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We report on the first successful operation of a scanning force microscope using microfabricated
capacitive force sensors. The sensors, which are made from single crystal silicon on insulator
wafers, consist of a cantilever spring with integrated tip at the free end and an electrically insulated
counter electrode. Dynamic force gradient sensing is the preferred operating mode. Here, tip–
sample interactions are detected by letting the sensor act as a resonator in a phase controlled
oscillator setup and measuring corresponding shifts of the oscillation frequency. Experiments were
performed in vacuum using a standard tunneling microscope. A Cr grating on a quartz substrate
served as the test sample. Topographic images showing details on a 10 nm scale were obtained
operating at a constant force gradient of the order of 0.01 N/m. In addition, critical design
parameters are discussed based on an analysis of the electromechanical properties of the sensors.
© 1996 American Vacuum Society.
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I. INTRODUCTION

Prospects for making miniaturized stand-alone scann
force microscopes have triggered the development of var
force sensors with integrated detection schemes such
piezoresistive1 or piezoelectric cantilevers.2,3 Compared to
optical detection these sensors have a much smaller ov
size and do not require any critical alignment of exter
components. Capacitive detection is also an interesting
very sensitive technique that is commonly applied in the fi
of pressure sensors and accelerometers. A major advan
of capacitive detectors is the fact that they contain only
active components and therefore they are free of para
resistive noise sources that adversely affect the sensitivit
the field of scanning force microscopy~SFM! various groups
have already reported interesting results based on assem
capacitive setups.4,5 In this article we present capacitive se
sors manufactured by batch processing techniques. Each
sor combines an integrated capacitive detection of the ca
lever displacement as well as an electrostatic actuation6–8

This property makes capacitive sensors particularly attrac
for applications requiring parallel operation of large sen
arrays, e.g., as is envisioned in high-density data storage
vices based on local probe techniques. The fabrication
cess of these novel devices is based on bulk silicon mi
machining of silicon on insulator~SOI! wafers. The
electromechanical characteristics of the capacitive
crolevers are discussed and topographic images of a chr
grating are presented which were obtained in a dynamic
erating mode regulating on a constant force gradient.

a!Present address Paul Scherrer Institute Zurich, Badenerstrasse
CH-8048 Zurich, Switzerland.

b!Present address: IBM Research Division, Zurich Research Labora
8803 Rüschlikon, Switzerland.
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II. STRUCTURE DESIGN AND FABRICATION

The design of the sensors is schematically shown in F
1. They consist of two adjacent, highly doped single-cryst
silicon beams forming the two plates of a capacitor. One
the beams, called the cantilever~CB!, is fairly soft and it
serves as a spring for sensing interaction forces. A tip
located at the free end of the CB. Typical CB dimensions a
widthw560mm, thicknesst55–6mm, and lengthl ranging
from 275 to 350mm. The second beam, termed counter ele
trode, is essentially rigid and its typical dimensions ar
w580 mm, t515 mm, and l is in the same range as the
corresponding CB. The cantilever spring constant and re
nant frequency are computed according to

k5
3EI

l 3
~1!

and

f50.162t/ l 2~E/r!1/2, ~2!

with I5wt3/ l 2 the moment of inertia,E51.731011 N/m2

Young’s modulus, andr52300 kg/m3 the density of silicon.
The spring constant and resonant frequency range from 7
26.5 N/m and 57–111 kHz, respectively. Note that hole
have been patterned into the cantilevers in order to prom
etching of the thin silicon dioxide layer in the fabrication o
the gap between the cantilever and counter electrode@see
Fig. 2~g!#. As a result of the holes, the resonance frequen
and the spring constant of the sensors are somewhat sma
than the corresponding values computed by means of E
~1! and ~2!. The tip can be actuated electrostatically, as d
scribed in Ref. 8. For low applied voltagesV the displace-
ment is

z05
1
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e0

V2

d2
wl4

EI
, ~3!
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902 Blanc et al. : SFM in the dynamic mode 902
with e058.85310212 As/Vm the permittivity in vacuum and
d51 mm the gap between the cantilever and counter ele
trode. Equation~3! can be written asz05aV2 and for the
present cantilever dimensions one obtains ana value of the
order of 1 nm/V2.

The devices are fabricated by silicon bulk micromachin
ing. The process is illustrated in Fig. 2. SOI wafers with
15-mm-thickn-type~100! oriented silicon film, a 1-mm-thick
buried SiO2 layer, and a 400-mm-thick n-type ~100! oriented
silicon substrate were used@see Fig. 2~a!#. The resistivity of
the Si was of the order of 10V cm which turned out to be
somewhat high for sensor applications~see below!. Silicon
dioxide is first thermally grown to a thickness of 1.7mm on
both sides. Three photolithographic and subsequent Si2
etching steps in buffered hydrofluoric acid~BHF! are used to
pattern the oxide mask and define the cantilevers and tips
well as the backside etch windows@see Fig. 2~b!#. The
counter electrode is etched by reactive ion etching~RIE!
with photoresist as a mask. The buried oxide spacer lay
between the CB and the counter electrode is then remov
by BHF etching@see Fig. 2~c!# and the photoresist is stripped
in acetone. The cantilevers with integrated tips are defined

FIG. 1. Schematic outline of the capacitive sensor for scanning forc
microscopy. The cantilever and its counter electrode are separated by a s
gap, typically 1mm wide, and they are attached to a Si holder containin
bonding pads for electrical contacts to the lever and the counter electrod

FIG. 2. Process steps in the microfabrication of the capacitive microlever
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successive RIE and BHF etchings as previously reported fo
simple cantilevers9 @see Fig. 2~d!#. In order to lower the re-
sistivity of the cantilever structure a phosphorus-doped sili-
cate glass~PSG! is deposited, followed by a diffusion step
and the removal of the PSG layer in BHF.

A 1-mm-thick layer of aluminum is then deposited, pat-
terned, and alloyed for 308 at 450 °C to form the ohmic
contacts to the cantilevers and the substrate@see Fig. 2~e!#. A
membrane, typically 30mm thick, is defined by anisotropic
etching in KOH from the backside while protecting the top
side in a mechanical chuck@see Fig. 2~f!#. An appropriately
patterned photoresist cover layer protects the aluminum
bonding pads from being attacked in the subsequent fabrica
tion steps. The counter electrodes and the cantilevers ar
released by RIE from the backside and BHF etching, respec
tively @see Fig. 2~g!#. Finally, the resist is stripped and the
cantilevers bonded@see Fig. 2~h!#. Figure 3 shows micro-
graphs of the microfabricated capacitive cantilevers after the
completion of the process.

III. EXPERIMENTAL RESULTS

The frequency response of the electrical impedance of the
capacitive sensor deviates significantly from the one of a
simple capacitor due to the coupling of the mechanical mo-
tion of the CB and corresponding electrical fields. The fre-
quency response can be modeled by the same equivalent c
cuit that applies to a quartz crystal resonator. It consists of a
series resonant circuit that is shunted by a capacitance.10 A
detailed analysis shows11 that observability of the resonant
properties and the overall performance of the capacitive sen
sor can be expressed in terms of a single parameter that is t
be maximized and which scales as the square of the applie
biasing voltage and the inverse cube of the gap width be-
tween CB and counter electrode. Hence, the quality of the
insulating oxide layer and of the capacitor gap are crucial for
successful operation of capacitive sensors.

For practical reasons the admittance which is the inverse
of the impedance was measured using a spectrum analyze
~see Fig. 4!. For this purpose a small~of the order of 5 mV!
white noise driving voltage7,8 superimposed on a dc bias
voltage~36 V in the example shown! is applied. The current
that is induced in the capacitive sensor is measured by mean
of a virtual ground type current to voltage converter. By this
scheme the electrical potential of the cantilever~and the tip!
is clamped to ground potential thereby virtually suppressing
effects due to unavoidable stray capacitances. This point i
somewhat critical as the capacitance of the lever is only of
the order 0.1 pF. The frequency response of admittance mea
sured on a cantilever with a length of 300mm is shown in
Fig. 5. Series and parallel resonance can be clearly identifie
at f s560 147.5 Hz andf p560 217.5 Hz, respectively. As
expected, a sharp transition in the phase response is ob
served. The phase shift amounts to 160° and the slope mea
sured at the series resonance is]f/] f ) f5 f s59°/Hz from
which a quality factor of the resonance of the order of
Q5 f /2]f/] f ) f5 f s54700 can be deduced. The observedQ
factor appears to be somewhat low. The reason for this is th
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903 Blanc et al. : SFM in the dynamic mode 903
high value of the specific resistance of the Si wafers us
TheQ factor is lowered because of resistive dissipation
duced by the motion of space charge at the surface of the
and the counter electrode when the electric field is be
modulated by the vibration of the CB. Quality factors as hi
as 50 000 have been obtained in test devices that were d
close to the limit of degeneracy.

With increasing applied dc voltage the resonant freque
decreases, as shown in Fig. 6. This corresponds to a lowe
of the effective cantilever spring constant. At low applied
bias the frequency shift is proportional to the volta
squared. From this data the mechanical resonant frequ
~at Vdc50! is extrapolated to be 66 585 Hz. The physic

FIG. 3. ~a! SEM micrograph of an array of micromachined capacitive c
tilever sensors.~b!, ~c! Enlarged views of the end section of the lever sho
ing the integrated probe tip.
JVST B - Microelectronics and Nanometer Structures
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dimensions of the cantilevers were checked by scanning
electron microscopy. The observed thickness of the levers
varied between 5 and 6mm. From Eq.~2! we compute a
resonance frequency in the range 77–93 kHz for cantilevers
with a length of 300mm. These values are higher than the
experimentally determined resonance frequency. This differ-
ence is attributed to the effect of the holes in the cantilever.
Note that due to thickness variation the measured resonanc
frequency itself also varies by a substantial amount. Values
as high as 85 kHz have been observed for the type of canti
levers used in the experiments.

Dynamic force gradient sensing is the preferred operating
mode for capacitive force sensors. The method exploits the
fact that the resonance frequency of the CB shifts according
to the interaction force gradient acting between the tip and

n-
w-

FIG. 4. Schematic diagram of the setup used in the admittance measuremen
Note that the CB is virtually grounded by means of the current to voltage
converter and hence the effect of stray capacitances is minimized.

FIG. 5. Measured frequency response~admittance amplitude and phase! of a
capacitive cantilever with a length of 300mm. The applied bias isVdc536 V.
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904 Blanc et al. : SFM in the dynamic mode 904
the sample. Implementation of the scheme is straightforw
as the capacitive sensor acts like a resonant electrical
terminal device. For measuring the resonance frequen
setup similar to the one used for the admittance measure
was employed~see Fig. 7!. The sensor serves as the fr
quency determining element~operating at series resonanc!
in an oscillator circuit that consists of a variable gain fe
back amplifier and an automatic gain control to maintai
constant vibration amplitude.12

The oscillation frequency is measured by means o
phase-locked loop frequency detector that has a bandw
of 10 kHz.

Experiments were performed in vacuum in order to av
damping of the CB oscillation by ambient air. A dc bias of
V was applied and an ac driving voltage of the order of 5 m
was sufficient to induce a vibration amplitude of 50 nm at
free end of the cantilever. A Cr grating on a quartz subst

FIG. 6. Measured series resonant frequency as a function of applied dc
for a cantilever with a length of 300mm. The solid line corresponds t
f s566 585–3.6Vdc

2.

FIG. 7. Schematic diagram of the oscillator and the associated feed
control loop which controls the tip–sample distance by regulating o
constant frequency shift.
J. Vac. Sci. Technol. B, Vol. 14, No. 2, Mar/Apr 1996
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was used as test sample. The pitch of the grating was 250
and the Cr lines had a height of 100 nm. Topographic ima
ing was performed in a constant force gradient operatin
mode meaning that the feedback loop controlling the tip
sample distance was regulating on a constant frequency sh
At these conditions the noise of the output of the frequenc
detector was of the order of 2 Hz measured over a bandwid
of 1 kHz. This noise level is roughly a factor of 2 larger than
the fundamental thermal oscillator noise limit.12 A positive
shift of 50 Hz was selected as imaging parameter in Fig. 8~a!
showing a 1.5mm31.5 mm section of the grating. The fre-
quency shift translates into a positive interaction force gra
dient of the order of 0.01 N/m~assuming a spring constant of
10 N/m! meaning that the overall tip–sample interaction wa
repulsive. In fact, operation of the force microscope is bett
described in terms of a high-frequency tapping mode give
that the vibration amplitude of the CB was of the order of 5
nm. In each oscillation cycle the tip pushes against th

bias

back
a

FIG. 8. Dynamic force gradient imaging of a Cr grating with a pitch of 250
nm on a quartz substrate. The total scan area is 1.5mm31.5mm. The image
was obtained in the repulsive~‘‘tapping’’ ! mode at an effective positive
force gradient of 0.01 N/m.~a! Topography: height variation between
trenches, shown dark, and ridges, shown bright, corresponds to 80 nm.~b!
Dissipation: low and high dissipation are shown as bright and dark tone
respectively. The dissipation in the dark areas is about two times strong
than in the bright areas.
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905 Blanc et al. : SFM in the dynamic mode 905
sample for a short fraction of the oscillation period. Th
repulsive force that was exerted by the tip during touch
can be estimated to be of the order of 500 pN assuming 1
for the range of interaction. The drive voltage necessary
maintain a constant amplitude of vibration is a measure
dissipation.12 By monitoring this voltage@see Fig. 8~b!#, one
can thus obtain information on local variations of dissipati
channels of the tip–sample interaction. Correlation of
topography with corresponding variations of the dampi
factor can easily be recognized. Damping forces are high
when the tip is following a trench between Cr lines and th
are smallest when the tip is on top of a Cr line. At this po
we lack a firm understanding of the physical mechanism t
is causing this variation of the dissipative interaction. Fro
the correlation with the topography, namely, dissipation b
ing minimum on top of the protrusions and maximum at t
edges of the ridges, one might speculate that the dissipa
is caused by frictional forces as the tip is touching the sam
surface.

To conclude, we have shown that microfabricated capa
tive sensors can be used for scanning force microscopy in
dynamic mode. With this device the experimental setup c
be greatly simplified with respect to many of the conve
tional schemes: no optical components for the tip displa
ment sensing are needed and, moreover, as shown in
article, the integrated electrostatic actuation can be use
excite the levers at resonance, meaning that no additio
actuators are required. Static actuation is also conceiva
However, one must keep in mind that the electrostatic pot
tial applied to the actuator also influences its resonance
quency. Therefore, compensation schemes are needed i
JVST B - Microelectronics and Nanometer Structures
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der to separate this effect from genuine interaction induce
changes of the resonance frequency.
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