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We report the fabrication and characterization of paddle oscillators featuring nanometer-scale
supporting rods. The devices show two resonances in the 1-10 MHz range, which we attribute to
the translational and torsional modes of motion. While the frequency response of the translational
motion shows evidence of nonlinear behavior, the torsional response remains symmetric throughout
the range of excitation. We present a model for the electrostatic excitation of the two modes.
Torsional motion is induced via asymmetries of the system, and amplified by a modulation of the
effective torsional constant. The model of the translational motion predicts a nonlinear behavior for
displacements as small as 15 nm. Analysis of both modes of motion consistently suggests structures
softer than expected from bulk silicon. Quality factors approachinat® measured. €1999
American Institute of Physic§S0021-8979)06923-9

I. INTRODUCTION II. EXPERIMENTAL

Nanoelectromechanical systefidEMS) are of interest The fabrication process has been described previdosly.
from both scientific and technological standpoints. Microme-Devices are produced on silicon-on-insulator wafers consist-
chanical devices are commonly employed in an increasingljnd of a 400-nm-thick oxide buried underneath 200 nm of
broad range of consumer and scientific applications such adngle-crystal(100 silicon. A Cr etch mask is first defined
ink jet printing, automobile safety devices, and probe mi-Using electron beam lithography, thermal evaporation, and
croscopy. Torque magnetometry has been performed witft-off. Pattern is transferred through the top silicon layer

macroscopic single-crystal silicon resonatb. Smaller using a Cli/H, reactive ion etch. Structures are released by

structures are being considered for use as chemical Sensorjgdercuttmg through the buried oxide layer by wet hydrof-

6 . uodric acid etch. Two independent top-surface electrical con-
force gauges? nano-actuator§,magnetic resonance force

. . ) . . tact planes are formed at the top and bottom Si layers by
microscope$,and for various optomechanical and biomedi- evaporating thin layers of Q8 nm) and Au(17 nm on the

cal applications. Small resonant structures also open fascé'ntire surface

nating avenues for mesoscopic studies of the mechanical peyices are operated in a small vacuum chamber
properties of materiafs;**and of interesting parametric am- umped down to the 0 Torr range. The tracking output of
plification effects:>** a Hewlett Packard ESA-L1500A spectrum analyzer provides
We have recently reported the fabrication and excitatiorn driving rf signal. As discussed later, a dc offset is added to
of released Si structures with lateral dimensions as small age rf signal in order to linearize the voltage dependence of
30 nm?® This technology has been applied for the fabricationthe driving force. The plane of the underlying surface is
and operation of devices at frequencies as high as 38@Qrounded. Motion is detected using an optical modulation
MHz.%® In this article we report the fabrication and charac-technique’*>® A He—Ne laser is focused onto the paddle
terization of paddle oscillators with nanometer-scale supporttsing a 0.35 numerical apertufdA) microscope objective.
ing rods. Paddle oscillators of such dimensions have recentiyhe motion of the paddle modulates the reflected signal
been proposed as torsional mechanical e|ectromgtéﬂsis through interferometric eﬁeCﬂé.MOdulation of the reflected
last study involved electromagnetic excitation and detectior@Ser beam is detected by a New Focus 1601 ac coupled
of the devices, and required intense magnetic fields at lophotodetector, whose output i_S fed to the input of the spec-
temperature. Here we report on the fabrication oftrum analyzer. The relatlt_)nsr_np t_)etween the detected signal
electrostatically-driven oscillators that are detected at roorffmd the amplitude of motion is discussed later.

temperature using an optical modulation technigtret®we A typical device is shown in Fig. 1. All experiments

also model and experimentally characterize the electrostati((j:eSCribed here are performed on paddles supported by beams
P y of lengthL =2.5um and widthb=175 nm. Thickness of the

excitation and response of the devices, and demonstrate ﬂ\}\ﬁres and paddle is fixed @t=200nm by the initial thick-

ability of this optical scheme to detect motion in the aNg-ness of the top silicon layer. The paddle width is maintained

strom range. atw=2um. However, paddle length is varied frati=2 to

5 um to allow the experimental verification of parameter-
dElectronic mail: se20@cornell.edu dependent terms in our models. The paddle is suspended at
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Downloaded 17 Feb 2002 to 132.236.61.16. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japol/japcr.jsp



J. Appl. Phys., Vol. 86, No. 11, 1 December 1999 Evoy et al. 6073

10 Y - vy

(a) translational A Vpc=

60 mV y
b Vpc=5V

Optical amplitude (arb. units)

8.9 8.95 9 9.05
Frequency (MHz)

6 (rvvrrrrrrrTrrTTYTrTTTTTTTTYTTTYTTY

Vac=
300 mV 1

FIG. 1. Scanning electron micrograph of a nanofabricated paddle oscillator. (b) torsional
a=200,b=175nm,d=2.5um, w=2 um, h=400 nm,L=2.5um.

Vpe=5V

h=400 nm above the bottom silicon surface, as fixed by the
original thickness of the buried oxide.

Optical amplitude (arb. units)
[~

2
Ill. EXPERIMENTAL IDENTIFICATION OF MODES OF
MOTION 1 .
Operation of devices reveals the presence of two reso- 0 " A . . . .
nant frequencies in the 1-10 MHz range. Their different be- 6.53 6.55 6.57 6.59
havior under increased drive amplitudBig. 2 suggests Frequency (MH2)

their association with two different types of motion. The two rg. 2. Observed translational and torsional resonant responses of a paddie
resonant frequencies are therefore preliminary attributed tescillator ofd=3 um.

the excitation of translational and torsional modes of motion,

respectively(Fig. 3). This attribution is experimentally veri-

fied by taking advantage of the different length dependence

of the inertia associated with each mode tudes. We present models for the two modes of motion, and

, 1 k discuss their experimentally observed behavior. While the
ftranslanonaI: . —ocd™ 0.5 (16) . . . .
0 27 VM , translational analysis concentrates on nonlinear behavior, the
torsional analysis focuses on the modulation of the effective
plorsional_ 1 \ﬁ 4-18 b torsional constant and its related effects.
0 =5- V1% e
2 |

wherek and « are linear restoring constants for the transla-
tional and torsional modes, respectively,is the paddle

length,M is its mass, and is its inertia. We have measured P d B
the frequency of both resonances for a series of eight devices — ~
of varying paddle lengttiFig. 4). A fit of data of af =KdP A © A
power law reveals experimental power coefficientshof v v

—0.5+0.1 andb,=—1.6+0.15, respectively. These coeffi- I |
cients are in agreement with the values expected from Egs.
(1), confirming the respective translational and torsional na- Translational motion ™" cc ™
ture of the two resonant frequencies.

The detected optical amplitude for the torsional motion
increases linearly with the rf voltag€ig. 2(b)]. As expected Pl A
from small displacements, this finding supports a linear rela-
tionship between the drive amplitude, the resulting oscilla-
tion, and the observed modulation of the reflected signal over
the range of motion. Furthermore, while the torsional mode I J
peak remains symmetr{&ig. 2(b)] throughout the range of Torsional motion £ oc d7'?
applied torques, nonlinear behavior is observed for the trans-
lational motion[Fig. 2(a)] even at the lowest drive ampli- FIG. 3. Schematic diagrams of translational and torsional motion.

<.
\\
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Y Easb 5total

"translational" F,= m o (4)
Model: f ~ d05
Fit: f ~ d'08

where we have used Eq3) with L/2—L, and &
= diotaf2- Finally, the beams from both sides of the paddle

N

S

E 7 add up to a total linear restoring term of

=

dg" 5 Ki=2 Ea’ (5)

£ "torsional” ! ML3"

s Model: f ~ d*5 i i i

£ odel: T~ In the absence of nonlinear effects, this expression also pro-
2 3 Fit: f ~ d16 vides the expected linear resonant frequency of the transla-
[+ o

tional motion

0 ) i ) i 1 Ea’b
2 3 4 s fo=5- N2y 6

Paddle length (um)

The nonlinear effects induced by beam stretching are
FIG. 4. Dependence of resonant frequency on paddle length for translationghtroduced using textbook approaches of suspended power
and torsional motion. lines and bridge cablé8.When the paddle is moved from its
rest position, the total length of the supporting beams must
IV. CHARACTERIZATION OF TRANSLATIONAL change to accommodate the displacement. We approximate
MOTION that the beams remain straight while being stretched down to

an angleg. The restoring force provided by this stretching is
The modeling of the translational mode begins with an gled g P y g

equation of motion of a damped oscillator F=eEabd, (7)

. 1 . Flot i ini i -secti
54K, 0+ K+ 5= (wt) , @ where € is the strain in the _bearmb is thg cross-sectional
woQ M area of the beam, ang is its angular displacement. The

strain is computed from geometrical arguments

wheredis a small displacement in the vertical directidhijs

the total mass of paddle and metal layers, &rd the exter- AL (L+AL)-L
nal force. Damping is expressed through the quality faQtor 1T T L
of the structure. Nonlinearity is introduced with a cubic force
constantK ;. 1
The linear restoring constant is evaluated by considering L cosd;_ 1 @2
the deflection of a beam clamped at one &hd. = L ~ s 1~ > (8)
Ea’b _ .
FZ:W Sone end (3)  which we replace in Eq(7)
3
whereE is Young’s modulus of bulk silicon. As a result of E.— Eabg. )
the high rigidity of the paddle, we consider each beam to be 3 2
clamped at both end&ig. 5. From symmetry arguments, . _ .
the point halfway along each beam will not be bent, and iSGNen thato—~ L, we obtain
therefore under no flexural tension. This halfway point is Eab
therefore considered as the joining point of two half-length Kazm- (10

beams clamped only at their opposite extremity. The deflec-

tion of each half-length beam is half the total deflection of = The remaining component of the equation of motion is

the entire beam. Introducing these arguments, we obtain the right-hand drive term. Electrostatic forces that depend on
the square of the applied voltage drive the device

60Wd

T Flot)= VZ(wt). (11)
\\ / A Srota h®
"z 5/ Buz The presence of the paddle-surface distande Eq. (11)
Fra would represent a displacement dependence of the driving
¢ F, force. However, we consider the vertical displacem&mb

be small compared to the average heightind neglect its
FIG. 5. Schematic diagram of a paddle oscillator displaced by a ece  contribution to Eq(11).

Each beam is clamped at both ends. Given that the middle point is under no .
flexural tension, each beam is approximated by two half-length beams The force therefore depends on the square of the applied

clamped on one end only. Under a forceFah=F,=F,, each half-length ~ Voltage. A dc bi‘"fls Vac>Vad is added to the rf signal in
beam is displaced by, ;= Sigaf2. order to force a linear cross term
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V(1) =[Vget Vaccog wt) ]2
= Vc210+ 2VgVacCoq wt) + VgcCOSZ( wt). (12

The equation of motion becomes

. 1
S+ K 6+Kz8%+ —=6
woQ

Eo

= M2 [vdc+ 2VgVacCod wt) + VA cog(wt)]. (13

Assuming a solution of the forfh

1 . |
5= [Ae™iet+ Axeiet] (14)

V2K,

and keeping only the terms & !, we find

3K3
(—)3/§><|A| —AwV2— - A=FoVyVae (15
0
with
€0Wd
FO:W Aw=w—wvg. (16

IntroducingJ=|A|? and normalizing both sides, we obtain

after simplification

s p2V20w 2Aw2+ 1 B (FoVaVad®
’}’2 2w(2)Q2,y2 ,yZ -
(17)
with
3K,
Y= R (18

This is a cubic equation of the for@®+ C,J?+C,J+C,
=0. Constructing the constants

Cci-3c, 2C3-9C,C,+27C,
T 9 ' % 54 ’
19
0 =arc co$S/VR3) 19
whenS?—R3>0, Eq.(17) has one real solution
J=—sgn§)| (VS —R*+[9))*+ R
(VSP—R3+]s))®
C
—3 (20
WhenS?—R3<0, then Eq.(17) has three real roots
C
= —2\/§cos( ) =2
3"
0O+2 C
=—2J§cos{ il -2, 21)
O+47\ C
3= —2\/§cos( ?2
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FIG. 6. Modeling and experimental observation of onset of nonlinearity of
translational motion.

The presence of three real roots reflects the hysteretic shape
of the nonlinear response, as some points on the frequency
axis hold three solutions for the amplitufieig. 6(a)].

An important variable lies in the choice of Young's
modulus. This modulus depends on the orientation and thick-
ness of Si. It can also be affected by the presence of the
contact metals or affected during processing. An effective
value of Young's modulus is experimentally determined
from the resonant frequendy=8.96 MHz of this structure.
Taking the contact metal mass into account, we extract from
Eq. (6) a value ofE,,=87 GPa. This experimental value is
1.5 to 2 times lower than thEg;=130-180 GPa reported in
the literaturé>?3This apparent device softness is further dis-
cussed later. A quality factor d=960 is experimentally
determined from the width of the symmetric peaks.

The resulting experimental and theoretical curves for a
device ofd=3 um are shown in Fig. 6. FoY4.=5V, the
model reaches the critical amplitude\4j.=35mV. The ex-
perimental data reveal an onset of nonlinearity \&f;
=10-20mV, in relative agreement with the order of mag-
nitude predicted by the model. The model also predicts a
peak amplitude of 15 nm under these drive conditions. As
evidenced by the strong signal to noise ratio, signals two
orders of magnitude smaller are still routinely detected, sug-
gesting our ability to resolve angstrom-scale mofidn.

Downloaded 17 Feb 2002 to 132.236.61.16. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japol/japcr.jsp



6076 J. Appl. Phys., Vol. 86, No. 11, 1 December 1999 Evoy et al.

V. CHARACTERIZATION OF TORSIONAL MOTION 1.000 4

Given our interest in mesoscopic magnetoméaumge are .
mostly interested in the excitation and characterization of the

. o . . X . 0.990 -
torsional osqllauon. This model begins with an equation of < s d=2.5um
angular motion = 1
e d=3.0 um
) | 0.980 -
10+ k0+ moz (wt,6), (22) = d=3.5pm
0 e d=4.5um
wherel is the inertia of the paddle, arslis the combined 0.970 T
torsional restoring constant of both Si wires. Mechanical 0 5 10
nonlinear effects are not included given their absence from Voc (V)
experimental results. The intrinsic resonant frequency of the (a) Reduced frequency shift
torsional motion is given by
6
1 \/E 3 « 3
0= 5- V7~ V=2 wad’
2 | T pwa fit: vk = 5.47 x 102 N"'m™*
wherep is the density of Si. The external torque is computed 47
by solving the Coulomb equation for the electrostatic force, §
and by integrating over the area of the deflected paddle
h+dsi o
sing
EOVZ(wt)W 2
h—d sin= 0 20 40 60 80 100
2 & (um?)
{b) Fit of shift prefactor
h h FIG. 7. Shift of resonant frequency with a dc bias for various paddle
+ 0_ ol (24 lengths. Shift paramete#/« follows the expected cubic paddle length de-
h+dsin= h—dsin= pendence. Fit of this parameter allows a precise evaluation of the effective
2 2 torsional constant.

This expression has a removable singularity at the origin,
and can be closely approximated by a third order expansion

3 5 o3 turbation theory predicts parametric resonances at drive
Hwt,0)~ — eVA wt)W ( e g+( T 6h3) 03}, frequencies ofvg= 2w, /n.** Although one could character-
1 4 9 ize the motion as combined parametric resonances of orders

n=1, andn=2, our calculations suggest that uncontrolled
As it was the case for the translational mode, the torqueassymmetries as small as 10 nm could also induce an angular
depends on the square of the applied voltage, and a dc biasirsdependent torque and a significant linear torsional response
added to force a linear terfiq. (12)]. The equation of mo- under the range of applied drives. Nonetheless, evidence of
tion becomes 2wy amplification has indeed been observed in this system,
| and these issues are currently under thorough investigation.

19+ K+ —— 9= Of[Véc“L 2V 4V eSin(wt) Here we report the experimental observation of the first com-

@Wo ponent of the right-hand drive term. We notice that W

2 o term acts as a dc perturbation in the effective torsional con-

FVacsim(@n)]0, 29 stant. This results in a perturbation of the observed resonant
where frequency

d3

=€W-—3, 2 fl [«
a=€Wio3 (27) f_o =—\/1— ;Véc_ (29
0

and where the cubic term in E@25) has been neglected
given the absence of noticeable experimental nonlinearityrhis perturbation has been observed as the bias is ramped
over the range of applied drive. from V4.=0 to 10 V for several paddle lengthEig. 7(a)].

A rf signal at w=w therefore contributes a strong The experimental data closely fits H8), providing values
torque atwy and a weak component atwg through the of the o/« coefficient over a wide range of paddle lengths
crossed and squared ac terms, respectively. Equémas [Fig. 7(b)]. Figure 7b) also verifies the expected cubic de-
the form of a damped Mathieu equation that has been prevpendence of this coefficiedEqg. (27)]. Using the slope of
ously employed to characterize parametric amplification efthis fit, and withw=2 xm andh=400 nm, we find an ex-
fects in larger micromechanical systefis? First order per-  perimental value Ok =4.210.04x< 10" 2N m.
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For macroscopic beams of rectangular cross sections, thbe Cornell Nanofabrication facility. Fabrication of devices

torsional constant can be predicted uéthg was performed at the Cornell Nanofabrication Facility. The
a\ ab’ authors thank Stephen W. P. Turner for several insightful
k=28 5 TG’ (290  discussions.
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