peak shifts to a shorter wavelength region, i.e. a blue shift.
ontrarily, the resonant peak shifts to a longer wavelength region

or NRR1, i.e. a red shift. The behavior of resonant wavelength shift
f NRR1 and NRR2 may be resulted from the different shape change
f the NRR structure. Under loading forces, the beam deflection
auses the changes in both the relative positions with respect to the
xed end and the shape of the air holes. FEM results have shown
hat the change in the shape, i.e. the radius of the holes is very small
ompared to the change in position (in the order of one tenth).
or instance, in NRR1, when the position shifts 76.5 nm, the radius
hanges merely by 5.77 nm. Therefore the air hole radius change is
egligible in 2D FDTD calculation. However, the position change of
hole depends on the specific location of this hole and the layout

onfiguration of the resonator placed at the edge of the cantilever
xed end. When the force is exerted in the z-direction, in the case of
RR1, the air holes shift in the direction parallel to the waveguide

uch that the hexagonal ring becomes more oval-shaped. When the
ight is provided into NRR1, the longer wavelength resonant mode

ill be coupled into the hexagonal ring. As a result, we observed
red shift. In the case of NRR2 structure, the air holes move per-
endicularly to the waveguide so as to make the hexagonal ring
lose to a square ring. The longer resonant mode will be limited
nd only the shorter wavelength resonant mode can be coupled
nto NRR2. Thus the blue shift trend is observed in Fig. 6(c). On the

ther hand, for NCR structure, we have reported that the resonant
avelength shift is mainly attributed to the change of defect length

d [16–17,20].
Fig. 7(a)–(c) show the wavelength of resonant peaks of these

hree kinds of microcantilever sensors as a function of the loaded
ators A 165 (2011) 16–25

force. Linear relationship is observed for the variation of resonant
peaks regarding to different loaded forces. The no-load resonant
peaks for NCR, NRR1 and NRR2 microcantilevers are determined
to be at 1405.87 nm, 1562.99 nm and 1561.10 nm, respectively.
Besides, Table 1 shows the quality factor of resonant peaks of these
microcantilever sensors. It is observed that the quality factor of
resonant peaks show variation less than 10% under various loaded
Fig. 7. Resonant wavelength versus the loading force. (a) Nano-cavity resonator (b)
Nano-ring resonator (Type1) (c) Nano-ring resonator (Type2).
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Table 1
Quality factor versus loaded force.

NCR NRR1 NRR2

Force (�N) Q-factor Force (�N) Q-factor Force (�N) Q-factor

t
l
a
c

F
o

0 5223.16 0 3896.85 0 4077.68
1 5508.54 5 3508.96 2.89809 3597.76
2 5513.84 7.5 2962.05 4.60877 3931.88
5 5522.55 10 3520.00 6.16079 3783.11
As shown in Fig. 8, the resonant wavelength shift is plotted as
he function of the loaded force. With respect to 0.1 nm wave-
ength shift resolution, the minimum detectable force for NRR1
nd NRR2 are derived as 0.0757 �N and 0.1299 �N in that order,
ompared with 1.3461 �N for NCR. It can be seen that the better

ig. 8. Resonant wavelength shift versus the loading force. (a) Nano-cavity res-
nator (b) Nano-ring resonator (Type1) (c) Nano-ring resonator (Type2).
Fig. 9. Resonant wavelength shift versus the strain. (a) Nano-cavity resonator (b)
Nano-ring resonator (Type1) (c) Nano-ring resonator (Type2).

detection limit of force is the NRR1. It is attributed to a larger wave-
length shift at the same load force compared to the other cases. For
instances, when the force increases from 0 �N to 5 �N, the resonant
wavelength shifts from 1562.99 nm to 1568.50 nm, i.e. a resonant
wavelength shift (��) of 5.5 nm. In contrast to NRR1, �� of NCR is
only 0.3755 nm for 5 �N force load increment, i.e., from 1405.87 nm
to 1405.49 nm, while �� of NRR2 is about 3.18 nm regarding to
6.1 �N force load increment, i.e., from 15611.00 nm to 1557.92 nm.

The strain is defined as the percentage change in length of
active area of resonators. As a result, we have �Ad/Ad, �D1/D1,

and �D2/D2 for the NCR, NRR1 and NRR2, respectively. Accord-
ing to the FEM results, we can calculate the strains under different
force loads. With the data of �� versus force loads in Fig. 8, we can
plot �� versus strain in Fig. 9. Again, a linear relation is observed
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etween �� and strain for NCR and NRR. Using this linear line, the
inimum detectable strain can be derived as 0.0144%, 0.0023% and

.0041% for NCR, NRR1, and NRR2, respectively, regarding to 0.1 nm
avelength resolution. Therefore, NRR1 also surpass the other two

esonators in term of sensitivity of strain detection.
In brief, this new type nanosensor based on NRR shows promis-

ng potential in applications like force sensing and strain detection.
n contrast to the approach discussed in micro-ring resonator based
isplacement sensor which detect the intensity variation of reso-
ant peak [28], our approach works on the detection of resonant
avelength shift such that our devices are less susceptible to fun-
amental noises. Additionally the size of NRR is only 3–10% of the
otal size of the micro-ring resonator [28]. It implies NNR sensor
ill be favored as a feasible sensing approach in nano-scale and

ntegrated on nanostructures for various applications in future.

. Conclusions

In this paper, we have investigated Si/SiO2 bilayer microcan-
ilevers integrated with photonic crystal based Si resonators as
orce and strain sensors. In addition to the well-known nano-cavity
esonator (NCR), we proposed the hexagonal nano-ring resonator
n two layout configurations. Both the resonant wavelength and
he resonant wavelength shift can be measured as a linear function
f force load. For the NCR and NRR2, the resonant peaks exhibit
lue shift phenomena. On the contrary, the resonant peak of NRR1
oves to the longer wavelength region, i.e. the red shift. To quan-

ify the strain sensing capability, the percentage change in length
f active area of resonators is defined as the strain. The linear rela-
ionship between wavelength shifts and strain is observed for both

icrocantilevers integrated with NRR1 and 2, while such linear
elationship has been reported for NCR sensors by authors in pre-
ious studies. This linear response behavior enables the proposed
tructures to be very promising for sensing applications. The min-
mum detectable force for NCR, NRR1 and NRR2 are 1.3461 �N,
.0757 �N, and 0.1299 �N respectively. The minimum detectable
train for NRR1 and NRR2 are 0.0023% and 0.0041% compared with
.0144% for NCR. Compared to the properties of NCR and NRR2, the
RR1 has the better detected ability of the strain and force. How-
ver, the quality factor of resonant peaks of NRR1 is slightly lower
han that of NCR and NRR2.
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