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ABSTRACT

A central problem in the development of mechanical devices and systems is accurate and fast motion sensing. We
demonstrate an integrated and near-field optical displacement sensing -technique based on optical evanescent wave
coupling. Exploiting the strong dependence of waveghide-to-waveguide coupling to changes in separation between
waveguides we were able to detect in- and out-of-plane mechanical motions of a mechanical resonator. We have studied
the sensitivity of the proposed motion detection technique with a 3D full-vectorial mode solver and make predictions on
the attainable displacement detection limits based on a noise analysis. This work demonstrates both the feasibility and
the effectiveness of integrating nanomechanical devices with photonic circuitry.
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1. INTRODUCTION

Nano clectromechanical systems (NEMS) are small scale MEMS. They offer a number of attractive attributes that
continue o inspire researchers. Scaled mechanical resonators have high resonant frequencies’in conjunction with a small
device mass and stiffness. As such. scaling of mechanical resonators is a powerful means of improving the inherent
capabilities of the resonator to perform environmental sensing [1,2, 3]. In force and mass sensing, tremendous progress
was made in the development of more sensitive devices. Building on the scaling paradigm, researchers were able to
detect the magnetic moment of a single electron spin 4] and to perform zeptogram scale mass sensing [5]. The continued
scaling of NEMS brings these systems close to the quantum limit of operation, where quantization occurs and where the
accuracy of repeated measurements of position is dictated by Heisenberg’s uncertainty principle [6, 7].

Successtul scaling of mechanical resonators is however made difficult due to a number of problems that surpass the
issues related to fabricating these nanometer scale devices. Firstly, it was found that the quality factor is reduced upon
scaling, as surface related energy dissipation mechanisms start to dominate and become increasingly important as the
surface to volume ratio of the devices gets higher [8]. Secondly, detecting the tiny motion of mechanical devices
becomes increasingly more difficult as devices get smaller [9]. Therefore, in many cases the effectiveness of motion
detection determines the effectiveness of the sensing system, more so than the capabilities of the nanomechanical
structure, lustrating the importance of the development of powerful motion detection techniques.

The broad spectrum of displacement sensing techniques that have been introduced reflects the richness of NEMS
research: techniques relying on piczoresistive effects [10], capacitive modulations [H1], magnetomotive effects [2]
clectron tunneling [7] and optical techniques have been studied extensively [12, 13, 141

Optical interferometric techniques have been used in many studies; it was shown that displacement detection of in- and
out-of-plane motion is possible with high accuracy, although diffraction effects become increasingly important. In this
context it was noted that optical near-field techniques may prove to be vital in pushing these optical techniques (o higher
sensitivities [9, 12, 15]. Also, integration of nanophotonic waveguides with NEMS was anticipated to be a powerful
method to achieve both sensitive motional read-out and system integration [1, 9]: Recently the motion of micron scale
mechanical devices was detected via such integrated optical technique [16, 171
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2. FABRICATION

2.1 Material choice

The devices were realized in the Silicon on Insulator (SOI) material system. The high index-contrast between silicon and
silicon oxide allows one to construct submicron single-mode waveguides. Furthermore, the optical absorption at telecom
wavelengths 1.3 um and 1.55 pm is very small: Silicon is also an attractive material from a mechanical point of view: its
high Young’s modulus, Y, and low mass density, p, allow designing mechanical resonators with a high resonant
frequency (fu~V(Y/ p)). In table 1. we compare some mechanical properties of silicon with those of GaAs and InP,
materials commonly used in photonics,

Table 1: Material properties for Si. GaAs and InP. The high velocity of sound in silicon allows the design of mechanical
resonators with high resonant frequencies:

Material Mass density, p [ke/m’] | Young’s Modulus, [110] GPa | Speed of sound, N(Y/ p), [m/s]
Si 2330 170 8530
GaAs 5360 121 4760
InP 4790 93 4400

The electronic properties of silicon, and its native oxide, have made it the material of choice in eleetronics. By choosing
the SOl material system we are able to exploit the mature silicon fabrication technology,

2.2 Process

We use p-type SOI wafers with a resistivity of 10 Qcm. The thickness of the top layer was 220 nm, the buried oxide has
a thickness of 2 micron: Due to the high thickness of the silicon oxide optical power losses to the substrate are reduced.
The photonic structures were defined by deep Ultraviolet {DUY) Lithography and dry etching [23]. Al-Au metal contacts
were defined at the front and the backside of the wafers with a lift-off technique. Prior to contact formation the wafers
are carefully cleaned with a piranha solution, good ohmic contacts were created. The buried oxide was locally removed
with an isotropic wet etch solution (Buffered HF) to make the structures freestanding.  Samples were subseguently
mounted on-a Printed Circuit Board (PCB), wire bonding was used 1o contact the devices. In Figure 2(a), a Scanning
Electron Micrograph (SEM) of a typical finished device is shown. Optical attenuation values of 3.4 dB/mm were
recorded: for waveguides fabricated with a similar process flow. and similar dimensions [23}; The waveguide-related
losses are dominated by scattering due to sidewall roughness.

Efficient coupling of light to the chip and vice versa is realized by means of a one-dimensional grating coupler and a
tapered waveguide. Figure 2(b) shows a SEM picture of such one-dimensional grating siructure. Coupling efficiencies up
10 30 % per coupler can be achieved for this type of coupling structure [24].

Fig. 2:{aj Scanning Electron Micrograph (SEM) of a finished device. (b) Scanning electron micrograph of a grating
stricture used for coupling Hght from g fiber fo the nanophotomec waveguide and vice versa.
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Fig4: (a) Measured spectrumi at the output of the optical detector for a device consisting of a mechanical resonator t X w x|
=220 nm % 400 nm x 10pm and a photonic waveguide, separation 300 nm, dimensions of the freestandinig part t =< w x|
=220 nm = 400 nm x 42 wm. (b) out-of-plane vibration spectrum of the photonic waveguide, (c) In-plane vibration
spectrum of the mechanical resonator.

We studied the dependence of the detected signal on applied voltage for the fundamental in-plane resonance of the
mechanical resonator. Ve was kept constant at 2V, V,. was modulated. In F ig. 5 we plot the measured Spectra related to
different drive voltages. A linear dependence of the detected signal on V,. was found as expected.
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Fig.5: (a) Measured vibration spectra for increasing V.. A linear dependence on drive voltage is found as expected. In the
mset we plot the signal maxima as function of drive voltage

4. MODELLING
4.1 Responsivity

We exploit a-3D full-vectorial mode solver 1o establish more insight in the sensing system, and to assess the sensitivity,
of the detection scheme. In Fig: 6'the optical mode in case of an in-plane separation of 300 nm is compared to the case of
a 150 nm separation, dimensions of the resonator £ x w x [ = 220 nm x 400 nm x 10 tm, out-of-plane separation § nm,
Clearly more light is coupled to the mechanical resonator in the case of 2 smaller separation.
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w = 400 nm and 450 nm (I = 10 um, no out-of-plane separation). A reduction of the waveguide width results in an
increase of the fraction of optical power in the evanescent tail; as a result the waveguide-to-waveguide coupling is
enhanced. A similar increase of responsivity upon resonator downscaling was demonstrated for an interferometric
technique [12]. One should note, however. that the optical power losses also increase for smaller devices. In Fig. 8(b)
we plot the transmission versus length and expecied resonant frequency of the resonator, w = 400 nm, in-plane
separation 200 nm and ott-0f-plane separation 0 nm. Both the evancscent coupling and the responsivity are reduced as
the length is decreased. A high responsivity is still expected for devices with resonant frequencies up to 0.8 GHz. We
calculate the resonant frequency according to £,.=1.03(w/P)N(Y/ p) for a speed of sound of 8530 m/s, we did not take
into account the effect of impetfect clamping and the influences of rotary inertia and shearing deformations [25, 26],
these lower the resonant frequency and become more important for short resonators.

in the analysis of the responsivity we did not take into account effects of beam bending and substrate effects on the
optical properties, also the influence of the exact mechanical mode shape was disregarded.
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Fig 8- (2) Light Transmission and responsivity as function of in-plane separation for w=400 nm and 450 nm, 1= 10 pm and
an out of-plane separation of 0 nm. (b Light transmission and responsivity as fimction of Iength and resonant
frequency, w = 450nm, in-plane separation = 200 nm. out-of-plane separation 0 nm.

4.2 Displacement resolution

We now apply the above-developed model to study the ultimate displacement resolution that ¢an be obtained with the
described method. The displacement resolution. NS, is a function of the responsivity, the optical power collected by the
photodetector and the various sources of noise in the system. In this analysis we consider the intrinsic thermomechanical
noise of the resonator and the noise contributions from the photodetector.

The thermomechanical noise of the resonator is largest at resonance. At resonance and in case a small measurement
bandwidth B<< 2nf../Q is used. the displacement resolution related to thermomechanical noise can be expressed as:

} 4k 70 4
VSi,) = [— = 6)
\m24,,,)
where ki is the Boltzmann constant, T the temperature and m; £, and Q the effective mass, resonant frequency and

quality factor of the resonator. For a resonator with dimensions t x w x | = 220 nm * 400 nm »x 10 unL, 4 resonant
frequency of 27.6 MHz and a quality factor of 150, the displacement noise at resonance equals; 18 fm/vHz

Different sources of noise can be identified in the photodetector, Dark curtent noise, current noise in the ampiifier, and
shot noise [14]. The first two contributions are independent of the incident optical power. Shot noise is 3 function of
optical power, and dominates at high optical power. The displacement resolution related to a photodetector with a
specilied Noise Eguivalent Power, NEP, can be expressed as:
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mechanical characterization of nanowires that exploits post-buckling
deformation mechanicsto achieve very high force and displacement reso-
lution. The small size of the test-bed aliows for in-situ expermentation
inside analytical chambers, such as' SEM and TEM. We present microscale
version of pick-and-place as a generic specimen preparation and ma-
nipulation technique for experimentation on individual nanostructures. We
performed experiments on Zn0 nanowires inside a scanning electron
microscope (SEM) and estimated the Young's modulus to be about 21
GPa and the fracture strain fo vary from 5 % 1015 %.

MEMS-based testing stage to study electrical
and mechanical properties of nanocrystalline
metal films

J. Han, J. Rajagopalan, T. Saif, Univ. of lliinois at Urbana-
Champaign

The increased use of nanocrystalline metal films as interconnects in inte-
grated circuits has necessitated their thermo-electro-mechanical char-
acterization, as these films experience elevated temperatures and ther-
malstresses during device operation. Also, the superior mechanical prop-
erties of nanocrystalline materials, compared 1o their bulk counterparts,
has spurred interestin the deformation mechanisms operating at this scale.
We have developed 2 MEMS-based testing stage that can quantitatively
characterize toth:the elsctrical and mechanical properties of
nanocrystalline metal films. This stage, which is SEM and TEM compat-
ible, is'a modified version of an earier MEMS-based tensile testing stage
{Hague; M.A. and:Saif; MiTA;, Proc: Soc. Exp. Mech., Vol. 49, pp. 123~
128, 2002). This modified stage requires a simpler fabrication procedure,
involving fewer lithography and etching steps; and has higher yield com-
pared to the earlier version. it allows for 4-point electrical resistance mea-
surements; and. in situ tensile testing in SEM and TEM of freestanding
nano-scale metal films. The stage was used to perform a‘tensile testona
100 nm thick aluminum film and electrical resistance measurerments ona
110 nmthick aluminum film; the results of which are described. A'com-
pact heating stage is also being developed so that electrical and me-
chanical characterization at elevated femperatures can be performed in
situin SEM and TEM:

8484-12, Bession 4
All-optical micromechanical chemical sensors

T. H. Stievater, W. 8. Rabinovich, M. 8. Ferraro, N. A.
Papanicolaou, J. B. Boos, R-A: McGill, J. L. Stepnowski, Naval
Research Lab.

We descrive experimental results from micromechanical resonators coated
with chemoselective polymers that detect chiemical vapors using all-op-
ticalinterrogation. Detected chemicals includevolatile organic compounds
and explosives. The shift in the resonant frequency of a gold microbeam
is read-out using photothermal actuation and microcavity interferometry.
Response times of less than 5 seconds are achieved forvapor concen-
trations as low as 5 ppb using optical powers of about one MW, An analy-
sis of the the measured frequency noise in these sensors shows that the
ricise is dominated by thermal-mechanical amplitude noise at the funda-
mental fexural mode. We have therefore reached the uitimale limit of de-
tection (LOD) noursensor fora given drive ampiitude. All-oplical inlerro-
gation of passive, lightweight micromechanical chemical sensors enables
remote read-out over retroreflecting free-space links or fiveroptic net-
WOTKS.

%

evanescent light-wave coupling

1DeViaminek: . Bosls, D, Talllaert, Univ. Gent (Beigiumy and
IVIEC Belgiumy: D Van Thourhout, Univ: Gent(Belgium) L

P hotbics

Lagae, IMEC (Belgium); R. Baets, Univ. Gent (Belgium); G.
Borghs, IMEC (Belgium)

The properties ‘of micro- and nanomechanical resonators are atiractive
for application in signal processing and sensor technology [11. The devel-
opment of sensitive and broadband motion detection technigues is of
prime importance for.all these applications [2].

In'this work amotion detection technigue based on the evanescent wave
coupling between a photonic waveguide and a nanomechanical resona-
toris introduced. The mechanical resonator and the main waveguide are
poth freestanding and doubly-clamped. Any relative displacement results
in a change in optical coupling, providing a means of detecting motions.

This technigue has a number.of advantages: It offers a means of inlegrat-
ing nanomechanical sensors in'a photonic ‘circuitry. Furthermore, high
vibration amplitude resolution can be obtained because of the high dis-
placement sensitivity of the coupling, the high optical power applicable
and the Jow optical losses achievable.

High quality photonic single-mode waveguides were fabricated in Silicon
On Insulator and defined by Deep Ultraviolet lithography [3]. In and out-
of-plane vibration modes of the mechanical resonator and the main
waveguide were actuated capacitively and were detected at ambient.con-
ditions with high sensitivity.

We used a calculation method based on frequency-domain eigenmode
expansion to analyze the sensifivity of optical coupling to relative dis-
placements.

An assessment of the displacement sensitivity and attainable amplitude
resolution will be provided along with a comparison with other displace-
ment detection techniques:for.nanomechanical resonators.

[111. De Viaminck et al.; APL. 88,063112 (2006)
2] K.L: Ekinci, Small 1, 786 (2005).
[8]'W. Bogaerts, et al.; Optics Express, 12(8), 1583 (2004)
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Experimental study of fluid damping in
microdevices with flow ranging from continuum
{o molecular regime

A. K. Pandey, R. Pratap, Indian Institute of Science (India); £ S.
Chau, National Univ. of Singapore (Singapore)

High quality factor of dynamic structures at:micro and nano scale is ex-
ploited invarious applications of MEMS and NEMS, The quality factor of
such devices can be very high in vacuum. Howeyer, when vacuum is not
desirable or not possible, the tiny dynamic structires must vibrate in air
or some other gas at pressure levels that can vary from atmospheric 1o
low vacuum. The interaction of the surrounding fluid with: the vibrating
structure leads to dissipation, thus bringing down the quality factor. De-
pending on the ambisnt fluid pressure or the gap between the vibrating
and the fixed structure, the fluid motion can range from continuum flow 1o
molecular flow giving a wide range of dissipation. The relevant fluid flow
characterstics are determined by Knudsen number which is the ratio of
the mean free path of the gas molecule to the characteristic flow length of
the device. This number is very small for continuum flow and reasonably
big for molecular flow. In this paper, we study the effect of fluld pressure
on the quality factor by carrying out experiments ona MEMS device that
consists of a double gimbaled torsional mirror.: Such devices are com-
monly used in optical cross-connects and swilches. Although, we only
vary fluid pressure to make the Knudsen number go through the enfire
rangs of continuum flow, slip flow, transition flow, and molscular fliow, the
same can also be done by reducing the characteristic flowlengthsin a
device from micrometers o nanometers: Thus the resull presented heré
will hold good for micro-scale o nano-scale devices for damping dus to
the surrounding fluid flow. In our study, we experimentally determine the
guality factor of the MEMS torsional mirror al different air pressure rang-
ing from 760 tor 1o 0.0071 torn The vasiation of this pressure: over six
orders of magnituds ensures reouired rarefaction 1o rangs over all flow
conditions, Themainresult-variation plouality factor with pressure-is dis-
cussed over all flow regimes. The result indicates that the quality faciorn



