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bstract

A nano-displacement sensing method for micro-opto-electro-mechanical-systems (MOEMS) is proposed. The method is based on a square
attice photonic crystal (PC) made of dielectric silicon posts, mounted on a micro mechanical flexure. The flexure is fixed at one end and is free to

ove at the other, to enable elastic deformations that, by being transferred to the photonic crystal array, modify its periodicity and the pertinent
ransmission characteristics. A missing-post defect is deliberately introduced in the photonic crystal, opening a narrow pass band within the band
ap. The pass band wavelength is sensitive to dilatation of the micro mechanical flexure. The flexure Poisson ratio (PR) can be designed according

o specific requirements to gain desired sensitivity. Simulations show high sensitivity of 12.3 nm band pass shift for every 1% flexure strain for
exure of a material with a Poisson ratio of −1. An inverted honeycomb based micro-electro-mechanical-systems (MEMS) flexure, with a Poisson
atio of −1, was fabricated in silicon and characterized.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Micro-electro-mechanical-systems (MEMS) sensors occa-
ionally rely upon precise measurement of micro-displacements
f a sub-millimeter flexible component. Commonly employed
ethods include measurements of the charge on a variable

apacitor, the resistance of piezoresistor and even tunneling
f current through an air gap. Optical sensing technologies
xhibit several inherent advantages such as environmental
uggedness, passivity, resistance to electromagnetic interfer-
nce, lightweight, small size, low power consumption, wide
andwidth and high sensitivity (up to 1/90 �m−1) [1].

Minimization and integration of large-scale optical sen-
ors with micro-opto-electro-mechanical-systems (MOEMS)
evices represents a challenge. Recently integration in waveg-
ides and optical fibers for various pressure [2–5] and

cceleration [1] detectors was studied. The use of a photonic
rystal (PC) for microdisplacement measurements has been
roposed—this would make use of two PC waveguides where
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ne is mounted on a moving part and the other fixed to a station-
ry substrate [6,7].

The band gap of a PC has already been manipulated by chang-
ng its refraction index by varying its temperature [8], and by
pplying an electric [9,10] or magnetic field [11]. The PC band
ap is also very sensitive to mechanical deformations [12–15].
ensitivity can be further increased by adding a micro-cavity,
y deliberately introducing a local defect in the center of the
C lattice, in the form of a missing post, which creates a nar-
ow band pass in the PC band gap. The band pass frequency
argely depends on the micro-cavity dimensions and is extremely
ensitive to changes in the cavity size and shape [16].

Flexures, based on honeycomb structures, can be designed for
specific Poisson ratio (PR) with positive or negative values. The
ature of positive PR materials is that the material shrinks in a
irection perpendicular to an externally exerted tension, creating
highly distorted unit cell, whereas negative Poisson ratio (NPR)
aterials expand in the direction perpendicular to externally

xerted tension, thus increasing the unit cell area and volume.

n NPR flexure based on an inverted honeycomb structure with
nit cell dimensions of a × b is illustrated in Fig. 1. A material
ith PR of −1 shows the same expansion in the tensioned and
erpendicular directions, maintaining an undistorted unit cell.

mailto:oren@eng.tau.ac.il
dx.doi.org/10.1016/j.sna.2006.11.018
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rounded by air. Removing one post at the center of the lattice
creates a micro-cavity with a resonant frequency that opens a
band pass in the original band gap as illustrated in Fig. 3.
ig. 1. A unit cell geometry of an NPR flexure based on an inverted honeycomb
tructure.

hese types of flexures are suitable for MEMS since they can be
abricated using standard MEMS micro machining techniques
17] and can be deflected by relatively small forces.

Designing the flexure to a specific PR for small deflections
nvolve only geometrical considerations and the PR is given by
he expression:

= − 1

μ tan α
(1)

here μ = b/a is the aspect ratio of the unit cell and α is the angle
etween the inclined beams and the vertical links [18,19] (see
ig. 1). Structures implemented in micro devices can undergo

arge deflections without damage. Under these conditions the
mall linear deflection description of the honeycomb structure
s no longer sufficient to describe the changes in the PR value
nd large nonlinear deflection models should be used [20].

Mechanical tuning of a lattice parameter of a two-
imensional PC using MEMS flexure has never been introduced.
he objective of this article is to present a method for mechan-

cal tuning of lattice parameter of a two-dimensional PC using
EMS flexure. We also determine the effect of the flexure’s

R on the device sensitivity, present design considerations for

EMS flexures under large deflections and show the fabrication

nd mechanical characterization of an NPR flexure with a PR
f −1.

F
p

Fig. 2. NPR flexure with Poisson ratio of ν = −1 carrying a rectang
ators A 139 (2007) 47–52

. Model and simulations

The proposed sensing method is based on a square PC lattice
ounted onto a MEMS flexure that is based on a honeycomb

tructure. The PC posts are mounted on platforms attached to the
exure and mimic its repetitive unit cell dimensions as illustrated

n Fig. 2a. The MEMS flexure is fixed at one end and free to move
t the other. Applying an external force in X direction at the free
nd causes mechanical deflections of the MEMS flexure that are
eing transferred to the PC unit cell as shown in Fig. 2b.

The deflections of the PC unit cell are highly dependent on
he PR of the MEMS flexure. In the case of a large positive PR

EMS flexure, the PC unit cell will undergo large distortions,
xpanding in the direction of exerted tension and rapidly shrink-
ng in the perpendicular direction, reducing its area. In a MEMS
exure with PR of −1, the PC unit cell will similarly expand

n both directions, thus maintaining a rectangular shape. In the
ase where the PR is smaller then −1, the tensed PC unit cell
ill experience distortions that will increase its area.
The PC in our example is made of 8 × 8-unit cells with

eriodicity of 0.6 �m. The lattice is built of circular silicon
osts (dielectric constant ε/ε0 = 11.7), 0.228 �m in diameter sur-
ig. 3. Schematic drawing of the proposed photonic crystal cavity and its band
ass.

ular PC lattice (a) before deflection and (b) after deflection.
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corresponding to the three stages of deformation. In the ini-
tial stage of deformation the deflections are small and the PR
can be calculated with a satisfactory accuracy using the linear
model. In the second stage, as the deflections grow, the bending
O. Levy et al. / Sensors and

The PC is illuminated by broadband light from one end,
eaching a photodetector with spectral resolution at the other
nd. Most of the incident spectrum is reflected back by the PC
and gap’ only the pass band wavelength reaches the detector.
he sensitivity can be defined as the ratio between the change in
ass band frequency and the corresponding deformation (strain)
f the MEMS flexure along the tensioned direction.

We now present numerical simulation results, where the pass
and frequency is analyzed as a function of the flexure strains in
he X direction. Simulations were performed for a PC mounted
n various PR flexures. We used a 2D numerical code based on
he Multifilament Current model [21] to compute the full solu-
ion of the propagation/scattering problem, and then to find the
nergy distribution and light intensity exiting the PC for dif-
erent wavelengths. The Multifilament Current model is suited
or numerical simulation of problems associated with resonat-
ng elements under time-harmonic excitation with high accuracy
nd simplicity.

. Optical simulations results

Before any deflection occurs, simulations show that the band
ap of the PC is situated between 1.39 and 2.4 �m wavelength
nd the micro-cavity creates an extremely narrow band pass at its
esonant wavelength of 1.57 �m. Expansion of the PC unit cell
ncreases the band pass wavelength up to 1.78 �m at a unit cell
ize of 0.70 �m × 0.70 �m, which corresponds to a mechanical
train of 0.1667.

Devices with different PRs were simulated, and were found
o have different sensitivities (Fig. 4), where the sensitivity, as
efined previously, is the curve slope of the graphs. A linear
elation is shown between the PC micro-cavity pass band wave-
ength and the strains of the MEMS flexure for each PR. As
an be deduced from the graphs, almost no sensitivity is shown
ith flexure with PR equals to 0.7. High sensitivity is achieved
y using MEMS flexures with large positive and negative PR
alues. Large NPR values show positive shift in the pass band
avelength with flexure dilatation whereas large positive PR
exures show a negative shift. For example, a device with NPR
f −2 shows high sensitivity of 1.82 �m where the pass band
avelength shifts to 1.755 �m for mechanical strains of 0.1. A

evice with PR of 2 shows sensitivity of 0.83 �m with the pass
and wavelength decreased with the flexure strain (which can
e defined as a negative sensitivity). In this case the pass band
avelength decreases to 1.49 �m for mechanical strains of 0.1.

ig. 4. Band pass wavelength dependence on the unit cell deformations for
ifferent MEMS flexure PR.

F
a

ig. 5. Sensitivities of the band pass wavelength for different PR flexures.

ig. 5 shows the linear dependence of the sensitivity as a function
f the different flexure’s PR.

. Mechanical flexure simulation results

In cases where there are large deflections of the structure, the
eometric nonlinearity of the beams plays an important role in
he structural behavior. In contrast to the linear model for small
eflections, the PR becomes strain dependent. As shown in the
ptical simulations, changes in the flexure’s PR cause changes
n the device sensitivity, thus controlling the PR is important.

hen the extensibility of the beam’s axis is considered, it was
ound that, when tensed in X direction (see Fig. 1), the strain PR-
ependence is not monotonic and has a minimum as shown in
ig. 6. Around this minimum point, the PR is practically insen-
itive to strains and working around this point will maintain
onstant optical sensitivity of the PC structure. This minimum
oint occurs due to influence of the beam’s axis extensibil-
ty on the PR, which is opposite to the influence of the beam
ending. At small deflections, the beam bending is dominant
hile decreasing the PR whereas the extensibility of the beam

xis manifests itself mainly at large deflections, increasing the
exure’s PR.

We divide the PR graph in Fig. 6 into three main zones
ig. 6. The PR of the structure (α = 75◦, r̃= 0.012) described by the inextensible
nd extensible elastica models. The structure subject to the tension in X direction.
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Fig. 8. An example NPR structure with PR of −1. The rectangular represents
the unit cell dimension (a) before deflection and (b) after deflection.
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ig. 7. The PR of a square unit cell CH = CV = 10 �m for different inclined beam
ngles α and beam width d.

f the inclined beam leads to a decrease in the PR. This can
e explained by considering the linearized honeycomb structure
n an actual deformed state using the small deformation model,
hich cause decreasing in the PR with the reduction of the angle
. At large deformations, as was already mentioned, the bend-

ng of the beam has minor contribution to the cell deformation,
hich the structure’s PR increases mainly due to the extension of

he beam axis. The reason is that at this stage the small increment
n deflection in the Y direction requires a large increment in the
oading since the force applied in X direction produces vanishing
ending moment in the almost straightened beam. On the other
and, the increasing loading leads to the extension of the beam
xis and consequently elongation of the cell in the X direction.
t may be therefore concluded that at this stage the extensibility
f the beam axis results in increased PR with loading.

Designing a honeycomb based structure under large deflec-
ions, where the PR is strain dependent, to a desired PR at a
esired deflection, can be done by changing the inclination angle
α) and beams width (d). The inclination angle defines the strain
hat the minimum PR appears and the beams width define the
R of this minimum point as shown in Fig. 7.

. Fabrication of an NPR structure

We now present the fabrication and characterization of an
PR structure with PR of −1 under small deflections. A large-

cale silicon NPR MEMS structure was fabricated on an SOI
afer. The structure unit cell dimensions are 200 �m × 200 �m.
he beam cross-section dimensions are 3 �m width and 30 �m
eight. The fabrication process used two masks, one for the front
ide defining the flexure geometry and the other for backside
eleasing.

A micrograph image of an example structure prior to any
eformation is presented in Fig. 8a. Fig. 8b shows the same

tructure after small deformation with an illustration of the unit
ell before and after the deformation. Fig. 9 shows a zoom micro-
raph image of a unit cell of the inverted honeycomb structure
f Fig. 8 to better illustrate the details.

i
d
M
w

Fig. 9. Zoom image of one unit cell of Fig. 8.

The structure is deformed with a comb-drive actuator pro-
iding tension in the ‘X’ direction. As one can see in Fig. 8b,
he unit cell expands similarly in both directions, maintaining
n un-deformed rectangular shape during deflection.

. Discussion

The results presented can be effectively used for design-

ng a PC nano-displacement sensor with desired properties. For
evices for inertial measurements that require high sensitivity, a
EMS flexure with NPR smaller then −2 can be used. Devices
ith no sensitivity might also be required for implementations
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here mechanical deflections should not affect the PC opti-
al properties. In such cases one should use a MEMS flexure
ith PR = 0.7. A linear relation between the MEMS flexure PR

nd the sensitivity of the device was demonstrated. This rela-
ion allow for easy design and adjustment for specific device
equirements.

Combining the band pass wavelength from two PCs mounted
n two different honeycomb flexures each with different
R can perform a differential measurement. This measure-
ent results in intensity beats with frequency that equals to

b = abs{ff(λf − λd)/(λf)}where fb is the beats frequency arising,
f is the band pass frequency from one of the deflected PCs and
d and λf are the band pass wavelengths from the two deflected
Cs. Using such differential measurement may even increase

he sensitivity of the device.

. Conclusions

The optical characteristics of a PC can be tuned mechanically
or integration with MOEMS sensors by mounting it on a micro
echanical flexure. The elastic deformations of the flexure are

eing transferred to the PC modifying its periodicity and the
ertinent transmission characteristics. The sensitivity of the PC
and pass wavelength to mechanical dilatation is dependent on
he flexure’s PR. Simulations show sensitivity of 18.2 nm band
ass shift for every 1% flexure strain for flexure of a material
ith a Poisson ratio of −2 and sensitivity of 8.3 nm band pass

hift for every 1% flexure strain for flexure of a material with a
oisson ratio of 2.

This method can be used for integrating PC with MOEMS
evices for optical sensing. The sensor is extremely small, its
ensitivity can be easily designed by the MEMS flexure PR
nd it can be monolithically integrated into a MOEMS sen-
or. A MEMS flexure with PR of −1, for small deflections,
as fabricated and maintenance of its un-deformed shape during
eflection was demonstrated.
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