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Abstract

A novel silicon microfabricated sensor head for the scanning force microscope (SFM) is presented. The force
sensor consists of a cantilever and an adjacent counter-electrode forming the two plates of a capacitor. Force-
induced cantilever deflections are monitored by capacitive detection. Typical lever dimensions of 800 um x40
pm and a gap of 3 um yield an active sensing capacitance C=0.1 pF. The expected sensitivity in terms of
vertical cantilever motion is AC/Az=10 fF/um. In addition to the sensing capability, the microlever can also be
z-actuated by applying controlled voltages. This allows both the tip-to-sample distance and the cantilever/system
compliance to be adjusted. Expressions are derived for the amplitude of cantilever deflections under electrostatic
actuation in the static and dynamic modes as pertinent to applications of SFM in the contact and non-contact
modes. The microlever is fabricated using silicon bulk- and surface-micromachining techniques including fusion
bonding and sacrificial layer etching. First measurements of the static and dynamic deflections of cantilevers are
analysed and show promising results. The reported device basically represents a module of an SFM microsystem

with integrated cantilever deflection sensor and adjustment capability.

1. Introduction

In scanning force microscopy local surface forces
acting between a sample and a sharp tip are probed
via the deflection of a tiny cantilever beam [1]. The
cantilever motions, usually in the nanometre and sub-
nanometre range, are sensed with different measuring
techniques including assembled optical, tunnelling or
capacitive set-ups [2]. All these detection principles
require external physical components to be aligned,
somewhat complicating the system design.

In consideration of an integrally designed scanning
force microscopy (SFM) sensor head, a piezoresistive
cantilever [3] and a piezoelectric lever [4] have been
operated successfully. Furthermore, a bimorph structure
(metal/piezoelectric zinc-oxide) providing integrated
three-dimensional tip actuation has also been presented
[5]. Such sensing and actuated cantilevers are of great
interest for miniaturized scanning probe systems, not
least for industrial applications such as IC surface
profiling. In particular, they enable the scanning of the
tip versus the fixed sample while having the sensor
incorporated in the probe, thus substantially simplifying
the design of a stand-alone SFM microsystem.

The capacitive method for cantilever deflection mea-
surements has proven to be an interesting alternative

to other methods [6-9]. The fabrication and operation
of such a miniaturized capacitive probe are inherently
critical. Strict instrumental requirements have to be
ensured in order to control and minimize stray ca-
pacitance effects for a high-resolution system.

Accurate machining and alignment of the capacitor
plates and gap are crucial for successful operation.
Silicon micromachining is a promising technique to
batch-fabricate reproducibly such devices with high
accuracy. In this paper we present a fully micromachined
capacitive microlever for the SFM. The device has the
interesting asset of incorporating both a cantilever-
deflection sensing and adjustment capability in a single
probe. While profiling a sample surface in the quasistatic
mode, minute cantilever deflections induce a change
in the capacitance gap between two silicon beams,
which can be measured via interface electronics. Al-
ternatively, when vibrating and scanning the microlever
in a non-contact dynamic mode, the frequency shift
due to force gradients can be measured. Silicon is well
suited for resonant methods due to its inherently high
Q-factor [10].

The electrostatic actuation capability by applying
controlled voltages allows for an induced cantilever
bending, thus permitting the tip-sample fine approach
and eventually an autonomous feedback system. Fur-
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thermore, the adjustment/tuning possibility of the lever’s
mechanical characteristics, and thus of the contact
pressure between tip and sample, gives access to new
fields of SFM applications. The reported device basically
represents a microfabricated component of a stand-
alone SFM system. We first present the design and
the modelling of the capacitive microlever. In particular
the stability and snapping criterion of the micro-
electromechanical device are considered. The micro-
fabrication is then described and first prototypes are
characterized.

2. Design and modelling

The micromachined monocrystalline silicon SFM mi-
crolever (Figs. 1 and 2) consists of a cantilever carrying
a sharp tip and an adjacent counter-electrode attached
to the substrate holder, which form a parallel-plate air-
gap capacitor. The mechanical properties of the can-
tilever are given by the material constants and the
geometrical dimensions length /, width w and thickness
t. In particular, the spring constant k and the resonance
frequency w, are given by [11}

k=32 (1)
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Fig. 1. Scheme of the capacitive microlever: (a) top view denoting
length ! and width w; (b) side view showing the SiO, spacer and
the air-gap capacitor.

Fig. 2. Scanning electron micrograph of the capacitive micro-
machined monocrystalline silicon SFM cantilever with tip and
the adjacent counter-electrode.
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with T=wt?/12 the moment of inertia, E=1.7x10"
N/m* Young’s modulus, p=2300 kg/m® the density of
the silicon and m = pwil the mass of the cantilever. One
of our devices with typical dimensions /=800 wm,
w=40 pm and f=5 pm yields k=0.5 N/m and f=
wo/27=10 kHz. Equation (2) has the form of a simple
harmonic oscillator wy = (k/m g)'? with m ¢ =0.24m [11].
The active sensing capacitance is given by C=e,A/d
with A=wl, d=3 pm for the gap and ¢,=8.84X 10~
A s/V m and yields C=0.1 pF (see Table 1). The
parallel capacitance of the anchoring pad of silicon
dioxide amounts to about 1 pF. Due to the simply
clamped cantilever, only part of the capacitor area A
contributes effectively to the deflection sensing and
actuation. As shown below, a more accurate model is
obtained by redefining an effective area A.;=(3/8)4.

Cantilever deflection sensor

When raster scanning the tip across a sample, local
surface forces will induce a minute defiection z of the
cantilever beam. The elastic curve due to a concentrated
load at its end can be expressed by [12]

2(x)= 2 (= 3+ 28 (3)
where z, is the deflection at the free end. This cantilever

motion changes the air-gap capacitance C computed
according to

Cle)= f s & @

In Fig. 3 we have calculated the sensitivity AC/Az, by
numerical differentiation of eqn. (4) for a typical can-
tilever and various gap values (d=1, 2, 3, um). The
sensitivity at zero deflection (z,=0) can be expressed
in an analytical form as

AC 3wl
& E=0=5 5 ®)

TABLE 1. Typical microlever dimensions

Length I 800 pm

Width w 40 pm
Thickness ¢ S pm

Spring constant k 0.5 N/m
Resonance frequency f 10 kHz

Area A=IxXw 800X 40 umX um
Gap d 3 pm

Active capacitance C 0.1 pF

Sensitivity AC/Az (calculated) 10 fF/um
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Fig. 3. Calkculated sensitivity AC/Az, of the capacitive microlever
as a function of z, for different gap values (d=1-3 um); /=800
pm, w=40 pm, positive and negative deflections are shown.

This corresponds to the sensitivity for a simple parallel-
plate capacitor of area A.«={3/8)4. For our typical
device we obtain AC/Az,=10 fF/um (Table 1).

Cantilever z-actuation

In addition to the deflection-sensing capability, the
microlever can also be used for z-actuation of the tip
by applying controlled voltages on the probe. In the
case of a parallel-plate capacitor of area A4, gap 4 and
applied voltage V, the electrostatic force is [13]

1 A

Fel='i€0d_2pa

~ % @ % (Vo2 42V Vo COS ) 6)

assuming V=¥, 4V, cos ot with Vo>V, so that
high-order terms do not contribute.

Static deflection (V,.=0}

In the analysis of the actuation, a mathematical
complication comes from the deflection of the cantilever
and the non-uniform electrostatic forces present along
its length. For small deflections, however, the cantilever
senses approximately a constant electrostatic pressure

|
P,= 5502"2'

which leads to a displacement of the tip given by [12]

1 vV w
0= '1—660:1‘5 E (7)

For a concentrated force

/Iet‘i’l',2

Fcl= dz

€

1
2
acting at the end of the cantilever, the displacement
is
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ZO = g €y dz EI (8)

Comparison of eqns. (7) and (8) shows that the same
tip displacement is obtained provided one defines an
effective area A.,=(3/8)wl. In the following the elec-
trostatic force is approximated by a concentrated load
at the cantilever end. The overall behaviour of the
device is best described by computing the total potential
energy U, of the system, which is the sum of the strain
energy of the deflected cantilever and the electrostatic
energy due to the driving voltage V [14], thus

121, Aa
2 kzﬂ 7 €y (d“’Zo) (9)

Figure 4 shows the calculated potential energy U, for
our typical cantilever and for different applied voltages.
The curves yield information on the cantilever dis-
piacement and stability conditions. The cantilever equi-
librium positions, for example, are found by solving
AU, /dz=0, yielding kzy=05¢,4.:V*Nd —2,), ie.,
equating the spring restoring force to the electrostatic
force. These two opposite forces generate a stable
position of static equilibrium at the minimum (U,,)
and an unstable equilibrium at the maximum (U,..)
of the potential energy, respectively (curves a and b).
Beyond a threshold voltage V, (curves ¢ and d) no
stable equilibrium position exists {(d*U,,/dz*<0) and
the cantilever can no longer withstand the attractive
electrostatic force and ‘snaps’ into the counter-electrode.
The snapping distance z, and voltage ¥, can be calculated
by satisfying dU,,/dz (z=2,) = 0 and d*U,,/dz? (z=2) =0,
which yields [13]
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Fig. 4. Calculated total potential energy Uy, as a function of z,
for the capacitive microlever showing the equilibrium positions.
Threshold voltage V=55 V and snapping distance z,=1 pm.
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meaning that the actuation range is limited to one third
of the gap 4. In our case we obtain z,=1 um and
V,=55 V.

The effective cantilever compliance &’ is modified by
the attractive forces resulting from the electrostatic
field between the cantilever and the counter-electrode
and can be calculated with the same model as

A = 2 a_p_ _€ofer
k'(V)=dUnfdze’ =k (d—zo)3V2

leading to a lowering of the resonance frequency oy’
(13]

@' (V) =(’L’)

[0 k

(11)
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Dynamic deflection
The forced vibrations of a cantilever due to the
driving electrostatic force

A
F=eod—°decV,c cos wt

(12)

(eqn. (6)) with a viscous damping —c(dz/dt) satisfy the
equation of motion
d* dz A,

Mo 33 = —kz—CE +€ d;f
where m.; is the effective mass of the lever [11]. In
the steady state the displacement z from the static
equilibrium position is given by the standard resonance
equation [15]

Vac Ve COS (13)

A
=6 ,;;;%' VeV acB cos(axt — 6) (14)
in which the magnification factor is
B=[(1- oo’y + (w/Qux)] 1 (15)
and the phase angle is
tan—1 w/Qawy,
@=tan (—-———-—1_ af/woz) (16)

with the quality factor Q=m qwy/c.

3. Device fabrication

The structure is completely fabricated by means of
silicon micromachining techniques as illustrated in Fig
5. The process is based on the fabrication of mono-
crystalline silicon SFM cantilevers with tips [16] and
extended by additional steps including silicon fusion
bonding (SFB) and reactive ion etching (RIE). After
thermal oxidation to 1.5 um SiO, of two 280 pm thick

RIE

KOH etch window

(b)
Bulk etching (KOH)

©
Re-masking and pattering

(d)

RIE + wet etching *

Cantilever
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®

Fig. 5. Microfabrication of the capacitive microlever (see text).

phosphorus-doped silicon wafers (p=0.03 () cm), both
wafers are patterned by photolithography and SiO,
etching in buffered hydrofluoric acid (BHF); the upper
wafer with the cantilever shape (see dashed line in
Fig. 5(a)), the lower wafer with the counter-electrode
and the backside etch windows. Both wafers are RIE
processed to form deep trenches of about 5 um for
the cantilever and 20 um for the counter-electrode,
respectively, After surface cleaning and hydrophilization
in HNO, and H,SO,/H,0,, the two bond partners are
aligned together with high precision (accuracy <2 pm)
on a mask aligner and pre-bonded by applying a con-



Fig. 6. Close-up of the capacitive microprobe head.

trolled contact pressure. Subsequent high-temperature
annealing (1100 °C, 3 h) seals the two wafers on the
selected surfaces together (Fig. 5(b)). Bulk etching in
potassium hydroxide (KOH: 40%, 60 °C) is time con-
trolled and stopped when a 20 um membrane is left
(Fig. 5(c)). Then a 1 um thick thermal SiO, is grown
and patterned to form the mask for the tip formation
in RIE (Fig. 5(d)). Wet etching in HNO,:HF:CH,COOH
releases the cantilever and counter electrode from the
membrane and forms a high protruding silicon tip (Fig.
5(e)). By selective BHF etching of the sacrificial SiO,
spacer between the two bonded beams, we obtain the
micromechanical air-gap capacitor with a gap of 3 um
(Fig. 5(f)), which is defined by the thickness of the
bonding interface layer (1.5 um SiO, on both wafers).
Gap distances of 2 or 1 um are feasible by using thinner
bonding dioxide layers. The individual sensors are at-
tached by thin silicon beams to the wafer-chip and can
casily be removed. Figure 6 shows a close-up of a
micromachined microlever head.

4. Results and discussion

The microfabricated devices were encapsulated and
wire-bonded for testing. A total capacitance of =3 pF
between the connection pads has been measured. When
applying bias voltages the cantilever motion could be
observed with an optical confocal microscope. Figure
7 shows both the measured and calculated deflections
of one cantilever as a function of the applied d.c.
voltage. The measured values show the expected V*
behaviour and are, for small deflections, in good agree-
ment with the theoretical curve. A spring constant of
k=35 N/m has been assumed here, meaning a somewhat
stiffer cantilever than expected. A possible explanation
for this could be a slightly thicker cantilever as designed
and the additional aluminium layer of 0.5 um required
for low ohmic contacting of the bonding wires.

Figure 8 shows the measured amplitude of vibration
for a cantilever with /=300 pm and w=40 pum when
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Fig. 7. Static deflection curve of a microlever as a function of
applied d.c. bias voltage. The measured values (confocal micro-
scope) and the theoretical curve (k=5 N/m) are presented.
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Fig. 8. Measured amplitude of vibration of the electrostatically
actuated cantilever, V. =1V peak to peak; V4. =2, 4,6 V; =300
pm, w=40 pm.

the frequency of the harmonic excitation voltage of 1
V (peak to peak) is swept from 53 to 63 kHz. The
measurements were performed in air with a confocal
microscope and a phase-sensitive detection of its output
signal (lock-in amplifier). The amplitude z of vibration
is observed to increase almost linearly with applied d.c.
voltage (Fig. 8) and a.c. voltage (not shown), as predicted
by eqn. (14). A resonance frequency of 58 kHz and a
quality factor of Q=w/Aw=065 are measured, where
Aw is the full bandwidth at 0.707 of the maximum
amplitude [11]. At resonance the observed amplitude
of vibration is about 30 nm for a d.c. voltage of 6 V.
Equations (1), (2), (10) and the measured resonance
frequency of 58 kHz yield a spring constant k=3.26
N/m and a voltage ¥, =35.5 V. From eqgn. (12) we thus
compute a lowering of the resonance frequency to 57.75
kHz at V.= 6 V. This expected lowering with increasing
applied d.c. voltage is not observed. The discrepancy
is probably due to uncertainties in the cantilever di-
mensions and also to the limited range of voltages used
during the experiments.
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5. Conclusions

We have demonstrated the feasibility of microfa-
bricated capacitive microlevers. Theoretical modelling
and preliminary measurement results illustrate their
potential use in scanning force microscopy.
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