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Micromachined silicon cantilevers and tips
for bidirectional force microscopy
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A monocrystalline silicon lever with an integrated silicon tip for a force/friction microscope was realized. Theoretical
studies have been carried out to find the shape and dimensioning according to the mechanical system requirements.
Moreover, sharp tips with a high aspect ratio could be demonstrated.

1. Introduction

Scanning tunneling microscopes (STMs) and
atomic force microscopes (AFMs), known under
the expression scanning probe microscope (SPM),
are well established methods to analyze surfaces,
and the principle of their operation is published
widely [1-3]). In AFM a point probe reacts me-
chanically on interatomic forces of the sample
and generates a topographic view of the surface
with an atomic resolution. The mechanical part
typically consists of a cantilever as a spring ele-
ment with a sharp tip at its end.

In the field of solid-state sensors and actua-
tors, micromachining techniques were developed
to become the appropriate tool for cantilever and
tip fabrication [4]. Silicon dioxide (SiO,) as well
as silicon nitride (Si;N,) cantilevers have been
reported [5]. Recently also a polysilicon cantilever
was presented [6] using a sacrificial-layer tech-
nique.

In microelectronics itself such STM /AFM are
employed as profilers. Thereby the chip surface is
measured in three dimensions, which allows in
the comparison with an ideal chip a control of
quality and even the localization of defects. For
this application it would be very important to
have arrays in order to reduce the scanning time,
which is only possible with batch-fabricated heads.

Similar requirements hold for writing with SPM
and maybe also for the observation of dynamic
processes.

The advantage of using thin films to form
cantilevers for STM/AFM is the possible high
aspect ratio to obtain a high stiffness in x and y
direction (in the plane) and an adjustable stiff-
ness in z direction (out of the plane), without
affecting the resonance frequency. We have fabri-
cated such SiO, cantilevers [4] which have been
successfully used in AFM applications [3].

Recently, some interest has arisen to measure
not only the force in the z direction but also
parallel to the scanning direction (say y direc-
tion) especially to study tribological behaviour of
surfaces. The effect of this force at the tip is
either pushing the cantilever sideways or, when
this one is too still in this direction, twisting it.
Both possibilities have been applied for friction
measurements. For the torsional type, microma-
chined cantilevers have been used [7,8], whereas
in the case of the lateral spring, only conventional
techniques have been reported, e.g. by Neubauer
et al., a round wire with iridium, tungsten and
diamond tips [9]. For a micromachined cantilever,
one with a square cross section would be ideal to
realize equal spring constants in both directions.

This is no longer achievable with thin film
cantilevers since the width of the beam should

0304-3991 /92 /305.00 © 1992 - Elsevier Science Publishers B.V. All rights reserved



https://core.ac.uk/display/147905757?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

R.A. Buser et al. / Si cantilevers and tips for bidirectional force microscopy 1477

then become smaller than 1 wm, which would
cause serious problems both in fabrication and
measuring. In this paper, we are going to describe
beams in monocrystalline silicon (m-Si) with a
designed side length of the quadratic cross sec-
tion of about 14 xm and an integrated tip. Silicon
is, by the way, very well suited for resonance
methods because of its very high intrinsic Q-fac-
tor [10].

2. Fabrication of bidirectional cantilevers

Theoretical studies have been carried out to
find the shape and dimensioning according to the
mechanical system requirements, i.e. a force con-
stant k£ <1 N/m for an accurate force detection,
a resonance frequency » > 10 kHz to be able to
filter vibrational noise out of the signal and a
high force constant in x direction. In order to
find a compact shape with feasible dimensions,
we investigated analytically a simple beam and
different folded structures.

A meander-type cantilever allows us to shorten
the overall length of the cantilever up to half of
the length of the simple beam with the same
cross section and force constant. Also, it is possi-
ble to adjust the ratio of the stiffness in y and z
direction to a certain degree (from 1 for a simple
beam to 1.5 for a meander with a maximum width
similar to the protruding length), since one move-
ment is rather bending and the other torsionally
determined.

Fig. 1. The y displacement of the meander cantilever simu-
lated by ANSYS®.

Table 1

Mechanical characteristics of the meander cantilever (the
beam width is 14 xm and the protruding length 700 pum; &,
and ky are of the same order of magnitude, whereas k, is
high)

Force constant Resonance frequency

[N/m] {kHz]

k.=0.79 f.=12
k, =102 f,=14
k. =204 f.=29

By the simulation program ANSYS® [11] we
optimized the shape (see fig. 1). Note that the
clamping is not at the central line, which im-
proves the decoupling of the y movement from
the x movement. The results of the simulation of
the optimized structure is listed in table 1. For a
force at the end of the cantilever of 10 uN we
found that the maximal stress at the clamping
(0pax = 15X 10° N/m?) is about hundred times
below the fracture stress of silicon.

On a double-side polished 280 pwm thick (100)
wafer, a 1.5 um thermal SiO, was grown. On the
back windows were opened for the formation of a
membrane (~ 15 wm thick). This was obtained by
anisotropic etching with 40% KOH at 60°C from
the backside while the topside was protected by a
mechanical chuck. On this membrane the can-
tilever was patterned by means of 6.5 wm thick
photoresist (AZ 4562). Anisotropic reactive ion

Fig. 2. m-Si cantilever with square cross section, designed as a
meander shape.
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etching (RIE) using a C,CIF;/SF, gas mixture
ends in fairly vertical sidewalls [12]. We could
thus fabricate cantilevers with a quadratic cross
section (see fig. 2).

3. Fabrication of tips on wafer

A crucial part of the AFM point probe is the
tip, which has to be as sharp as possible. It would
be of great benefit to integrate it directly on the
cantilever. In the field of vacuum microelectron-
ics both wet and dry etching techniques to form
sharp silicon field emitters were recently pub-
lished [13], not all suitable for batch-processed
integration on a cantilever, e.g. electron-beam
deposition inside a SEM [14] or evaporation of a
metal through an orifice [5].

Sharp Si tips can be achieved with a two-stage
isotropic—anisotropic etching, exploiting the self-
sharpening due to silicon crystal plane orienta-
tion [15], or using reactive ion etching techniques
with dioxide or nitride etch masks [5,16]. We
investigated methods to form tips in m-Si, which
are compatible with the microfabrication of can-
tilevers.

We found that dry etching allows one to form
sharper tips than wet etching. The best results,
however, were obtained by a combination of dry
and wet etching, which has been applied to form
sharp tips with a high aspect ratio. By means of
two successive photolithographies, we patterned a
10 wm square double-layer mask consisting of 1.5

Photoresist AZ 4562
6.5um thick

(a)

Fig. 4. A SEM of a 10 pwm high tip with a high aspect ratio.

AD0HI

Fig. 5. The SEM of the end of the tip showing a tip radius of
estimated 20 nm.

silicon dioxide
1.5um thick

undercut

(b)

Fig. 3. Tip formation exploiting a two-stage dry-anisotropic /wet-isotropic etch process; (a) 12 wm high silicon columns obtained by
RIE etching, (b) column thinning and pronounced tip formation by wet etching.



R.A. Buser et al. / Si cantilevers and tips for bidirectional force microscopy 1479

wm thick silicon dioxide (below) and 6.5 um thick
photoresist AZ 4562 (above) as shown in fig. 3.

Application of the same RIE process as above
results in silicon columns of 12 um height, with
nearly vertical sidewalls and without under-cut-
ting (fig. 3a). Subsequently the column is thinned
during a 15 s isotropic acid etch step in
HNO, : HF : CH;COOH. The silicon dioxide cap,
previously buried under the photoresist layer,
functions now as the etch mask and enhances the
formation of a sharply pronounced tip as shown
in fig. 4. Note the high aspect ratio. A close-up is
shown in fig. 5.

4. Fabrication of tips on cantilever

So far, Si cantilevers are published only for
(one-directional) SPM applications without inte-
grated tips [17,18]. IBM has announced such m-Si
cantilevers with an integrated tip, but without
publicizing the fabrication process [19]. Albrecht
{51 described some methods of micro-fabricating
tips on silicon dioxide films.

By combination of the methods described in
the sections above, we realized cantilevers with a
quadratic cross section and an integrated tip. We
exploited successive wet and dry etching tech-
niques using appropriate masking materials as
described now.

The formation of the cantilever was similar to
that without tip, except that simultaneously with
the opening of the windows on the backside for
the machining of the membrane, at the topside 10
um wide squares were patterned serving as mask
for the subsequent tip formation. Moreover, the
membrane was 25 um instead of 15 um, since it
will be etched further during the tip formation.
The photoresist (AZ 4562) covers the SiO, cap
and serves as masking for the following RIE step
(fig. 6a).

Again the same C,CIF;/SF; gas mixture was
used to etch the 15 pm deep vertical sidewalls of
the cantilever (see fig. 6b) and to obtain a very
thin (10 um) membrane. Next an acid etching
with a mixture of HNO,:HF : CH,COOH is car-
ried out during about 2 min. This final etch step
is crucial since simultaneously it forms the tip

(a) silicon dioxide 1.5um

Fig. 6. Fabrication process for a silicon beam with integrated

tip: (a) patterning of double-layer oxide-resist mask onto

pre-processed 25 pwm thin membrane, (b) dry etching of rough

cantilever shape until 10 um thin membrane, (c) final wet

etching step releasing the spring, forming the tip and smooth-
ing the surface.

YR J it

Fig. 7. Integrated m-Si Tip on top of the cantilever.
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(using the buried oxide cap as mask), pierces
through the membrane and consequently releases
the silicon spring. Additionally, this wet etching
smooths the dry-etched rough surface and cleans
it from burned organic photoresist (figs. 6¢ and
7).

5. Discussion

The application of these cantilevers in
force /friction measurements has to show whether
folded or straight cantilevers are better suited
and how they compare with the torsional method.

For the detection of the displacement we think
of an optical method as discussed by Rugar [20],
where two perpendicular optical beams are fo-
cussed on the cantilever, maybe with the combi-
nation of integrated optics elements, since we
think that this approach has the greatest flexibil-
ity to use different cantilever and tip types. First
measurements with the folded cantilevers as in
normal AFM have been carried out with encour-
aging results.

In conclusion, we could show the realization of
a monocrystalline silicon lever with an integrated
silicon tip for a force /friction microscope. More-
over, sharp tips with a high aspect ratio could be
demonstrated. Of course the described method
can also be used to fabricate high-aspect-ratio
cantilevers with an integrated tip, which is even
easier than fabricating the tip on a square cross
section.
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