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Two  types  of circular  diaphragm,  made  by Si and  Si/SiO2, integrated  with  hexagonal  photonic  crystal
(PhC)  lattice  with  triple-nano-ring  (TNR)  resonator  created  at the  centre  are  proposed  as  nano-scale  force
and  pressure  sensor.  The  optimized  channel  drop  effect  of  the TNR  resonator  brings  a  strong  forward
drop resonant  peak  in both  the  cases  and  with  Q-factor  of  1602 and  1737,  respectively.  The  resonant
wavelength  peak  experience  red  shifts  upon  the  applied  load  on  the  circular  diaphragm  along  the  normal
ing resonators
ilters

direction,  in  terms  of a 2nd-order  polynomial  relationship.  The  devices  can  detect  a wide  range  of  applied
load.  Si diaphragm  based  micro  force  sensor  gives  minimum  detectable  force  of  0.847  �N  in  the  region
of applied  force  from  10 to  20 �N.  Si/SiO2 diaphragm  based  pressure  sensor  gives minimum  detectable
pressure  of  4.17  MPa  in the  region  of  applied  pressure  from  20 to  40 MPa.  From  the  derived  wavelength
shift  versus  a given  centre  displacement  of  the  diaphragm,  Si diaphragm  based  sensor  shows  higher
sensitivity  than  Si/SiO2 diaphragm  sensor.
. Introduction

There are many examples of micromachined mechanical sen-
ors in the force sensing and pressure sensing. As one of the
rst developed MEMS  devices, for more than four decades,
icroelectromechanical systems (MEMS) based pressure sen-

ors have continuously evolved from the original approach using
iezoresistive into many other kinds of sensing mechanisms
uch as, piezoelectric, capacitive, resonant and optical. Most
f the well-known transducer configurations for pressure sens-
ng are relying on a free-standing deformable diaphragm [1,2].
ue to the significant technological progress in the micro/nano-

abrication, nanoelectromechanical systems (NEMS) based sensors
ave attracted major research attention in the past few years.
io/chemical sensors, e.g. DNA sensing, and nanomechanical sen-
ors, e.g. force and pressure sensing, deploying carbon nanotubes
CNTs) or silicon nanowires have been reported [2–7]. By lever-
ging the small footprint of NEMS sensors, such solutions show
dvantages in the implanted biomedical sensing applications, for
xamples, blood flow measurement, guidewire based pressure
ensing, and intraocular pressure sensing, etc. [8–11].

During the last decades, since the pioneering work of pho-
onic band gap (PBG) and PhCs done by the Yablonovitch [12]

nd John [13], it has received considerable attention for the fun-
amental physics study as well as various potential applications.
he PhCs are engineered nanostructures which are capable of
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controlling and manipulating the propagation of electromag-
netic waves within a certain frequency range. Various integrated
nanophotonics devices have been proposed, such as channel drop
filters [14], power splitters [15], directional couplers [16–18] and
so on. Micro-ring resonator device is a well-known approach to
achieve channel drop filter with high quality [19–22].  The ulti-
mate sizes of such PhC filters are suggested to be less than 1/10,000
of those of conventional optical devices. Hence, PhCs devices can
achieve same function with ultra-small size due to their nanometer
scale so as to raise channel densities within a small chip of pho-
tonic ICs. By leveraging the NEMS technology, the integration of
silicon PhCs based nano-cavity resonators and/or nano-ring res-
onators on silicon cantilevers has been investigated as showcase of
new optical NEMS sensors for detection of stress, strain and force
[23–27]. In view of the guidewire based implanted sensor applica-
tion, development of sensors with extremely small footprint is an
everlasting goal. Optical NEMS sensors with potential of integration
of fibre optics as the read-out interface fit into the criteria of design
and package of guidewire based implanted sensor. Therefore, novel
optical NEMS diaphragm sensors integrated with PhC triple-nano-
ring (TNR) resonator are proposed for force and pressure sensing.
Performance of optical NEMS diaphragm sensors is investigated in
terms of device configurations computationally.

2. Device configuration and modeling methodology
The TNR PhC resonator is formed by three triangular-arranged
hexagonal nano-rings with size of 2.87 �m for each ring, as shown
in Fig. 1. The nano-rings locate at a diaphragm which have two
designs, e.g. either pure single layer of Si with thicknesses of

dx.doi.org/10.1016/j.sna.2011.02.028
http://www.sciencedirect.com/science/journal/09244247
http://www.elsevier.com/locate/sna
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holes in the PhC resonator will affect the resonant wavelength and
lead wavelength shift to a new value. In the applications, external
load will introduce the vertical displacement at diaphragm centre
and strain in the TNR resonator sensing element region. The load
ig. 1. (a and b) 3-D illustration of the PhC diaphragm sensor using hexagonal trip
nterpretation of the references to colour in the artwork, the reader is referred to th

20 nm or bilayer of Si and SiO2 with thicknesses of 220 nm and
00 nm,  respectively. The diaphragm of 10 �m in diameter (d) is
atterned and released from the 220 nm thick silicon device layer
f a silicon-on-insulator (SOI) wafer. Many methods are available
o fabricate such structure in the literature, such as deep UV lithog-
aphy [28,29].  The air holes with lattice constant (a) and radius (r)
re only etched on the silicon device layer to form PhC structure.
he lattice constant (a) refers to the distance from the centre of a
ole to the centre of the next adjacent hole. The nano-rings and the
aveguides are made by removing of air holes, indicate “a” as the
eriodicity to form such layouts in the silicon PhC slab of hexag-
nal lattice. The two horizontally placed nano-rings are separated
y three air holes. The 3rd ring is located at the middle of the two
orizontal rings with one line of air holes separation between the
wo horizontal rings and the 3rd ring (Fig. 1(a)). The two  waveg-
ides are placed at two sides of the resonator and have two lines of
ir holes separation with respect from the edge of nano-rings. The
nput light port located at bottom left is denoted by a red arrow in
ig. 1(a) and the other three output ports are named as transmis-
ion (TR), forward drop (FD) and backward drop (BD), respectively.
lane wave expansion (PWE) method is used to calculate the cavity
odes of the PhC slab structure. Such approach has been reported

y Kitamura et al., in which it has good agreement with measured
esults [30]. By leveraging this PWE  method, we  obtain the band
ap structure of the 220 nm silicon PhCs slab of hexagonal lattice
f air holes. According to the derived band gap map  as shown in
ig. 2, the ratio between the r and a is selected as 0.292. In our
ase, the air holes have r of 0.12 �m and a of 0.41 �m,  respec-
ively. Those parameters are designed and optimized in order to
chieve resonant peak output with high quality factor (Q-factor) at
he FD port. The normalized frequency range of first photonic band
ap extends from 0.26 to 0.33 in TM polarization electromagnetic
ave, i.e., the magnetic field parallel to the surface of silicon slab.
he corresponding directions of � M and � K with respect to hexag-
nal lattice are indicated in the inset of Fig. 2. The corresponding
and gap wavelength range extends from 1.242 to 1.577 �m,  which
ncloses our interested range. For the modeling methodology of
no-ring (TNR) resonator; (c) Si layer diaphragm; (d) Si/SiO2 layer diaphragm. (For
 version of this article.)

PhC parts of the whole device, a combinational approach of the 2-
D finite-difference time-domain (FDTD) method and the effective
refractive index (ERI) approximation was  deployed to calculate and
predict the performance of TNR resonator, and the field distribu-
tion of resonant mode in this study. Qiu reported a good agreement
between the data derived by this combinational approach and full
vector three dimensional (3-D) FDTD method [31]. Furthermore,
experimental data have been predicted well by this combinational
approach by the other groups as well [32,33].

The PhC structures are quite sensitive with the layout locations
of the air holes and the defects. Changing of the physical distance of
Fig. 2. Band structure of the PhCs structure of hexagonal lattice. (For interpretation
of  the references to colour in the artwork, the reader is referred to the web version
of  this article.)
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Fig. 3. Spectra of ports FD, BD and TR for TNR channel drop filter: (a) Si layer
B. Li, C. Lee / Sensors and

ould be a force or pressure depending on the real applications.
inite-element analysis (FEA) is deployed to obtain the deformation
ata of holes among PhC air-hole array under various loads which
re applied at the centre point of the diaphragm. The Young’s mod-
lus and Poisson’s ratio of Si used in FEA simulation are 130 GPa
nd 0.3, respectively, while such values are 70 GPa and 0.17 for
iO2. We  further apply the combinational approach of numerical
-D FDTD and ERI method to simulate the propagation of the elec-
romagnetic waves in the deformed PhC TNR resonator structure
n the presence of various applied loads. We  expect the resonant
eak to vary according to the deformation of TNR resonator. In
ur previous study [23], we realized that the small shape change
f air-holes among the deformed PhC structure brings negligible
nfluence on the output resonant behavior. More importantly, the
elative position shift of these air-holes among the deformed PhC
tructure plays a major role in contribution to the resonant behav-
or. Thus we recorded the position of holes in the deformed region
f diaphragm under force load according to the FEA results, and
onducted the 2-D FDTD modeling based on the layout of such
eformed TNR resonators.

Moreover, we are interested in the performance of the resonator
hen the input port is swapped with the BD port in Fig. 2, since

he triangle layout of nano-rings is symmetric for nano-rings, but
t is not a symmetric feature with respect to the input and output

aveguides. Very interestingly, we found out that the forward drop
esonant peak is derived at the same wavelength at the new FD
ort (the TR port in Fig. 2); the only difference is the normalized

ntensity of the peak. Hence, we name this phenomenon as dual
hannel reversibility (DCR).

. Results and discussion

.1. Characteristics of TNR resonator

The TNR resonators give strong resonant peaks at the FD port,
s shown in Fig. 3. The spectra plots are shown in similar fashion
ut with different location of the resonant peak wavelength for Si

ayer and Si/SiO2 layer cases in Fig. 3(a) and (b), respectively. Two
ajor peaks are shown in the transmission spectra and we are more

nterested in the peak of longer wavelength, since the light inten-
ity ratio of FD port to BD port reaches maximum at this point. From
he inset table of Fig. 3, resonant peaks appear at higher wavelength
nd show higher Q-factor in the Si/SiO2 case, i.e., 1737 compared
ith 1602 for the Si layer case. The additional oxide layer in the

i/SiO2 case can increase the ERI of the Si/SiO2 bilayer. Thus it can
erform better light confinement than the case of Si layer. Hence,

 higher Q factor is obtained for the Si/SiO2 case too. In addition,
he intensity ratio of the FD port and BD port are 23.63 and 18.43
or Si/SiO2 and Si layer, respectively. As a result, the TNR resonator
s considered as a channel drop filter since only single output port
s activated at the particular wavelength. Fig. 3(c) and (d) is the
pectra plot of TNR resonator that the input port and BD port are
wapped. From the inset table in the plot we can observe the res-
nant peaks are exactly the same positions with the case of initial
orts allocation. The only differences are the Q-factors of the peaks
nd some intensity variation. Fig. 4 illustrates the results of contin-
ous wave field distribution of the TNR resonator. The three frames
how resonance happening at three transit time points within the
NR resonator. Fig. 4(a) shows the condition that all the three nano-
ings are in the active mode. Light comes from the bottom left side
nd is coupled to the bottom ring first, and then is coupled to the top

wo rings. Energy exchange happens among each ring, but most of
hem happens between the top two rings. The bottom ring, showing
0◦ phase shift with respect to the top two rings, has less portion
f importance in the resonant mode. On the other hand, Fig. 4(b)
diaphragm; (b) Si/SiO2 layer diaphragm. (c) Si layer diaphragm when input port
was swapped with BD port and (d) Si/SiO2 layer diaphragm when input port was
swapped with BD port.

and (c) shows cases that only two rings are activated in the reso-
nance. Apparently all the three resonant modes contribute to the
forward drop mechanism mainly. Thus this unique TNR resonator
demonstrates the channel drop filter behavior. On the other hand,
the unique feature of the TNR resonator is the symmetric resonance
behavior. It leads to the same output spectra obtained at FD, BD and
TR ports, when the input port is swapped with any one among the
three rest ports shown in Fig. 1(a). The continuous wave simulation
plot of the TNR resonator with input port swapped with BD port is
shown in Fig. 4(d–f). We  can observe similar trends of the three
resonance modes compare with the normal case but the field dis-
tribution show certain distinctive between these two  input ports
design. Therefore, the selected resonance wavelengths appear the
same but the Q-factors and the output intensities do not, as shown
in Fig. 3.

3.2. Force sensing characteristics of TNR resonator

The mechanical deformation or displacement of the diaphragm
can be introduced by external applied force. Hence, force sensing
can be explored by using a diaphragm with the TNR resonator on
the Si layer. Fig. 5 illustrates the FEM modeling of the Si-diaphragm

under various force loads. Different forces are applied at the centre
point of the Si diaphragm. Due to the symmetric nature of circu-
lar diaphragm, linear relationship of the centre displacement along
the normal direction of the diaphragm and the applied force is
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ig. 4. Images of continuous wave field distribution for TNR resonators. (a–c) show
f  field distribution under the resonance when input port swaps with BD port.

btained in the FEM modeling results. Fig. 6 shows the resonant
eak plot obtained at the FD port of the TRN resonator. The reso-
ant peak of the no-load case falls at 1553.63 nm with a Q-factor
f 1602. As we increase the constant loading force at the centre

f the Si-diaphragm, the FD resonant peak shifts accordingly. It
hows that the FD resonant peak shifts to the higher wavelength
egion as the applied force increases. Furthermore, the resonant
eaks maintain similar Q-factor value as the load force increases
e modes of field distribution under the resonance; (d–f) show three similar modes

and reaches about 20 �N. It implies a wide force-sensing range of
the Si-diaphragm as a NEMS sensor. Fig. 7(a) illustrates the relation-
ship of the resonant peak wavelength versus the applied force on
the Si-diaphragm. The resonant peak wavelength is characterized

as a function of applied force and we  find that the 2nd-order polyno-
mial fitting curve (red lines) is in a good agreement with the derived
data points. However, from the 2nd-order polynomial fitting curve,
we can further divide those data points into two  groups. Within
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achieves the threshold level or even beyond such value, the res-
onance among the TNR is destroyed and the Q-factor of resonant
peak reduced significantly. In such case, the Si-diaphragm with TNR
resonator is not good enough to be used as a sensor.
Fig. 5. Side view of FEA simulation result o

hese two regions, the blue dotted fitting lines in Fig. 7(a) present
inear relationship approximately. We  can estimate force-sensing
ensitivity in these two regions accordingly. More specifically, the
lope of the blue dotted fitting line within the region of 0–10 �N is
erived as 0.0125 nm/�N, while such slope is 0.118 nm/�N in the
egion of 10–20 �N. As a result, if the wavelength measurement
esolution is 0.1 nm [23], the minimum detectable force is calcu-
ated as 8 �N and 0.847 �N in the region of 0–10 �N and 10–20 �N,
espectively. On the other hand, such data point out the resonant
avelength shift introduced by the same incremental force will be

arger when the deformation of the Si-diaphragm reaches a certain
hreshold level. It can be explained as the resonance among the
NR is close to completely vanishing point when the Si-diaphragm
eformation is approaching this threshold level. Fig. 7(b) illustrates
he Q-factor change with respect to applied external force. We  can
bserve that the initially Q-factor is around 1600 and keep decreas-

ng as the load increases. We  can then conclude that as higher
pplied force introduces larger deformation, the resonance con-
ition would be destroyed. When the Si-diaphragm deformation

ig. 6. Resonant wavelength peak at the backward drop (BD) port under various
orce loads of Si layer diaphragm force sensor.
yer diaphragm under 10 �N applied force.
Fig. 7. (a) Resonant wavelength as functions applied force (b) Q-factor versus
applied force of Si layer diaphragm force sensor. (For interpretation of the refer-
ences to colour in the artwork, the reader is referred to the web version of this
article.)
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the relationship of the resonant peak wavelength with the applied
pressure in the case of the Si/SiO2 diaphragm. A 2nd-order polyno-
mial curve (green line) fits the derived data well. In order to evaluate
the pressure-sensing sensitivity in the linear region, we divide the
Fig. 8. Side view of FEA simulation result of Si/S

.3. Pressure sensing characteristics of TNR resonator

When the SiO2 layer is retained underneath the Si layer, a Si/SiO2
ilayer diaphragm is created and it enables the pressure sensing.
ig. 8 illustrates the FEM modeling of the Si/SiO2 bilayer diaphragm
nder various pressure loads. The stiffness of bilayer structure is
igher than the Si layer case, hence, the deformation of the Si/SiO2
ilayer diaphragm is much smaller than the Si-diaphragm case.
owever, similar linear relationship between the loaded pressure
nd the centre normal displacement of the diaphragm is obtained.
ig. 9 shows the resonant peak plot obtained at the FD port of
he TRN resonator in the case of Si/SiO2 bilayer diaphragm. The
esonant peak of the no-load case falls at 1563.28 nm with the Q-
actor of 1737. The first two pressure data correspond to the force
oads of 10 �N and 20 �N, i.e., the force loads investigated in the
revious Si-diaphragm case, but no wavelength shift is observed
ince the deformation is negligible. As the load pressure increases,

ame red shift behavior of the resonant wavelength is observed
nd obtained Q-factor values do not change, in which it repre-
ents that good light confinement is still valid. Fig. 10(a) illustrates

ig. 9. Resonant wavelength peak at the backward drop (BD) port under various
ressure loads of Si/SiO2 layer diaphragm pressure sensor.
yer diaphragm under 30 MPa  applied pressure.
Fig. 10. (a) Resonant wavelength as functions applied pressure (b) Q-factor versus
applied pressure of Si/SiO2 layer diaphragm pressure sensor. (For interpretation of
the references to colour in the artwork, the reader is referred to the web version of
this article.)
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ig. 11. Resonant wavelength as functions of Z-displacement for two diaphragm
ensors.

ata into group of 5–20 MPa  and group of 20–40 MPa. By taking
he blue dotted fitting lines in these two regions, we derived the
lope of 0.0094 nm/MPa in the pressure range of 5 MPa–20 MPa,
nd 0.024 nm/MPa for range of 20–40 MPa. Therefore, the corre-
ponding minimum detectable pressure is calculated as 10.64 MPa
nd 4.17 MPa, respectively. Fig. 10(b) illustrates the Q-factor change
ith respect to applied external pressure. Different from the force

ensor, the Q-factor has a significant increase at 30 MPa  pressure
oad. Hence we can conclude that the bottom layer of SiO2 in the
ressure sensor provides better light confinement than single Si

ayer force sensor.

.4. Sensitivity comparison

So far the resonant wavelength is characterized and plotted as
unctions of applied force and pressure. In fact, deformation at the
entre of diaphragm along the normal direction, i.e., Z-direction,
s introduced by such force and pressure loads. To compare the
ensing sensitivity of these two TNR resonator diaphragm sen-
ors, the resonant wavelength shift was derived according to the
-displacement measured at the centre of the diaphragm created by
ither force load or pressure load. As shown in Fig. 11,  in the range
f small Z-displacement, e.g. smaller than 0.03 �m, both diaphragm

ensors show the same relationship in the derived curves. From the
lope of the curves in this region, the derived minimum detectable
hange in the Z-displacement is 49 nm when the resonant peak
avelength shifts for 0.1 nm.  In the range of large Z-displacement,

ig. 12. Resonant wavelength as functions of strains for two  diaphragm sensors.
tors A 172 (2011) 61– 68 67

Si diaphragm shows better sensitivity in terms of resonant wave-
length shift under the same incremental Z-displacement. Briefly
speaking, the derived data of 49 nm displacement at the centre of a
10 �m diaphragm refers to a good sensing capability in the NEMS
field. Resonant wavelength shift versus the diaphragm strains are
plotted as shown in Fig. 12.  Linear relationship is found for both the
Si and Si/SiO2 diaphragm sensors. The minimum detectable strain
is calculated as 0.00427% and 0.00608% under 0.1 nm of wavelength
shift for Si-layer diaphragm and Si/SiO2 bilayer diaphragm, respec-
tively.

4. Conclusion

In this paper, we  proposed a photonic crystal based triple-nano-
ring (TNR) resonator and the micro force and pressure sensing
applications integrated with the Si and Si/SiO2 diaphragm. The sig-
nificant forward channel drop features of the TNR resonator gives
strong resonant peak with quality factor of 1602 and 1737 for Si
and Si/SiO2 diaphragm,. Higher effective refractive index (ERI) of
the Si/SiO2 bilayer diaphragm leads better light confinement which
results in higher Q-factor and higher intensity ratio of forward
drop to backward drop. The 2nd-order-polynomial fitting curve
is obtained for the curves of the resonant wavelength versus the
applied loads for both the cases. Two  linear fitting lines are applied
on the derived data points to get slope of wavelength shift versus
applied load. Hence, the Si diaphragm device shows wide sens-
ing range and gives minimum detectable force of 0.847 �N in the
region of 15–20 �N. Si/SiO2 diaphragm based pressure sensor gives
minimum detectable pressure of 4.17 MPa  in the region of applied
pressure from 20 to 40 MPa. From the derived wavelength shift
versus a given centre displacement of the diaphragm, Si diaphragm
based sensor shows higher sensitivity than Si/SiO2 diaphragm sen-
sor. Present designs reveal interesting device configurations for
pressure and force sensing with ultracompact footprint, e.g. the
sensing area is as small as 10 �m.  With further integration of fibre
optics, the investigated device concepts could find particular appli-
cations in the guided-wire based implanted biomedical sensors.
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