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Diffraction effects in optical interferometric displacement detection
in nanoelectromechanical systems
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Optical interferometric displacement detection techniques have recently found use in the study of
nanoelectromechanical syste({EMS). Here, we study the effectiveness of these techniques as the
relevant NEMS dimensions are reduced beyond the optical wavelength used. We first demonstrate
that optical cavitiesformed in the sacrificial gaps of subwavelength NEMS enable enhanced
displacement detection sensitivity. In a second set of measurements, we show that the displacement
sensitivity of conventionalpath-stabilized Michelson interferometry degrades rapidly beyond the
diffraction limit. Both experiments are consistent with numerical models2@5 American
Institute of Physics[DOI: 10.1063/1.1843289

Recently, a great deal of experimeﬁt%\hnd theoreticl The NEMS devices used in these experiments were sili-
interest has been directed towards submicron resonant meen doubly clamped beams. The devices were fabricated on a
chanical devices. These nanoelectromechanical systensflicon-on-insulator wafer with a 219-nm-thick silicon device
(NEMS) possess extremely high operation frequencies, mitayer on top of a 396-nm-thick sacrificial oxide layer. Figure
nuscule active masses, very small force constants and hig@ shows a scanning electron micrograph of a completed
quality (Q) factors in their resonant modes. This combinationfamily of beams. There is a 40-nm-thick Cr metallization
of attributes translates into opportunities for a number ofa@yer on top of the semiconductor device structures; the sili-

important technological applications—such as ultrasensitiv€0n Substrate underneath is bare. , _
sensoré, and electromechanical signal  processing The optical measurements on fabricated devices were

componenté. From a fundamental science point of view, Performed inside an ultrahigh vacuuuHV) chamber

NEMS might allow direct demonstrations of quantum me-through a quartz view port. Figure(ly) displays the block
chanical phenomerfa. diagram of the free-space optics employed. A He—Ne laser

One of the central obstacles in front of developingWlth wavelength.A ~632 nm, was focused upon the center

NEMS based technologies, as well as access to interestirgfpa NEMS beam by a 5% objective lens with numerical

experimental regimes, is the realization of broadband an erture, NA=0.5. This resulted in an experimentally deter-

. . . ined spot sizgfull width at half maximum of 1.0 um
robust displacement detection methods with subnanometéc?Ose to ~\/2NA. A schematic of the NEMS doubly

resolution. Optical interferometry techniques, in particular i L _
iy . . . clamped beam and the optical spot is displayed in Fig). 1
path-stabilized Michelson interferometry and Fabry-Perot in- First, we studied the properties of optical cavities in

terferomgtry, are 'natural candidates for_ use in the domain EMS with emphasis on their use in displacement detection.
NEMS given their demonstrated sensitivity and broadban he optical cavity is formed between the top surface of the

operatlonff ** Both Mlchelson_ and ngry-Perot mterferqm- _metallized nanomechanical beam and the substrate as shown
etry have recently been applied to displacement detection iy gig 1(c). The intensity of the reflected light from such a
NEMS operated at room temperatdré:** It is clear that vty hence, the resulting photodetector currémtepends
near—fleld optlcal phenomena a_ffect the sensitivity qf bOFhupon the cavity lengttg, and is usually measured by flexing
techniques in the NEMS domain where critical device di-ihe top layer towards the substrate electrostaticBljhe
mensions are in the deep submicron. relevant quantity for displacement detection in our setup is
In this letter, our main focus is to gain a clear under-the z derivative ofl, Rc(W,2)=|dl(w)/dz|, with units A/m.
standing of the way optical interferometric displacement deiye shall callR(w,z) the cavity displacement responsivity.
tection works in subwavelength NEMS. In our experiments,, Fig. 2a), we display ®¢c for a 6.43umx 600 nm
interesting diffraction effects emerged as the relevant NEMSx 219 nm (I x wx t) doubly clamped beam. We measured
device dimensions were reduced beyond the optical waver,. by inducing a small, off resonance ac displacemént,
length used. First, optical response due to cavities in theround a fixed cavity lengtte, and determining the photo-
smallest, subwavelength NEMS coupled most strongly to thejetector current variationsil, from lock-in amplifier mea-
displacement of the devices. Secormhnventionalpath-  surements. Botléz andz values were determined separately
stabilized Michelson interferometry technique appeared tdrom Michelson interferometry on the same sample.
suffer a severe sensitivity loss. In both cases, the experimen- The solid line in Fig. 2a) was obtained from a two-
tal results were tested against detailed numerical models afimensional numerical model of the experiment. The two-
the experiments. dimensional approach, i.e., modeling the electromagnetic
field variations around the cross section of the NEMS beam

dpresent address: Seoul National University of Technology, Seoul 139-74:4s a gOOd approximation given thie-w andl >\ /2NA [see

iy Fig. 1(c)]. In these computations, we determihthe elec-
PElectronic mail: ekinci@bu.edu tromagnetic field in the vicinity of a NEMS beam due to an
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FIG. 1. (Color onling (a) Scanning electron micrograph of a family of doubly clamped silicon beams. The devices have the following dimé&nsjcars]

t: 3 um<1<10 um, 150 nm<w< 1000 nm, and=219 nm;(b) schematic diagram of the free space optical setup. The main components used are beam
splitter (BS), objective lengOL), reference mirro(RM), photodetectofPD), broadband amplifiefA), low-pass filter(LPF), piezoelectric actuataiPZA).

The dashed line indicates the portion of the setup used for the cavity measurements; the reference arm of the optics was used for the pathestalsitized Mi
interferometry;(c) top view and center cross section of a doubly clamped NEMS beam in relation to the optical spot with Gaussian profile.

incoming transverse electric field with a Gaussian profilewith decreasingw, emerged from our simulationgnot
along thez direction. The Gaussian profile in the model ap-showr). However, the rise in the simulat&gi- with decreas-
proximated the experimental profile closely. We then com-ing w was anorder of magnituddarger than the experimen-
puted the reflected power for varying beam-substrate gafally observed one. This might be due to unaccounted-for
(cavity length values,z. Material properties were used for losses in the experiments.

both Si and Cr layers in the NEMS device in order to obtain  The displacement sensitivityoise flooy per unit band-
the complex permittivity values as;;~15.2—-0.12andec,  width attainable in our experimental setup at a given baam
~-92-61.4, respectively. The amplitude of the numerical py this technique depends up&t(w,z) and the dominant
data was normalized to fit the experimental data. In the insefoise sourcé? The latter was set by the current fluctuations
of Fig. 2a), we display a representative field distribution jn our broadband amplifier witifwhite) spectral density,
cross section[see Fig. {c)] of our 6.43umX600 nm VS ~7 pA/\Hz. For our gap bias af~400 nm, the obtain-

X 219 nm doubly clamped beam at a gap,200 nm. Both able displacement sensitivity i@x \,g/mc(w), shown in

experimental and numerical results in Figa2indicate that . : . .
MR exhibits two maxima. The slight apparent mismatch be-F'g' Ac). We note that using this technlgue even bet@
an be obtained by biasing the cavity at=z, where

tween the experimental and numerical results, especially ) o _ .
small cavity lengths, might be due to the experimental erro c(w,2) is maximized. For thev=600 nm beam of Fig.

in displacement estimation or onset of elastic nonlinearitie€(®. for instance, biasing the gap around the poiggs
in the beam. ~80 nm andz;~ 330 nm would enable the most sensitive

Next, we exploited the above-described cavity effect todiSPlacement detection.

transduce electromechanical NEMS resonances in the e now turn toconventionalpath-stabilized Michelson
10 MHz< w/27<60 MHz range. In an effort to quantify interferometry technique in NEMS. In our experimeffisg.
the displacement sensitivity offered by the technique(P)l. the optical beam reflecting from the device which, in
we extractedic(w,2) at (fixed) z=400 nm for a number of ©SSence, is an optical cavityee above discussipmterfered

devices as a function of decreasing NEMS beam widthWith the reference beam upon the photodetector. To clearly
w. Our results are summarized in Figh Theinsetin Fig. demonstrate the limits of path-stabilized Michelson interfer-

2(b) displays the on-resonance photodetector response frofimetry, we have subtracted the above-quantified cavity ef-
a family of four NEMS beams witlidentical lengths and fects fro_m_ our results. Fl_gure(éj sh_ows the displacement
thicknesses butlifferent widths—vibrating atexactly the ~ résponsivity of the Michelson interferometetRy(w)
same rms amplitude. These beams with dimensibns =|d1(W)/dZ, as a function of the NEMS beam widtw, We
=6.4 um, t=219 nm, and varyingv=1200, 600, 250, and €xtractedRy in the following manner: we first carefully de-
170 nm have resonance frequencies aroumg/27  termined theresultantresonance responsiviffFig. 3a) in-

~ 24 MHz with small variations of\w,/ wy~ 1%; the me-  S€ll, Ru.c=1(wo)/Z(w), for each data poinfdevice and
chanicalQ factor variations in the beams have been takerthen subtracted theavity responsivity from the resultant,
into account. A very interesting effect is apparent: the dis9iy=~Ru+c—NRc. We note that physically, this corresponds
placement in thesmallestdevice appears to couplmost to taking away the substrate; such NEMS devices have been
stronglyto the optical response. The same effect is manifestabricated using silicon nitride membrarfeBhe solid line in

in the more extensiv&ic vs. w data of Fig. 2b). For each  Fig. 3@ which we shall call, (w) is the result of a numeri-
data point, i.e., doubly clamped beam with width, R  cal model. Here, the substrate surface was modeled as per-
was extracted from resonance curvesf8s=(wg)/z(wp) fectly transmissive, essentially removing the cavity effects.
with on-resonance photodetector currefiy), and displace- 93y (w) is well-described by this model and the earlier com-
ment, z(wg). As W is increased tow>\/2NA, Rc gets plications in modeling due to the substrate appear to have
smaller. This is consistent with our expectations since the Cheen resolved.

film is essentially nontransparent. On the other endyas Clearly, diffraction effects have to be incorporated into
gradually reduced beyond the optical spot sizg,increases. the analysis. The electric field returning from the device to
Our attempts to model ther dependence ofRc were rela- the photodetector will have the forfya, (W)e k(%2%: the

tively unsuccessful. A size dependeRt, which increased reference beam will b&ze % each with respective ampli-
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100 FIG. 3. (a) Displacement responsivity of our path stabilized Michelson in-
— terferometer)ty, as a function ofw. The inset shows the resonance line
SN 80 (c) e oo shape for a beam with dimensions, & X900 nmx219 nm, and
T wo/2m~20 MHz. The solid line is the result of a numerical moded)
E 60 Displacement sensitivity per unit bandwidttS,, as a function ofv in our
2 L ° conventional path-stabilized Michelson interferometer.
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20 .‘ w, achievable by our Michelson interferometer in Figh)3
In summary, our measurements and calculations show

0 400 800 1200 conclusively that as the relevant NEMS dimensions are re-
w{pm) duced beyond the optical wavelength used, diffraction effects
FIG. 2. (Color onling (a) The displacement responsivithc, as a function dominate the workings of optical displacement detection
of optical cavity lengthz, for a Si doubly clamped beam with dimensions . . . .
6.43 umx 600 nmx 219 nm. The solid line was generated from numerical t€Chniques. There is a clear need to explore optical near-field

models of the electromagnetic field as the beam was flexed towards thtechniques in next generation, smaller NEMS applications.
substrate—simulating the experiment. The color map in the inset shows the
normalized electric field magnitudé,, around the center of the NEMS The authors gratefully acknowledge support from the

beam forz=200 nm;(b) displacement responsivit§ic, as a function ofw. NSF under Grant Nos. 210752, 216274, and 324416. The

The inset shows the resonance response from NEMS beamsdeittical authors would like to thank Dr. T. W. Murray, Dr. S. B.
lengths and thicknesses bf6.4 um, t=219 nm butdifferentwidths of w '

=1200, 600, 250, and 170 nm. The beams are vibratiregatlythe same  |PPPOIito, Dr. B. B. Goldberg, and Dr. M. S. Unli for many
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Given thatV§=7 pA/yHz, we have plotted the displace- “The use of extremely low optical power leveR~50 uW, did not allow
ment sensitivity(noise flooy as a function of NEMS width,  shot noise limited operation.
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