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An all optical method designed to test the functionality of nanoelectromechanical systems is
presented. Silicon tweezers consisting of freestanding nanometer-sized prongs are prepared using
electron beam lithography. Images of the tweezers structures are taken by scanning confocal
microscopy while the prongs are electrostatically actuated under a low frequency ac voltage. The
images, which are demodulated at the actuation frequency and its higher harmonics, clearly resolve
the actuating parts of the tweezers. An actuation amplitude down to 6 pm (fifs)an be
detected. ©2003 American Institute of Physic§DOI: 10.1063/1.1608491

Tweezers capable of manipulating nanometer-sized obEBD) tips"®grown on top of them as shown in Fig. 1. Each

jects are tools being central to the development of nanoprong is individually contacted so that an activating voltage
science. Such tools are available in the form of optical tweeU can be applied. We found out that the prongs melt when a
zers operating in liquids or tips of scanning probe current density exceeding about®l&/cm? is allowed to
microscopes used for sliding objects on surfeécés nano-  flow through thent® Consequently, field emission electron
scopic analog of a pair of normal laboratory tweezers wouldunneling limits the applied voltage to about 10 V or even
be a more versatile tool. Recent reports show that such tweéess,’ depending on the structure’s geometry. We limited the
zers can be made out of a pair of carbon nanofibes = Maximum actuating voltage drop to about 3 V. Using a
metallized silicon dioxide prongsThey are actuated using Simple capacitor model regarding the prongs as slightly bent,
electrostatic forces between prongs oppositely bidséd. We estimated the deflection of each prong in the geometry of
Such devices are still in their early stage of design, and so fdFig- 2(b) to abou 1 A only for a dc voltage of 3 V. Such a
only one direct case of particle manipulation has beersmall m_otion is not detecFabIe with c.onv.entional SEMs.
demonstrated.When the tweezers are fabricated in submi- AN image of the device shown in Fig(& was taken
cron size, they cannot be imaged with traditional optical mi-USing & homemade scanning confocal microscope operating
croscopy due to the diffraction limiabout 0.5xm in spatial 1" reflectivity. By comparing it to the SEM m|cr(?grapr_1y of
resolution. Optical techniques are thus only used to look at"® Same structure shown in Figb, the tweezers’ locations

larger devices or to detect mechanical resonance nfodgs. ©&" be clearly identified as seen in Figcj2 The overlay

Alternatively, mechanical actuation can be investigated by
electrical measurements of charge transport propérties.
Such methods, however, cannot be easily transferred to the
detection of static or quasi-static mechanical displacements.
Instead, scanning electron microscog$EM) is often
used®’1*As it turns out, unfortunately, the probing electron
beam strongly affects the actuating electric fields, leading to
a modified operation and a deformed image. Furthermore,
once the tweezers have been imaged, a carbon based solid
contamination layer is deposited on the device that ends up
changing its mechanical properties or even closing the gap
between the prongs after a few minutes of probifuring

our measurements we also observed that metallized nano-
tweezers often melt under SEM imaging, when they are elec-
trically connected to metal wires. This effect is still not un-
derstood. In this letter we present a much less invasive tech-
nique based on optical microscopy implemented in order to
detect quasi-static actuations of nanoelectromechanical sys-
tems. It operates in air and on nanometer-sized structureb!G. 1. SEM micrographies of nanotweezers. The devices are defined by

Our tweezers are fabricated using electron beam lithograph ectron beam lithography and reactive ion etching on silicon-on-insulator
Ol) material. After removing the oxide layer, the structures are dried in a

and consist of two highly arsenic-doped silicom~2 critical point dryer(a) An example of three parallel tweezers structures with
x10%° cm™3) prongs with two electron beam deposited 4 um long prongs(b) single pair of tweezeré um long, 200 nm wide, and
about 150 nm thickwith electron beam deposited tips on the prongs. Since
the latter are insulating, gripped conducting objects should not short-circuit
¥Electronic mail: christine.meyer@physik.uni-muenchen.de the tweezers.

0003-6951/2003/83(12)/2420/3/$20.00 2420 © 2003 American Institute of Physics
Downloaded 26 Sep 2003 to 129.187.254.47. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp



Appl. Phys. Lett., Vol. 83, No. 12, 22 September 2003 Meyer, Lorenz, and Karrai 2421

FIG. 2. (Color) (a) Scanning confocal reflectivity micrography (12828 pixels);(b) corresponding SEM image, showing a device with three twed2ers

um long prongsg (c) superposition ofa) and(b) images. Due to the nonlinearity of our piezos, a perfect match in all regions of the scan could not be reached.
The alignment in both directions was done on the large structures on the left and right side in the middle of the image. A good alignment in the eegion of th
tweezers was assumed, since they are located within the area that was atigiée. reflected image of the signal amplitude, taken simultaneously(®ith
demodulated at twice the voltage excitation frequehey? kHz. The tweezers were actuated under an ac voltage,gf 2.3 V (128< 128 pixels, time

constant 3 ms The power of the incident signal is about @8V. The white boxes indicate the prongs’ positions as determined fepnThe signal clearly

shows the actuated parts of the tweezers. As expected, the pair with the wider prong is less deflected than the others. The difference betwsenf the signal
the top and middle 200 nm pairs of tweezers is surprising at first glance. It can be explained by their different surrounding areas that are to ®e taken int
account because of the large spot size compared to the structure. This point was confirmed by our numerical si(Reftitis

between the two images was optimized on a large sized feamage of the demodulated signal in the region of the twee-
ture of the structure, not limited by diffraction resolution. A zers. The integration time used of 10 ms per data point and
perfect match was not possible in our case, due to the northe background noise corresponding to a signal of about 1.7
linearity of the piezo stage used, but a conservative precisioA (peak to peaklead to a noise equivalent displacement of
of the accuracy of+200 nm was found. Using linearized 1.7 A/(2v2) yI0 ms=6 pm (rms)A/Hz. In order to detect
piezos and an appropriate sample design, the accuradkie prongs’ displacements, a periodic voltage drop at a fre-
should be improved down to some 10 nm or less. In order tguencyf set between 200 Hz and 7 kHz was applied across
detect their deflections, the prongs were actuated quasistathe prongs, in a range which is much lower than the twee-
cally with a small ac voltagel,,,s between the left and the zers’ resonance frequencies estimated to be about 20-25
right prongs in Fig. 2. The reflected light was demodulated aMHz. All measurements were performed in air at room tem-
the actuation frequency as well as its higher harmonics. Thiperature. The amplitude and the phase of the modulated re-
way, we detected an optical signal only from the regions offlected intensity showed a signal only in the tweezers’ re-
the device where there are moving parts. The setup shown igions. In particular, the image mapping the amplitude shown
Fig. 3 consists of a scanning confocal microscope and @& Fig. 2(d) demonstrates that the tweezers were electrome-
lock-in amplifier. The confocal arrangement is required tochanically actuated. The prongs’ deflection amplitude
minimize background reflectivity from the device substratex=1/k 9(CU?/2)/9x depends on the voltagé between the
located only 400 nm away from the prongs’ plane. An imageprongs, the spring constakitand the capacitand@ between

is obtained by scanning the sample across the focused lastire prongs. Consequently, usit=v2u,msSin(wt)+Ug, we
spot. We tested the sensitivity of our setup to small amplitud®btain ~ X=Xg+X,+X5,  Where Xy= ao(USJr ufms),
displacements by moving the sample as a whole at a frex,=ag[ 2vV2u,m Uy Sinwt)]  and x2w=a0[ur2mssin(2wt
quency of 350 Hz using a piezo stage. A periodic oscillation—7/2)]. Here, we definedy=1/(2k) 9C/dx, w=2f, and

of 2 A (peak to peakwas clearly detectable in the amplitude Uy=U 4+ ® where d is an uncontrolled contact potential
across the prongs ardi,. is an offset voltage kept to zero in
our experiments. We obtained demodulated signals at both,
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FIG. 3. Setup schematics. A HeNe-lasar=633 nm) was focused at its
diffraction limit with a numerical aperture of 0.8 or 0.95 respectively. The
spot diameter was measured to be 600 (fWHM). The reflected colli- FIG. 4. (Colon (a) Scanning confocal reflectivity image of the tweezers
mated beam(4.5 mm in diameter was focused withf =100 mm focal shown in Fig. 1a); (b) corresponding image of the signal demodulated at the
length on a 30Qum pinhole. This way a depth of field of less than 700 nm tweezers actuation frequenéy= 710 Hz (integration time constant 10 ms
(FWHM) was reached. The Si photodetector was connected to a lock-itHere, the right prongs were biased against the substrateuyjts 2 V. The
amplifier demodulating the signal at the actuation frequency and highewhite boxes symbolize the prongs’ positions. It is clearly seen that the float-

harmonics. ing left prongs show no signal.
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and 2f, which is expected from the above formulas assum-<capable of identifying deflections in all spatial directions.
ing 9C/dx constant to the zero order of its Taylor expansion.ldeally, the device substrate should be removed from the
However, we additionally detected a weaker signal at thgrongs’ vicinity to fully exclude the undesired out-of-plane
third harmonic(typically the fifth part of the first harmonic  actuation.

indicating presumably that the first order term in the expan- In summary, we have presented a simple all optical
sion of 9C/dx in X is also to be taken into account. In order method to detect the quasi-static actuation of nanoelectrome-
to obtain a rough estimation of the actuation amplitude, ahanical systems down to the A range. This technique proves
reference measurement was performed by modulating th® be noninvasive and easy to implement.

position of the whole sample with a known displacement. )
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