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Ultrasensitive displacement sensing using photonic crystal waveguides
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We present an ultrasensitive displacement sensor and sensing technique based on photonic crystal
waveguides (PCWG), useful for integration with microelectromechanical systdMEMS)
structures. The sensor consists of two PCWGs aligned along a common axis, one mounted on a
moving part and the other fixed to a stationary substrate. A gap between the fixed and moving
PCWGs creates an intersection with a third, perpendicular PCWG, which has two branches. The
intensity exiting each PCWG changes when the suspended PCWG moves in plane relative to the
fixed one. The difference in intensities exiting the two perpendicular PCWG branches can be
correlated with the relative displacement between the fixed and moving PCWGs. Numerical
simulations predict a sensitivity of 1[ um™] using a light source of 9.02m. © 2005 American

Institute of PhysicgDOI: 10.1063/1.1880453

Microelectromechanical systetMEMS) displacement intensity resulting from the relative displacement between
sensors generally rely on the precise measurement of thtee fixed and moving PCWGs. Energy exiting the fixed
microdisplacement of a submillimeter flexible component.PCWG is divided at the intersection, some continuing in the
The displacement may be measured with optical techniquesnoving section and some split between the left and right
which can be defined as either intensity or interferometrybranches. The amount of energy exiting each of the moving
based- Intensity modulation methods are commonly used,PCWG and the two branches depends on the displacement.
but provide inferior sensitivity relative to interferometry We now present numerical simulation results in which
ones. The intensity modulation may be obtained by a relativgve analyze the field distribution inside the PC structure, con-
movement between two optical fiber segments separated bysidering that the problem of adiabatic coupling from an ex-
gap. The overlap area between the two segments determingsinal light source is well characteriz&d°We use a numeri-
the amount of energy transferred between the segmentsgal code based on the multifilament current mdbeo
Such devices can provide a sensitivity of 1/@071].° An  compute the full solution of the propagation/scattering prob-
increased sensitivity may be obtained by placing a ball lengem, and then to find the energy distribution and intensity

between the two fiber segmeritor by creating a ball lens  exiting each PCWG for different displacements. The simula-
on the fiber edge. Integration of such optical sensors in mi-

crooptoelectromechanical systems can be achieved by re-
placing the optical fibers with dielectric waveguides. Fixed PCWG Moving PCWG
In this letter, we propose a displacement sensor and sens
ing technique based on photonic cryst®IC) waveguides
(PCWGQ. The sensor includes two coplanar PCWG seg-
ments, one fixed and one mobile, aligned along a commor
axis and separated by a gap, as shown in Fig. 1. In principle
the PC may be any two- or three-dimensional structure pos-
sessing a band gap in the frequency domain used for the ligh
signal®’ The fixed PCWG is rigidly connected to a substrate
and the mobile PCWG is rigidly connected to a moving part
(e.g., a suspended MEMS masperative to move in-plane
perpendicularly to the common PCWG axis. The gap is es-
sentially an intersecting third PCWG with a left and a right
branch(with respect to the input light signalsee Fig. 2. As
shown, the left branch extends upward toward a Detector B,
while the right branch extends downward toward a Detector
C. The sensing is performed by measuring changes in light Cross PCWG
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dElectronic mail: oren@eng.tau.ac.il FIG. 1. PC-based displacement sensor layout.
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Similar relations hold forlg and I.. The most interesting
Right branch quantity is the differential intensity between branches B and
S C.

Detector C Figure 5 shows the normalized differen@®;c=(lg
FIG. 2. A schematic description of the PCWG displacement sensor after_I C)/ma){(l B__IC)] as gfunctlon of the dlsplacgment, where
displacement. max{(lg—Ilc)] is the highest value over all displacements.
We define sensitivity as the ratio between the normalized

tion is performed on the two-dimensional PC based device O%I|ﬁgrenceABC and the correqundmg displacement. This ra-
Figs. 1 and 2, which is comprised of round dielectric poststlo IS equgl o the curve slope_ n F|_g. 5. One sees thgt there
with a diameter of 1.2um and a relative dielectric constant &'® two displacement ranges in which the sensitivity is high:
€=8.41, separated by air. The posts are positioned on geglon_f\ (0-0.6um displacementwith a sensitivity of
square periodic lattice with a unit cell of dm by 4 um. Al ~1[#m™7] and Region B(3—5um displacementwith a
waveguides are W1-typé.e., made of one missing row of Sensitivity of ~0.4 um™1]. Region A(relatively small dis-
postg_lz We use a wavelength of 9.02m, which can be placementgis the one of interest to us. In this region, small
generated using a GQaser, and which is within the band displacements have a profound effect on the waveguide junc-
gap of this PC structuréor similar structures and band gaps, tion (intersection geometry and, hence, on the scattering ef-
see, for example, Ref.)7The numerical code is used to fects that take place therein, while the waveguide output ter-
compute the fields for displacements between 0 apdr6 ~ Mminals are hardly affected by these small displacements.
Detectors A, B, and C are placed8n away from the re- Therefore,Ig—1c and Agc reflect differences in the power
spective PCWG output edges. The displacement is correlategntering the left and right branches, i.e., are basically deter-
with the electric-field intensities, specifically to the differ- mined by the complex scattering and resonance effects that
encelg—Ic of the intensities, respectively, reaching Detec-take place at the junction region. For larger displacements,
tors B and C. We first provide a set of simulations resultsthe intersection shape remains relatively unchanged, and the
and then describe the various physical effects that take plaggower reaching each detector is essentially a result of the

in different operation regions. intensity pattern of the field that radiates from the waveguide
Figures 8a) and 3b), respectively, show the electric- terminals.
field distribution for displacements of: 0&m and 6um. Based on these results, we conclude that there are two

The light pattern and the intensities radiating from the waveimportant advantages in working with Region A, namely bet-
guide output edges depend strongly on the displacementer sensitivity to small displacements and better robustness
Figure 4 shows the intensities reaching each detector as (for the latter, see below We note that the sensitivity of
function of the displacement. Each graph is normalized to~1[um™] shown above is achieved using a PC structure
the total intensity exiting the device. That ig=1,/(I designed for light signals with a wavelength of 9,0&.
+1g+1c), where the bold quantities are the actual electric-Similar structures for shorter wavelengths can easily be de-

FIG. 3. (Color online Electric-field distribution in a PCWG sensor after a displacemen(ap©.6 xm and(b) 6 xm.
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) ) o sensor with 0.07%m error in post location and radius. The full circles
FIG. 5. Normalized intensity differenc&gc=(lg—Ic)/ma{(lg—Ic)] as a  represent a structure with no errors. Other lines represent various errors.
function of displacement.

several different error patterns show similar behavior to that
f the error-free structure over the entire displacement range.
The results shown so far were obtained with a wave-
guide width(and gap sizeof 8 um. We checked the device
sensitivity to four other gap sizes: 74m, 7.8 um, 8.2 um,
nd 8.4um. The gap size change in the range of
has a negligible effect on the sensitivity, and therefore on the

signed by performing a proper geometry downscale. We preQ
dict that the sensitivity will increase by a corresponding fac-
tor. For example, if the wavelength used is L#, the
sensitivity is predicted to increase by a factor of 6.

The robustness of such a device in terms of fabricatio
and dimensional errors is an important factor in actual imple

mentations. We performed simulations that checked the ei‘-)redl'Cted Sensor performance.d. | ¢ d
fects of structural disorder on the device sensitivity in three n summary, We propose a displacément sensor and sens-

different casesil) for detectors misplaced relative to the m% met?gdlbasg? ofn PI.C Vr\]/th.:Eat pr0\|/|de J?hsgrz)smwty:f the
PCWG edges(2) for effects of random fabrication errors in order ot [xm .] or ight with waveleng 0. :

the PC structure in the range of +0.0%E: and (3) for six-fold increase in sensitivity is predicted for a use of light
changes of the gap between the two PCWGs. In ¢Bsave with wavelength of 1.5um and a proper structure downscal-
checked the device sensitivity starting with the detectors9- We note, however, that there are two major factors not
aligned with the PCWG edgeero distanceand then moved  considered in the present work which may cause a degrada-
by 2 um, 4 um, and 6um away of the PCWG edges. The tion of these theoretically obtained sensitivity values. As
results are shown in Fig. 6. The effect of the detector Iocatior?.o'med_ oult, our r:um(re]ncal StUdy.'S blased on a rEWO-
on the sensitivity in Region A is very small compared to thatd!mens!ona molde ' .t us scattering 0SSes  In three-
in Region B. This is so because the energy reaching Detedimensional configurations were not handled in a complete
tors B and C is essentially due to differences in the powef'Jlnd exact way. Futhermore, _the dielectric material was as-
entering the left and right branches at the junction. In Con_sumed to be ideal, i.e., material losses were not considered.

trast, in Region B, the energy reaching the detectors is detel,\_levertheless, itis expecf[ed that these factors will not signifi-
mined by the intensity pattern of the field radiating out of thecantly affect the conclusion that a PCWG-based sensor may
waveguide terminals. provide absolute sub-Angstrom displacement detection. This

The fabrication of the suggested PC structure may alsgbsolute detection limit will mainly depend on the detectors

involve errors in the location and radius of the posts. We2nd associated signal processing.

performed several simulations with random errors of
+0.075um (with uniform distributior) in these two param-
eters. As shown in Fig. 7, the intensity different¢gs | ¢ for
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