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Nanofabrication and electrostatic operation of single-crystal silicon
paddle oscillators

S. Evoy,a) D. W. Carr, L. Sekaric, A. Olkhovets, J. M. Parpia, and H. G. Craighead
Cornell Center for Materials Research and Cornell Nanofabrication Facility, Clark Hall,
Cornell University, Ithaca, New York 14853

~Received 10 May 1999; accepted for publication 1 September 1999!

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 approaching 103 are measured. ©1999
American Institute of Physics.@S0021-8979~99!06923-6#
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I. INTRODUCTION

Nanoelectromechanical systems~NEMS! are of interest
from both scientific and technological standpoints. Microm
chanical devices are commonly employed in an increasin
broad range of consumer and scientific applications suc
ink jet printing, automobile safety devices, and probe m
croscopy. Torque magnetometry has been performed
macroscopic single-crystal silicon resonators.1–4 Smaller
structures are being considered for use as chemical sen
force gauges,5,6 nano-actuators,7 magnetic resonance forc
microscopes,8 and for various optomechanical and biome
cal applications. Small resonant structures also open fa
nating avenues for mesoscopic studies of the mechan
properties of materials,9–12 and of interesting parametric am
plification effects.13,14

We have recently reported the fabrication and excitat
of released Si structures with lateral dimensions as sma
30 nm.15 This technology has been applied for the fabricat
and operation of devices at frequencies as high as
MHz.16 In this article we report the fabrication and chara
terization of paddle oscillators with nanometer-scale supp
ing rods. Paddle oscillators of such dimensions have rece
been proposed as torsional mechanical electrometers.17 This
last study involved electromagnetic excitation and detec
of the devices, and required intense magnetic fields at
temperature. Here we report on the fabrication
electrostatically-driven oscillators that are detected at ro
temperature using an optical modulation technique.9,15,18We
also model and experimentally characterize the electros
excitation and response of the devices, and demonstrate
ability of this optical scheme to detect motion in the an
strom range.

a!Electronic mail: se20@cornell.edu
6070021-8979/99/86(11)/6072/6/$15.00
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II. EXPERIMENTAL

The fabrication process has been described previous15

Devices are produced on silicon-on-insulator wafers cons
ing of a 400-nm-thick oxide buried underneath 200 nm
single-crystal~100! silicon. A Cr etch mask is first defined
using electron beam lithography, thermal evaporation,
lift-off. Pattern is transferred through the top silicon lay
using a CF4/H2 reactive ion etch. Structures are released
undercutting through the buried oxide layer by wet hydr
luoric acid etch. Two independent top-surface electrical c
tact planes are formed at the top and bottom Si layers
evaporating thin layers of Cr~3 nm! and Au~17 nm! on the
entire surface.

Devices are operated in a small vacuum cham
pumped down to the 1024 Torr range. The tracking output o
a Hewlett Packard ESA-L1500A spectrum analyzer provid
a driving rf signal. As discussed later, a dc offset is added
the rf signal in order to linearize the voltage dependence
the driving force. The plane of the underlying surface
grounded. Motion is detected using an optical modulat
technique.9,15,18 A He–Ne laser is focused onto the padd
using a 0.35 numerical aperture~NA! microscope objective.
The motion of the paddle modulates the reflected sig
through interferometric effects.15 Modulation of the reflected
laser beam is detected by a New Focus 1601 ac cou
photodetector, whose output is fed to the input of the sp
trum analyzer. The relationship between the detected sig
and the amplitude of motion is discussed later.

A typical device is shown in Fig. 1. All experiment
described here are performed on paddles supported by be
of lengthL52.5mm and widthb5175 nm. Thickness of the
wires and paddle is fixed ata5200 nm by the initial thick-
ness of the top silicon layer. The paddle width is maintain
at w52mm. However, paddle length is varied fromd52 to
5 mm to allow the experimental verification of paramete
dependent terms in our models. The paddle is suspende
2 © 1999 American Institute of Physics
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h5400 nm above the bottom silicon surface, as fixed by
original thickness of the buried oxide.

III. EXPERIMENTAL IDENTIFICATION OF MODES OF
MOTION

Operation of devices reveals the presence of two re
nant frequencies in the 1–10 MHz range. Their different
havior under increased drive amplitude~Fig. 2! suggests
their association with two different types of motion. The tw
resonant frequencies are therefore preliminary attributed
the excitation of translational and torsional modes of moti
respectively~Fig. 3!. This attribution is experimentally veri
fied by taking advantage of the different length depende
of the inertia associated with each mode

f 0
translational5

1

2p
A k

M
}d20.5, ~1a!

f 0
torsional5

1

2p
Ak

I
}d21.5, ~1b!

wherek andk are linear restoring constants for the trans
tional and torsional modes, respectively,d is the paddle
length,M is its mass, andI is its inertia. We have measure
the frequency of both resonances for a series of eight dev
of varying paddle length~Fig. 4!. A fit of data of a f 5Kdb

power law reveals experimental power coefficients ofb15
20.560.1 andb2521.660.15, respectively. These coeffi
cients are in agreement with the values expected from E
~1!, confirming the respective translational and torsional
ture of the two resonant frequencies.

The detected optical amplitude for the torsional moti
increases linearly with the rf voltage@Fig. 2~b!#. As expected
from small displacements, this finding supports a linear re
tionship between the drive amplitude, the resulting osci
tion, and the observed modulation of the reflected signal o
the range of motion. Furthermore, while the torsional mo
peak remains symmetric@Fig. 2~b!# throughout the range o
applied torques, nonlinear behavior is observed for the tra
lational motion@Fig. 2~a!# even at the lowest drive ampli

FIG. 1. Scanning electron micrograph of a nanofabricated paddle oscill
a5200,b5175 nm,d52.5mm, w52 mm, h5400 nm,L52.5mm.
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tudes. We present models for the two modes of motion,
discuss their experimentally observed behavior. While
translational analysis concentrates on nonlinear behavior
torsional analysis focuses on the modulation of the effec
torsional constant and its related effects.

r.

FIG. 2. Observed translational and torsional resonant responses of a p
oscillator ofd53 mm.

FIG. 3. Schematic diagrams of translational and torsional motion.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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IV. CHARACTERIZATION OF TRANSLATIONAL
MOTION

The modeling of the translational mode begins with
equation of motion of a damped oscillator

d̈1K1d1K3d31
1

v0Q
ḋ5

F~vt !

M
, ~2!

whered is a small displacement in the vertical direction,M is
the total mass of paddle and metal layers, andF is the exter-
nal force. Damping is expressed through the quality factoQ
of the structure. Nonlinearity is introduced with a cubic for
constantK3 .

The linear restoring constant is evaluated by conside
the deflection of a beam clamped at one end.19

Fz5
Ea3b

4L3 done end, ~3!

whereE is Young’s modulus of bulk silicon. As a result o
the high rigidity of the paddle, we consider each beam to
clamped at both ends~Fig. 5!. From symmetry arguments
the point halfway along each beam will not be bent, and
therefore under no flexural tension. This halfway point
therefore considered as the joining point of two half-leng
beams clamped only at their opposite extremity. The defl
tion of each half-length beam is half the total deflection
the entire beam. Introducing these arguments, we obtain

FIG. 4. Dependence of resonant frequency on paddle length for translat
and torsional motion.

FIG. 5. Schematic diagram of a paddle oscillator displaced by a forceFz .
Each beam is clamped at both ends. Given that the middle point is und
flexural tension, each beam is approximated by two half-length be
clamped on one end only. Under a force ofF125F215Fz , each half-length
beam is displaced bydL/25d total/2.
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Fz5
Ea3b

4~L/2!3

d total

2
, ~4!

where we have used Eq.~3! with L/2→L, and dL/2

5d total/2. Finally, the beams from both sides of the padd
add up to a total linear restoring term of

K152
Ea3b

ML3 . ~5!

In the absence of nonlinear effects, this expression also
vides the expected linear resonant frequency of the tran
tional motion

f 05
1

2p
A2

Ea3b

ML3 . ~6!

The nonlinear effects induced by beam stretching
introduced using textbook approaches of suspended po
lines and bridge cables.20 When the paddle is moved from it
rest position, the total length of the supporting beams m
change to accommodate the displacement. We approxim
that the beams remain straight while being stretched dow
an anglef. The restoring force provided by this stretching

F5eEabf, ~7!

wheree is the strain in the beam,ab is the cross-sectiona
area of the beam, andf is its angular displacement. Th
strain is computed from geometrical arguments

e5
DL

L
5

~L1DL !2L

L

5

LS 1

cosf
21D

L
'

1

A12f2
21'

f2

2
, ~8!

which we replace in Eq.~7!

F35Eab
f3

2
. ~9!

Given thatd;fL, we obtain

K35
Eab

2ML3 . ~10!

The remaining component of the equation of motion
the right-hand drive term. Electrostatic forces that depend
the square of the applied voltage drive the device

F~vt !5
e0wd

h2 V2~vt !. ~11!

The presence of the paddle-surface distanceh in Eq. ~11!
would represent a displacement dependence of the dri
force. However, we consider the vertical displacementd to
be small compared to the average heighth, and neglect its
contribution to Eq.~11!.

The force therefore depends on the square of the app
voltage. A dc bias (Vdc@Vac) is added to the rf signal in
order to force a linear cross term
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V2~vt !5@Vdc1Vaccos~vt !#2

5Vdc
2 12VdcVaccos~vt !1Vac

2 cos2~vt !. ~12!

The equation of motion becomes

d̈1K1d1K3d31
1

v0Q
ḋ

5
e0wd

Mh2 @Vdc
2 12VdcVaccos~vt !1Vac

2 cos2~vt !#. ~13!

Assuming a solution of the form21

d5
1

A2K1

@Ae2 ivt1A* eivt# ~14!

and keeping only the terms ine2 ivt, we find

F 3K3

~2K1!3/23uAu22Dv&2
i

&v0Q
GA5F0VdcVac ~15!

with

F05
e0wd

Mh2 Dv5v2v0 . ~16!

IntroducingJ5uAu2 and normalizing both sides, we obta
after simplification

J32J2
2&Dv

g
1JS 2Dv2

g2 1
1

2v0
2Q2g2D 2

~F0VdcVac!
2

g2 50

~17!

with

g5
3K3

~2K1!3/2. ~18!

This is a cubic equation of the formJ31C2J21C1J1C0

50. Constructing the constants

R5
C2

223C1

9
, S5

2C2
329C2C1127C0

54
,

~19!
Q5arc cos~S/AR3!

whenS22R3.0, Eq. ~17! has one real solution

J52sgn~S!F ~AS22R31uSu!1/31
R

~AS22R31uSu!1/3G
2

C2

3
. ~20!

WhenS22R3<0, then Eq.~17! has three real roots

J1522AR cosS Q

3 D2
C2

3
,

J2522AR cosS Q12p

3 D2
C2

3
, ~21!

J3522AR cosS Q14p

3 D2
C2

3
.

Downloaded 17 Feb 2002 to 132.236.61.16. Redistribution subject to A
The presence of three real roots reflects the hysteretic s
of the nonlinear response, as some points on the freque
axis hold three solutions for the amplitude@Fig. 6~a!#.

An important variable lies in the choice of Young
modulus. This modulus depends on the orientation and th
ness of Si. It can also be affected by the presence of
contact metals or affected during processing. An effect
value of Young’s modulus is experimentally determin
from the resonant frequencyf 058.96 MHz of this structure.
Taking the contact metal mass into account, we extract fr
Eq. ~6! a value ofEexp587 GPa. This experimental value
1.5 to 2 times lower than theESi5130– 180 GPa reported in
the literature.22,23This apparent device softness is further d
cussed later. A quality factor ofQ5960 is experimentally
determined from the width of the symmetric peaks.

The resulting experimental and theoretical curves fo
device ofd53 mm are shown in Fig. 6. ForVdc55 V, the
model reaches the critical amplitude atVac535 mV. The ex-
perimental data reveal an onset of nonlinearity atVac

510– 20 mV, in relative agreement with the order of ma
nitude predicted by the model. The model also predict
peak amplitude of 15 nm under these drive conditions.
evidenced by the strong signal to noise ratio, signals t
orders of magnitude smaller are still routinely detected, s
gesting our ability to resolve angstrom-scale motion.16

FIG. 6. Modeling and experimental observation of onset of nonlinearity
translational motion.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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V. CHARACTERIZATION OF TORSIONAL MOTION

Given our interest in mesoscopic magnetometry,3 we are
mostly interested in the excitation and characterization of
torsional oscillation. This model begins with an equation
angular motion

I ü1ku1
I

v0Q
u̇5t~vt,u!, ~22!

where I is the inertia of the paddle, andk is the combined
torsional restoring constant of both Si wires. Mechani
nonlinear effects are not included given their absence fr
experimental results. The intrinsic resonant frequency of
torsional motion is given by

f 05
1

2p
Ak

I
5A 3

p2

k

rwad3 , ~23!

wherer is the density of Si. The external torque is comput
by solving the Coulomb equation for the electrostatic for
and by integrating over the area of the deflected paddle

t~vt,u!5
e0V2~vt !w

2u2 F lnS h1d sin
u

2

h2d sin
u

2

D
1

h

h1d sin
u

2

2
h

h2d sin
u

2

G . ~24!

This expression has a removable singularity at the orig
and can be closely approximated by a third order expan

t~vt,u!'2e0V2~vt !wF S d3

12h3D u1S d5

40h52
d3

96h3D u3G .
~25!

As it was the case for the translational mode, the torq
depends on the square of the applied voltage, and a dc b
added to force a linear term@Eq. ~12!#. The equation of mo-
tion becomes

I ü1ku1
I

v0Q
u̇5a@Vdc

2 12VdcVacsin~vt !

1Vac
2 sin2~vt !#u, ~26!

where

a5e0w
d3

12h3 , ~27!

and where the cubic term in Eq.~25! has been neglecte
given the absence of noticeable experimental nonlinea
over the range of applied drive.

A rf signal at v5v0 therefore contributes a stron
torque atv0 and a weak component at 2v0 through the
crossed and squared ac terms, respectively. Equation~26! has
the form of a damped Mathieu equation that has been pr
ously employed to characterize parametric amplification
fects in larger micromechanical systems.13,14 First order per-
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e
f

l
m
e

d
,

,
n

e
is

ty

i-
f-

turbation theory predicts parametric resonances at d
frequencies ofvd52v0 /n.14 Although one could character
ize the motion as combined parametric resonances of or
n51, andn52, our calculations suggest that uncontroll
asymmetries as small as 10 nm could also induce an ang
independent torque and a significant linear torsional respo
under the range of applied drives. Nonetheless, evidenc
2v0 amplification has indeed been observed in this syst
and these issues are currently under thorough investiga
Here we report the experimental observation of the first co
ponent of the right-hand drive term. We notice that theVdc

2

term acts as a dc perturbation in the effective torsional c
stant. This results in a perturbation of the observed reson
frequency

f 08

f 0
5A12

a

k
Vdc

2 . ~28!

This perturbation has been observed as the bias is ram
from Vdc50 to 10 V for several paddle lengths@Fig. 7~a!#.
The experimental data closely fits Eq.~28!, providing values
of the a/k coefficient over a wide range of paddle lengt
@Fig. 7~b!#. Figure 7~b! also verifies the expected cubic d
pendence of this coefficient@Eq. ~27!#. Using the slope of
this fit, and withw52 mm andh5400 nm, we find an ex-
perimental value ofkexp54.2160.04310212N m.

FIG. 7. Shift of resonant frequency with a dc bias for various pad
lengths. Shift parametera/k follows the expected cubic paddle length d
pendence. Fit of this parameter allows a precise evaluation of the effe
torsional constant.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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For macroscopic beams of rectangular cross sections
torsional constant can be predicted using24

k52bS a

bD ab3

L
G, ~29!

whereGSi56.731010Nm22 is the shear modulus of silicon
and b(a/b) is a slowly varying dimensionless function o
the ratio b/a. The factor of two takes the combination o
both beams into account. Withb(1.14)50.16,24 this macro-
scopic theory predictsk theo59.1310212N m. Experimental
results suggest devices twice as soft as this theoretical
diction, in good agreement with the similar softness obser
in the translational motion. This apparent softness could
the result of extensive crystalline damage during process
However, additional experiments should be conducted in
der to rule out other possibilities such as strain-induced a
facts.

VI. CONCLUSION

We have reported the fabrication and characterization
paddle oscillators with nanometer scale supporting ro
resonant frequencies of 1–10 MHz, andQ factors reaching
103. Two modes of motion were observed, and have b
experimentally identified as translational and torsional,
spectively. We have presented a model of the electros
excitation and response of both modes. Analysis of tran
tional and torsional results provides apparent values
Young’s modulus ofEexp587 GPa, and of the torsional con
stant of kexp54.2160.04310212N m. Both values consis
tently suggest devices 1.5 to 2 times softer than expe
from bulk silicon. Additional experiments are required
pinpoint the origin of this discrepancy. Significant nonlinea
ity is observed in the translational motion, and its onset th
retically predicted for vertical displacements greater than
nm. Evidence of parametric amplification has been obser
opening new possibilities for mesoscopic studies of such
fects. We will also use these devices in mesosco
temperature-dependent studies of loss mechanisms. Suc
vices offer great potential for small-scale studies of optic
magnetic, and mechanical phenomena.
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