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A compact (15Qumx150um), electrostatic actuator for out-of-plang) (actuation of a probe tip

has been designed, fabricated, and tested. Static deflectiah®.@fum out of the plane of the
substrate have been achieved. The device consists of a single crystal silicon tip on a torsional
cantilever with out-of-plane interdigitated electrode capacitors. This cantilever and electrode design
allows a wide range of stiffnesses, actuator force, and frequency response. Significant improvements
in performanceglarger tip displacement and increased sense capacjtandea higher density of
devices per unit area can be obtained as the minimum feature size decreases. Applications such as
information storage, molecular manipulation, and nanolithography require high density, parallel
arrays for reasonable throughput. To demonstrate the suitability of this device for use in such arrays,
a 12x12 array of microelectromechanical probe tips with integrated actuators and capacitive
sensors for scanning probe microscopy has been fabricated. The size of each array element is about
150 um by 150 um with a tip-to-tip spacing in the array of 2Qam. Given these dimensions, the
packing density of the devices is about 2500 unitélcn® 1997 American Institute of Physics.
[S0034-674807)04711-4

I. INTRODUCTION Force sensing microcantilevers with integrated actuation
have been constructed. The majority of these cantilevers use
Scanning probe microscopes have become importardputtered Zn® ' and sol-gel derived lead zirconium titanate
tools for analyzing surfaces at them and nm scales. Be- (PZT) thin films®®° Deposition and etching of these films
sides imaging, these instruments have been used to maniptequire techniques not found in standard silicon very large
late atoms on a surface, measure forces between atoms, agghle integratedVLSI) circuit fabrication. Poling of the
perform nanolithography.* Unfortunately, to utilize this ca-  films and the change in their behavior with temperature pose
pability for many applications such as data storage and nangifficulties when using piezoelectric films. There are also
lithography, an increase in throughplaperations per sec- several design disadvantages with these cantilevers. The can-
ond) is required. tilever must have at least three thin film layébsttom elec-
One approach to achieving higher throughput is to mirode, piezoelectric, and top electrod&ach layer contrib-
cromachine parallel probe structures. The throughput is ingtes to the stiffness of the cantilever. In addition, the
creased by the simultaneous operation of many instrumentgjezoelectric film thickness has to be chosen to maximize the
the more instruments operating, the greater the throughpugieflection of the cantilever for a given voltage across the
However, the large number of instruments should occupy §im. If the piezoelectric film becomes too thick relative to
reasonable chip area. Therefore, for use in dense array  the thickness of the cantilever, the applied voltage elongates
architectures of scanned probe instruments, a micromechanhe peam rather than bendind itll of these factors must be
cal device must be extremely compact, sense weak interagpnsidered during the design of the cantilever. Different ap-
tions, and achieve precision nm-scale motion to track SurfaCBIications require different combinations of dimensions, ma-
topography. Massively parallel array architectures oOfigrigls, and layer thickness®s.
scanned probe devices require the integration of small, low  gjjicon micromachining technology without piezoelec-
mass, high frequency cantilevers with tips. One major chalysic films has been used to produce force sensing cantilevers
lenge is the detection of nm-scale vertical displacements of;ith actuationi® 12 These cantilevers rely on parallel plate
each cantilever without having an external beam of light angjectrodes to provide an electrostatic force for actuation as
external detector for each cantilever. An additional challenggq|| as a capacitance for deflection sensing. As the device
is to include the out-of-plane actuation of the tip to compengjze js scaled downward, however, the area of the electrodes
sate for and to track variations in surface topography andiecreases. This results in less actuation force and less sens-

slope. ing capacitance.

The research presented here focuses on developing mi-
3Electronic mail: sam8@cornell.edu croelectromechanical scanning probe instruments for array
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FIG. 1. A torsional cantilever consists of a rigid plate mounted on two
support beams about which it can rotate.
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architectures with an emphasis on scaling laws. Conse- ) ) . )
FIG. 2. The effective out-of-plane spring constakf)(of a torsional canti-

quently_, Our. design is composed of a Slll(_:on to_rslonal Cam"lever as a function of the support beam width) .( The three curves are
lever with high aspect ratio, out-of-plane interdigitated elec-piotted forb=10um and(A) Ly=25um, Le=25um; (B) Ly=25um,
trodes for capacitance-based detection and actuation. Thg=75um; and(C) Ly=50um, Lc=150um.

device’'s behavior depends on independent, lithography-

based parameters that can be scaled easily. Improved perfor-

mance is obtained as the device size and the minimum fea- ,_ f &)
ture size (MFS) are scaled downward. The design is Lc’

extremely flexible and allows us, for example, to change the]’herefore, by substituting Eq&2) and (3) into Eq. (1), we
actuation force without affecting the cantilever’s frequencyCan define the effective spring constahﬁt of the torsional
response and stiffness. cantilever as

e F, oG a®b
IIl. DEVICE DESIGN ANALYSIS =2z 2P L2Lt @
A. Torsional cantilever Figure 2 shows the range & as a function of the

For many years, torsion has been used as a sensiti@ometric variables, Ly, andLc. These plots show that
technique for measuring force interactions; examples includéorsional cantilevers of a reasonable size for array architec-
Coulomb’s torsional balance for electrostatic forces and Caviures can achieve spring constants betweeri ?1@nd
endish’s balance for gravitational forces. A torsional cantile-10~* N/m. Higher spring constants>(10" N/m) can be
ver is a rigid plate supported by two beams about which ifmade by having shorter cantilever lengths or additional tor-
can rotate, such as shown in Fig. 1. A detailed analysis of th&ional supports. Because of the high aspect ratia) of the
torsional cantilever has been previously repoffe@he tor- ~ beams, the beams exhibit no curling or buckling. Any non-
sional rigidity, k,, of the cantilever with support beams of Planarity of the cantilever due to thermal or intrinsic stress

rectangular cross section is defined“as can be controlled by the proper choice of processing
5 parameters®
k,= I —28G a_b (1) Theoretically, the following simple relation gives an ac-
0 Ly’ curate estimation of the resonant frequency:
whereT is the torque,d is the angle of rotation about the 1 k,
central axisa is the width of the torsional support bearhs, fo=z E 5)

is the height of the beam&,; is the length of one support
beam,G is the shear modulus of rigidity of the materj& wherek, is the torsional rigidity and , is the moment of
=7.96x 10'° N/m? for Si(100)],'° and B(=1) is a constant inertia. Since the geometry and materials for the torsional
determined by the aspect ratida. cantilever are known, a fairly accurate estimationl gican
When a forceF,, acts on the cantilever a distance be made. Consequently, experimental measurement of the
from the torsional supports, the torque experienced by theesonant frequency allows us to determine the stiffness of the
cantilever is cantilever. A more complete analysis of the dynamics of this
system is performed elsewhéreThere is a tradeoff between
T=Filec. @) the frequency response of the cantilever and its displace-
The angle of rotationg, of the cantilever is then the deflec- ment. As Eq.(5) shows, to increase the frequency of the
tion of one end of the cantileveAz, divided by the distance cantilever the stiffness has to increase or the morfraass
from the torsional supports to the end of the cantileve:, has to decrease. Increasikgis accomplished by adjusting
the length of the cantilevgr the parameters in Ed1) (i.e., a, b, andLy). For a given
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force, however, the deflection of the cantilever decreasesa
with increasing stiffness. Decreasing the mass of the cantile
ver involves decreasing parameters suchh.@s b, and the
chip area of the device. As will be shown below, decreasing
these parameters results in less actuation force and less ca
tilever deflection. Since all of these parameters, exdept
which is defined by an etch step, are defined by lithography
the cantilever design can be optimized for the desired fre-
qguency response and the maximum deflection. Deflectior
range may be reduced to increase frequency response or Vit
versa. In an array architecture, the frequency response c b
each cantilever may be sacrificed to increase deflection rang 1 I 1
since throughputoperations per secopé increased by the ¢d'
parallel operation of many instruments. [ ]
The torsional cantilever is ideally suited for a force bal- \2
ance techniqu&® The advantages of force balance include A~ -
improved overall linearity, a controllable spring constant, a v >|
mechanically balanced system immune to gravitational anc P
inertial effects, and, in closed loop operation, the structure:g. 3. A diagram of the interdigitated electrode capacitar.The inter-

moves very little(reduced air damping and short responsedigitated electrode capacitor consists of two fixed electrodes surrounding a

time). central electrode which is free to move in and out of the plane of the
substrate(b) A top down view of an interdigitated capacitor unit showing
the dimensions and area of one unit.

A

2a'+2d'

B. Electrodes
The capacitance of each interdigitated electrode unit is

eo(l.—a’')b
Cunit:40pd—ri 9

1. Capacitive sensing of cantilever deflection

For sensing torsional deflections, capacitive electrodes
are integrated on the same chip as the torsional cantilever.

The microfabrication of the cantilever, tip, and electrodes onyhereb is the height of the electrodes out of the plane of the
the same chip eliminates many of the asymmetries whiclypstrate. Combining Eqg8) and (9) and assuming ,

result from hand assembly of torsional cantilevers. Instead of. 57 e arrive at the capacitance per unit chip agg, for
the typical parallel plate capacitor configuration to sense outhe interdigitated electrode capacitor

of-plane deflections of the cantilev¥¥;>we have chosen to

use an out-of-the-plane, interdigitated electrode design. L €ob _ b c (10)
There are several advantages of this design. Since this device ¢ d’(a’+d’) (a'+d’) ™

does not use the substrate as one plate of a parallel pla\tlﬂqered’=d
capacitor, there is no need for patterning electrodes unde o’
neath the released structure. More importantly, however, th
interdigitated electrode capacitors can provide substantially 1
more capacitance per unit chip area of silicon than a parallel C‘E_E
plate configuration.

A parallel plate capacitor has a capacitance per unit chip . The aspgct ratloof the |nterd|g|_tated eIectrodes d_eter-
mines the difference in the capacitance per unit chip area

. If the gap is the same width as the electrode
=a'), then the capacitance per unit chip area is

b
a’

Cpp- (11)

area,c,,, of . o .
PP between the interdigitated electrode capacitor and the paral-
_%o 5 lel plate capacitor, i.e., the higher the aspect ratio of the
Con™ g ©®) interdigitated electrodes, the greater their capacitance per

. unit chip area of silicon. Typical aspect ratios for our devices
\é\f{?:tfd is the gap between the movable plate and the su range between 10:1 and 20:1. With the development of deep

. - S - silicon plasma etchers, these aspect ratios should approach
The .|nterd|g|_tated elfectrode design is shown in Fig. 3'100:1. When scaling down the sigehip area of the devices,
Each unit occupies a chip area of the capacitance of the parallel plate electrodes decreases.
Aunic=(2lp+4a’)(2a’ +2d")=4(1,+2a’)(a’+d"), With the interdigitated electrode configuration, the aspect ra-
(7)  tio provides an independent parameter which can be adjusted

wherea’ is the width of the electrode, is the length of the 10 Compensate for the decrease in area.
electrode, andl’ is the gap between electrodes.
The number of interdigitated electrode units in a given

chip area of silicon 4) is 2. Capacitive actuation of the cantilever
N.— A ®) Capacitors not only provide the means for sensing de-
unit 4(lp+2a’)(a’+d")’ flections of the cantilever, but also supply the electrostatic
Rev. Sci. Instrum., Vol. 68, No. 11, November 1997 Electrostatic actuator 4157
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— FIG. 5. A plot of the levitation torque as a function of angle. The equilib-

rium position occurs afl,=0.012 rad as indicated.

FIG. 4. The electric field lines between the electrodes and the substrate. The

asymmetric field distribution results in the out-of-plane actuation force. . . .
where T, is the net torque acting on the cantilever and

Tspring IS the restoring torque provided by the torsional sup-
force for actuation in the out-of-plane direction. The parallelports. WithTyi,=K,0, we substitute Eqg1) and(13) into
plate configuration yields an electrostatic force per unit ared&qg. (14), solve for 4, and obtain

12
of . 79V290
 Kgbot yeVE

The tip of the cantilever is located a distaricg from the

. . . . . axis of rotation. Therefore, the statiaeflection of the tip is
The static deflection is found by equating the spring restor|n%iven by

force to the electrostatic force. When the static deflection

(15
1 V2 1lcy

fppzz €p EZZEFVZ (12)

reachesl/3, the electrostatic force exceeds the spring restor- o= YeV26oLc (16)
ing force and the cantilever “snaps” to the substrate elec- “ ~C¢7" k 0+ y,V
trode.

The interdigitated electrode capacitive actuators take ade. Scaling
vantage of the electrostatic comb drive levitation efféct. ) )
The substrate and movable electrodes are grounded while a Ol_” design was chos_en for several reasons. First and
potential is applied to the fixed electrodes. The verticallymoSt |mp03rtant, as seen in '.qu)’ the torsm_nal stiffness
asymmetric electric field acting on the movable electrodeicales ast’, vyher(_ea IS _the width of the torsmna_ll support
results in a vertical forcéFig. 4). This force levitates the eam. This width is defined by the MFS pf the lithography.
movable electrodes away from the substrate. We use thi-gh.us' as thg MFS decrea_ses, the cantilever becomg_s_less
force to cause static displacements or vibrational excitationggld and easier to.deflect with a sm_aller force. It_s sensm_v ity
of the cantilever. A simulation of this force was performed to Weak(_ar forcgs IS supsequently mcregsed. Figure 2 illus-
for the geometry of our device and the resulting torque as (Ijlrgtes this scaling of stlffnes_s with torsional support beam
function of angular displacement of the cantilever is shownWldth (a). Second, the design uses compact, high aspect

in Fig. 5. The region of interest is the approximately linear"atio interdigitated capacitors moving in and out of the plane
region aroundr,.,= 0. It is approximated by for sensing deflections of the cantilever. As seen in (&),
ev .

because of their high aspect ratio, the interdigitated elec-

trodes provide more capacitance per unit chip area of silicon
) (13 than parallel plate capacitors. As the electrode widih) (

and the gapd’) are scaled downward, more capacitor plates
whereV is the potential applied to the fixed electrodggjs ~ Can occupy a given chip ared [Eq. (8)], increasing the
the angle at whici\,,=0, andy, is the drive capacity. capacitance for sensing. Moreover, these capacitors also sup-

The total torque acting on the cantilever includes thePly the force for actuation in the out-of-plane direction. The

levitation torque provided by the interdigitated electrodesdreater the number of electrodes, the larger the drive capac-
and the passive restoring torque provided by the torsiondfy: s, and the larger the levitation torqiiEg. (13)]. As an
supports. The static deflection of the cantilever is then foungXample, we assume a cantilever withb=75um, d’

6o— 0
Tiev= 70\/2 ( :
o

by solving =2um, and a’=1lum. With a stiffness k,=1.6

x10"° Nm/rad and y,=7.6x10 ¥ Nm/N?, Eq. (16)

Thet= Tiev™ Tsprings (14)  yields 0.55um for V=20 V. When we scala’ to 0.5 um
4158 Rev. Sci. Instrum., Vol. 68, No. 11, November 1997 Electrostatic actuator
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FIG. 6. A top view of one of the torsional cantilever designs. For this

device,Lo=80 um, Ly=25 um, anda=1 zm. FIG. 7. A closeup of the single crystal silicon tip integrated onto the end of

the torsional cantilever.

andd’ to 1 um, the cantilever achieves 0.68n of out-of-
plane deflection fok/=20 V. There is no change in the stiff- um deep silicon (Gl RIE) etch to form the tip shafiFig.

ness or the ma;(se., frequengy response and forqe Sens't'V_'S(e)]. A 2.5 um silicon oxide layer is deposited using plasma
ity) of the cantilever. There is, however, a 23% increase INnhanced chemical vapor depositiffig. 8f)]. A second

the out-of-plane static deflection and a fourfold increase irhwask is used to define the actuator aind pérform standard
total sense capacitance. Combining a reduction in stiffnesgCREAMzo At the end of the SCREAM process, the device
with the increase in force produces a larger displacement P&s essentially complete except the tip and torsional supports

applied yoltage[Eq. (16)] . . are covered by oxide and metal. To remove these materials, a
Scaling the size of the torsional cantilever also allows

for a higher density of devices per unit chip area. The higher
density generates an increase in throughput by the operation |—| D
of more units and by the reduction in they scan range

requirements for the system. The present device density is
2500 elements/cfn

the oxide is don¢Fig. 8d)], immediately followed by a 5-6

IIl. EXPERIMENTAL RESULTS
(a) (d)
A. Fabrication

Using the design ideas expressed above, a microelectro-
mechanical probe tip with integrated actuators and capacitive
sensors for scanning probe microscopy was fabricé&fagl
6). Each array element consists of a single crystal silicon tip
(Fig. 7) on a torsional cantilever with out-of-plane interdigi-
tated electrode capacitors.

The arrays were fabricated using a modification of the
single crystal reactive etch and metallizatiBCREAM) (b) (e)
silicon micromachining proce€8:?! This fabrication process
allows us to integrate tips onto torsional cantilevers using
only three masks or lithographic steps. The fabrication of the
device starts with a single crystal silicq@00 wafer. The
wafer is oxidized(wet, 1100 °Q to produce 0.4-0.um of
silicon dioxide. The first mask and photolithography step de-
fines 0.4um-diam circles at the tip locations. The pattern is
then etched into the mask oxide via a GHEBactive ion etch
(RIE) [Fig. 8@)]. After stripping photoresist, a chlorine RIE
etches 3um-high columns into the silicon using the thermal (©) ()
oxide as a maskFig. 8b)]. A second thermal oxidation
(wet, 1100 °Q is performed to oxidize through the silicon I:l Silicon Dioxide |:| Silicon
columns. This forms the silicon tip at the base of the oxi-
dized columr{Fig. 8(c)]. An anisotropic etch (CHf RIE) of FIG. 8. The tip fabrication process.

Rev. Sci. Instrum., Vol. 68, No. 11, November 1997 Electrostatic actuator 4159
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FIG. 9. Frequency response of a torsional cantilever as measured in the ) ) L
SEM. FIG. 10. Frequency response of the torsional cantilever as measured in air.

thick photoresisfAZP-4903 is spun onto the wafer and a A second set of torsional cantilevers was fabricated to
third mask is used to expose an area around the tip anihvestigate the effects of scaling. These cantilevers are iden-
support beams. An aluminum etch and a buffered oxide etctical to that shown in Fig. 6 except the widtta)( of the

are then done. The thick photoresist is then removed and thersional supports was varied. The frequency response of

fabrication process is complete. these cantilevers was tested in the SEM and the results are
presented in Table I.
B. Mechanical behavior In addition to the dynamic response of the torsional can-

) ) ) ) ) tilevers, we have measured the out-of-plane static deflection
Mechanical testing of the torsional cantilever is per-ynder SEM observation. The results of this measurement are
formed under scanning electron microsc¢B&M) observa-  shown in Fig. 11. The curves shown on the plot are actually

tion. The dynamic behavior of the torsional cantilevers,ihe theoretical curves generated by EXf). The parameters
which can be modeled with the Mathieu equation, is anafg; the a=1um torsional cantilever aref,=0.019 rad,

lyzed. A more detailed analysis of the dynamics of this SYS-,=7.86x10 “Nm/V2, and k,=1.88<10 & N m/rad.

tem will be presented elsewhefeFrom SEM observation, For the a=0.5um cantilever the parameters ard

we recorded the amplitude of vibration as a function of the— 911 rad, y,=7.56<10“Nm/N? and k,=1.64

applied driving frequency. The result of our measurement is; 109 N m/rad.

shown in Fig. 9. The resonant frequency of the cantilever is Figure 11 displays the effects of scaling the widf) of

68.6 kHz. _ o the torsional support beams. Both static response curves in-
For mechanical measurements in air, a method for Cagjicate that 0.7um of out-of-plane deflection can be achieved

pacitive measurement of the microstructure’s oscillation isynen using one set of fixed electrodes. Using both sets of

. ; ; — 14

used. Theoretically, the capacitance is abowt1D *"F.  glectrodes, the total range of deflection©.7 um. How-

The signal generated by the motion can be extracted from theyer the voltage necessary to obtain such a deflection is

cross talk signal using frequency-selective electronics. Aypout 30 V for the device with=0.50,m and about 70 V

sinusoidal voltage signal at frequentys applied only to the {5 the device witha= 1 um. Since the width4') and gap

interdigitated electrodes on one side of the torsional cantile(dr) of the interdigitated electrodes were not scaled, the

ver, e.g., the electrodes in the upper half of Fig. 6. As &jrjve capacity f,) remained constant as the curve fit param-

consequence of the force-voltage relation for electrostatic aGsters show. Only the torsional stiffness of the cantilevers was

tuation[Eq. (13)], the structure oscillates at frequency.2  gcaled. The curve fit values can be compared to those ob-

The structure’s motion creates a changing sense capacitanggned theoretically in Table I. The values exhibit reasonable

in the second set of interdigitated electrodes on the other S'dé‘greement and we did observe approximately an order of

of the torsional cantilever. Cross talk between the drivingmagnitude decrease in stifiness as the torsional support
and sensing signals is subsequently reduced since the result-

ing motion signal is at frequencyf2 not the drive frequency _ _
f. After preamplification, this motion signal is measured us- ABLE | Experimental measurements of cantilever properties 7 xm,
: : o Lo T Lr=25um, Lc=80um).

ing a lock-in amplifier with its reference frequency at twice

the driving frequency. Output of the lock-in as the frequency a (um) Ky theory (N m/rad fo theory (kH2) fo meas(kH2)
was swept is shown in Fig. 10. From this data and the curve Lo 10 o5 o8

fit of Eq. (19), the resonant frequency of the cantilever is . 6.40¢10-° 36.7 39.9
found to be 69 kHz. Operation in air, however, introduces a 0.50 1.90¢10"° 20.0 228
significant amount of damping to the system.

4160 Rev. Sci. Instrum., Vol. 68, No. 11, November 1997 Electrostatic actuator
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FIG. 13. A 12x12 array of torsional cantilevers with integrated tips. The

FIG. 11. Static deflection of the torsional cantilever array elements as Antire array occupies an area of 2.4 m@4 mm
function of applied voltage. The data shown are for elements identical to ' '

that shown in Fig. 8 witta=1 um anda=0.50um.

x10 " N. This value compares favorably with the

width was scaled downward by a factor of 1/2. Sources oﬂ0_8—_10__7 N typically observed ir_1 ator_niC f0_rce m?cros-
error are attributed to inaccurate dimensional measuremengopy in air?> For nN force detection with this particular
and the possibility that the film coatings were not entirelycantilever, fF sensitivity is needed and requires a bandwidth

removed from the torsional supports.

C. Force sensing

less than 50 kHz. The integrated wires produce a parasitic
capacitance of about 1 pF in parallel with the sense capaci-
tance. With modern phase locked loops we achieve signal to

noise ratios on the order of 191(?. The parasitic capaci-

The cantilever has been used to sense a force interaCtithnce can be reduced by a feW Orders Of magnitude by inte_
In air, a conductive tip was approached toward the cantilegrating electronics on chip. In addition, the sense capacitance
ver, brought into contact, and retracted. The change in c&an be substantially increased by scaling the paramaters
pacitance between the fixed electrodes and the movable eleg* andb [Eq. (10)].
trodes was recorded using an HP 4274A LCR meter. The
results of this measurement are shown in Fig. 12. The rela]-v ARRAY ARCHITECTURES

tively large “jumps” in capacitance clearly indicate the hys-
teresis expected from an attractive capillary force. The mag-

To demonstrate the suitability of this device for use in

nitude of the change is due in part to the change irscanning probe arrays, we have fabricated ar(ays2 up to
conductive area when the tip contacts the cantilever. From2x12) of microelectromechanical probe tips with inte-
the amount of cantilever deflection during tip retractiongrated actuators and capacitive sensors for scanning probe
(~1.2um) and the effective stiffness of the cantilever microscopy. An example of one array is shown in Fig. 13.

(~0.1 N/m),
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FIG. 12. The capacitance between the fixed and movable electrodes of the
torsional cantilever when a conductive tip is approached and retracted.
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we estimate the capillary force as 1.2The array elements are identical to the device shown in Fig.

6 with a tip-to-tip spacing in the array of 2Qdm. The pack-
ing density of the devices is about 2500 unitsfcm

While this array did not include circuitry for the inde-
pendent sensing and deflection of each cantilever, methods
exist to integrate electronic circuits with the micromechani-
cal cantilevers. For low density arrays, each array element
can be fabricated adjacent to prefabricated integrated circuits
for signal preamplificatioR® As the arrays become more
dense, other methods such as through-wafer contacts to inte-
grated circuits and integration of active devices into the mi-
cromechanical structurésbecome necessary to achieve high
packing densities. Signal preamplification will significantly
reduce the difficulties of noise and cross talk between adja-
cent cantilevers.
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