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Abstract. Recent developments and advances in micro-electro-mechanical 
systems for nanometer-scale applications such as scanning force microscopy 
are presented. The microfabrication of tools so small that they enable access 
to the nanoworid, such as tips, flexible cantilevers, integrated deflection sensors 
and nanoactuators will be described. Bulk and surface micromachining of mono 
or polycrystalline silicon, extended by aligned-wafer-bonding, etch-back and 
sacrificial-iayer-etching steps are major fabrication steps used. Experiments 
on prototypes show that these devices are promising for use as ultra-sensitive 
stand-alone local probe micro-instruments. 

1. Introduction 

The invention of the scanning tunneling microscope 
(STM) 111 and the atomic or scanning force microscope 
(AFM, SFM) [2] has opened completely new opportunities 
for high-resolution surface-probing instruments for 
research and industrial purposes [3]. Real-space atomic- 
scale images of samples have been obtained and 
revolutionized the fields of surface physics, chemistry 
and biology. New generations of instruments for quality 
inspection of device surfaces, e.g. in mi integrated 
circuitry or for optical glasses became feasible. The 
expected number of sales of STMS/SFMS for 1993 is 
about eight hundred, representing a new market with 
an expected annual increase of 5-10% 141. 

In addition to the imaging mode these new 
instruments can be used for the controlled indentation 
of various surfaces for nanometer-scale recording [5]. 
Even the manipulation of individual atoms has been 
demonstrated 161, which might produce information 
storage devices with terabit storage densities for the 
21st century [7J. 

Access to the nanoworld is typically gained by means 
of a local probe operating with surface contact or &I a 
near-field mode at a few angstroms sample distance 
only. In the case of an SFM a tiny cantilever beam 
with a sharp tip is scanned acrms the surface, and the 
interaction between the probe and the surface atoms or 
topographical protrusions is monitored via the motion 
of the cantilever. Scanning in a raster mode enables 
the creation of real-space surface images. The control 
and monitoring of the position and interaction between 
the probe and the sample requires extremely small and 
accurate handling tools with tight specifications. In 
order to be able to measure small forces of nano- to 
picoNewton magnitude, a cantilever with low spring 
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constant is required. On the other hand high resonant 
frequencies are preferred to increase both the scan 
rates and the immunity of the device to external noise 
interference. These requirements lead naturally to a 
reduction in size of the entire device, which is therefore 
of extremely tiny mass with a low system compliance 
able to directly access and measure nanometer- and 
atomicscale events. In order to transmit and amplify 
the small signals we need transducers, e.g. for obtaining 
feedback information from the surfaces during the 
imaging or manipulation process. A 'Nano-robot 
system' as macro-to-nano mediation has recently been 
presented [SI. Micromechanics in silicon [9] and 
complete micro-electro-mechanical systems (MEMSS) are 
most suitable as interfacing parts of the nine orders 
of magnitude in dimensions that separate our human 
world with its traditional mechanical instruments and 
the nanometer world. MEMS technology benefits from 
the large amount of expertise gained during the last 
three decades in microelectronics technologies using 
batch fabrication processes with low unit costs. 

Intensive research activities have been launched 
worldwide for nanotechnology including the develop- 
ment of nano-instruments with a high degree of func- 
tion integration. New generations of integrated silicon- 
based sensors and actuators for local probe systems 
have been presented over the past few years. Silicon 
micromachining is one key technology for the fabrica- 
tion of such devices as outlined recently by MacDonald 
[lo]. The scaling of the structure dimensions from the 
already 'classical' micrometer to the nanometer plays 
a dominant role, which lies beyond the limits of stan- 
dard microfabrication methods. Further miniaturization 
may therefore require the improvement and extension 
of novel combinations of 'high-resolution lithographic 
(e-beam) and etching techniques [lo, 111. 

The spatial resolution of a local probe system (such 
as an sm) is strongly related to the probe tip radius 
and the distance to the sample. Tip shape, sharpness, 
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aspect ratio and material are essential and different 
types may be required for the various applications in 
mind (high-resolution images of flat samples, imaging 
of deep-structured surfaces, nanometrology, etc) (121. 
Many ways of producing SFM tips have been described. 
Basically two methods are nowadays used to yield tip- 
like-structures. The first is anisotropic and/or isotropic 
etching of a single-clystal material such as silicon and 
subsequent tip sharpening by an oxidation process, thus 
exploiting natural effects as a self-sharpening procedure 
[13,14]. The other method is to use a focused beam 
for either the deposition of a contamination shaft in a 
scanning electron microscope [15] or, alternatively, to 
sharpen by ion milling an existing tip of various materials 

Pioneering results in the field of microfabricated 
sFM cantilevers with integrated tips have been obtained 
by means of various surface and/or bulk micromachining 
techniques [17,18] and are meanwhile routinely used for 
mass production of these fragile replaceable structures. 
A novel simple single-mask fabrication process has been 
published recently 1191. Furthermore, as a trend to a 
higher degree of autonomous functionality, integrated 
piezoresistive [20] and piezoelectric cantilever deflection 
sensors [211 have been successfully implemented. As for 
the tip actuation, a microfabricated Sm scan tip using 
a zinc oxide piezoelectric bimorph cantilever has been 
demonstrated [22]. In-plane electrostatic actuators for 
nanometer-precise positioning of a center stage have 
also been fabricated by surface micromachining [23- 
261. An overhanging microgripper has been operated 
[27l; such a device could facilitate the access of a local 
probe sensor to a flat sample surface. Also, novel 
displacement sensors using wcuum tunneling seem to 
be most promising devices for the highest sensitivity 
[28] and results for a micromachined high-sensitivity 
accelerometer based on this measurement principle 
have been presented [29]. 

For Over a decade the group of de Rooij has been 
contributing to the advances of microfabricated sensors 
and actuators and their integration into microsystems. 
As part of the trend toward continuous miniaturization 
we aim for the complete integration of a micromachined 
nanosystem composed of an array of local probes, sensor 
elements and actuator mechanisms for the tip-versus- 
sample ey-scanning and for the tip-versus-sample z 
control, Le. its flight height. A challenging goal will 
be to obtain a really protruding cantilever/tip in order 
to solve the access problem to the specimen in real-life 
applications. Furthermore scanning the tip instead of 
the sample stage would make the system independent 
of sample size and a stand-alone microscanner could 
be obtained. Sensor elements for positioning and 
interaction measurements are required and should not 
interfere with the actuator parts. 

In this paper we present an overview of 
microfabricated silicon tools fabricated in our laboratoly 
which represent the basic components of an MEMS for 
nanoscience, in this particular case for an SFM. We 
show cantilever arrays with integral tips, an integrated 
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Flgure 1. SEM micrograph d an etched silicon tip with 
high aspect ratio and a tip radius d less than 50 nm. 

cantilever deflection sensor/actuator using a capacitive 
device and surface micromachined poly- and single- 
crystal silicon zy nanoactuators. The approach to a fully 
integrated scanned probe microsystem will be discussed. 

2. Tips 

A rather simple two-step process for making silicon 
tips has been developed. A photolithographic pattem 
(polygon or circle) of 1.5 pm thick thermal silicon 
dioxide is used as an etch mask for reactive ion etching 
(RIE) using SF&zCIFs gases to obtain a 10 pm silicon 
column. The etch parameters are adjusted in order to 
control the undercut and the slope of the side walls 
[30]. The second step consists of an isotropic wet- 
etching process in a mixture of HNO,:HFCH3:COOH 
where the silicon column is progressively thinned and 
finally ends in a sharp tip when the cap is completely 
underetched. By this method we achieved high-aspect- 
ratio tips with a height of more than 10 pm and tip radii 
of less than 50 pm. By changing the etch parameters 
different shapes of tips can be tailored to some degree. 
Figure 1 shows the detailed view of a highly protruding 
silicon tip fabricated by the described procedure. 

3. Batch-fabrlcated SFM cantilevers with 
integrated tips 

A difficult task in SFM always has been the integration of 
a sharp protruding tip onto the tiny flexible cantilevered 
force sensor. Our group has developed a three-mask 
Iccompatible hatch process using combined wet and 
dry etching. A more detailed description is given in 
previous publications, e.g. [31]. Briefly, a thermally 
oxidized silicon w f e r  is double-side patterned: on 
the top side for the RIE etching of the cantilever- 
tip structures and on the reverse side for the h a 1  
membrane hack etching. The oxide layer (1.5 pm) on 
the top side is patterned by means of two subsequent 
photolithography and etch steps into a bi-level mask 
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Flgure 2 EM micrograph d a micrdabricated silicon SFM 
cantilever with the tip hwering wer an integrated urcut 
surface. 

layer with the tip layout keeping the whole oxide 
thickness and the cantilever layout reduced to half of it 
(0.75 gm). This process variant allows for the patterning 
of both the cantilever and the tip on the flat substrate 
before continuing with the deep micromachining etching 
processes. The cantilever is machined using RIE 
parameters keeping the side walls rather vertical [30]. 
Afterwards the cantilever mask (0.75 mum) is removed 
in buffered hydrofluoric acid (BHF) still leaving the 
additional 0.75 pm oxide cap for the subsequent tip 
RIE step. The wafers are then timecontrolled back- 
etched in 40% KOH solution at MI OC while the top 
side is protected in a mechanical chuck. Hnal wet 
etching in HNOJ:HFCH~COOH Wishes the tip-mask 
underetching, pierces through the membrane and thus 
releases the free-standing cantilevers with integrated 
tips, which are attached to a holder piece for mounting 
in an SFM system. By different pattern dimensions of 
the cantilevers, various mechanical specifications can be 
met: spring constants varying from 0.01 to 100 N m-I 
and resonant frequencies up to 150 kHz have been 
fabricated. Arrays of multiple probes have also been 
demonstrated (figure 3). The produced probes have 
been successfully used in commercial sm systems, in 
both contact and non-contact imaging modes. Figure 4 
shows an SFM topographic image of a section of a 
Fresnel phase lens etched in glass (Courtesy of M 
Binggeli, CSEM Newhatel). 

4. Integrated SFM sensor/actuator (capacltlve) 

The deflection of the tiny SFM cantilever induced by 
the forces during surface scanning can be monitored 
by different methods. Most common in commercial 
SFMS is the optical measurement of the beam deflection. 
Other displacement sensing such as vacuum tunneling, 
interferometric and capacitive detection have also been 
successfully implemented. These ‘two-body’ assembled 
set-ups require external components to be accurately 
aligned with the cantilever and isolated against thermal 
drift and vibration and complicate the instrument 

Flgure 3. EM micrograph of an array of four different- 
shaped silicon cantilevers with integrated tips. 

Figure 4. SFM topographic image d a section of a Fresnel 
phase lens etched in a glass (picture taken by M Binggeii, 
CSEM Neuchltel). 

design. In consideration of an integrally designed SFM 
sensor head, a piezoresistive [20] and a piezoelectric 
[24  cantilever beam have been operated successfully. 
Such auto- or self-sensing probes are of great interest 
for miniaturized scanned probe devices since they 
enable the scanning of the tip versus the k e d  sample 
while having the sensor incorporated in the probe, 
thus simplifying substantially the design of a stand- 
alone instrument. The use of a capacitor for the 
deflection measurement of an SFM cantilever has 
proven to be an interesting alternative to the other 
methods [32-351. The fabrication and operation of 
a miniaturized capacitive probe is inherently critical. 
Strict instrumental requirements have to be ensured in 
order to control and minimize stray capacitance effects 
for high resolution. 

We have developed such a novel SFM probe 
head consisting of a silicon microlever with tip and 
incorporated air-gap capacitor. The device is entirely 
fabricated by silicon micromachining as described in 
detail elsewhere [%I. Briefly, two silicon wafers 
are RIE processed separately to form cantilever and 
counterelectrode. Wafer alignment and pre-bonding 
within 2 gm alignment accuracy is performed on a 
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Figure 5. SEM micrograph of a micromachined silicon 
capacitive microlaver with tip for SFM. 

commercial bond aligner followed by fusion bonding 
at 1100 ‘C. Then the wafers are etched in KOH and a 
tip mask is patterned onto the membrane that covers 
the ‘buried’ cantilever precisely at the desired place 
over the cantilever head. Alignment marks on the 
wafer reverse side are used for this step. Subsequent 
RIE forms the tip column and final wet etching finishes 
the tips and pierces through the membranes. Finally, 
the air-gap capacitance between the silicon beams is 
opened by selective lateral etching of the intermediate 

of a capacitive microlever fabricated by the described 
procedure. mica1  dimensions are 800 x 40 x 5 j” for 
the microlever length, width and thichess respectively 
yielding values of spring constant c = 0.5 N m-I and 
resonant frequency f = 10 H z .  The air gap is defined 
by the thickness of the bond oxide and was in our case 
3 pm, which yields for the given dimensions a lever 
capacitance of C = 0.1 PE The sensitivity of the device 
in terms of vertical tip displacement d C / d r  is estimated 
as 10 fF pm-l which requires electronic circuitry for 
detection. The counterelectrode beam is considerably 
thicker than the cantilever beam and bending due to 
the small forces is assumed to be negligible, compared 
to the cantilever. 

In addition to the deflection-sensing mode this 
capacitor device can also be used for z actuation of the 
Rexihle cantilever with the integrated tip by applying 
controlled voltages between the two beams. Actuated 
tips are of great interest especially when probe arrays 
for parallel probing are considered. Then, each tip has 
to be individually addressable and movable in order to 
maintain the critical Right height over a possibly rough 
sample during the surface imaging or manipulation 
process. The described configuration can be used as 
tip-to-sample-distance fine adjustment. By the same 
mechanism the compliance of the local probe system can 
be modified. A theoretical calculation that takes into 
account the electrostatic force and the restoring spring 
force shows that by increasing the applied bias voltage 
the total potential energy of the deflected cantilever (i.e. 
the sum of the electrostatic energy and the strain energy) 
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bond oxide in BHF. Figure 5 shows an SEM micrograph 

Figure 6. Frequency response ci the actuated silicon 
microlever: resonant frequency, 51 kHz; V, = 2, 4, 6 V, 
VAC = 1 V peak to peak. 

decreases [37]. At a certain threshold voltage the 
equilibrium position vanishes and the cantilever ‘snaps’ 
into the counter-electrode since beyond this threshold 
the electrostatic force is permanently larger than the 
restoring spring force in the whole displacement range. 
The described mechanism enables to some extent the 
tailoring of the contact pressure between tip and sample. 
This gives access to new fields of SFM applications and 
is particularly interesting for imaging of soft surfaces on 
biological species. 

Another possible application of this device is to use 
it as the driving mechanism for cantilever oscillation 
[3S] .  Silicon is a well suited resonator material due to 
its inherently high Q factor [39]. In this particular case 
the cantilever is vibrated near the resonant frequency 
as required for non-contact surface profiling or tapping. 
When brought into close proximity with a sample, force 
gradients acting on the tip change the frequency and 
amplitude of vibration, which can both be measured. A 
first demonstration of this driving mechanism is given 
in figure 6. The graph shows the frequency response 
of a typical capacitive microlever. The amplitude was 
monitored with a confocal optical microscope. At a 
resonant frequency of 51 H z  an amplitude of 60 nm 
could be observed for a DC bias of 6 V and an AC 
voltage of 1 V (peak to peak). 

5. XY nanoactuator 

Recently, sacrificial-layer technology, has gathered 
much interest as a new method of constructing 
micromechanical elements using fabrication techniques 
of the IC industty [40,41]. Most devices based on this 
technology are driven electrostatically; in particular the 
comb actuator proved to be. a useful driving element 
[25-27]. Its main features are quick response time, 
Ic-compatible driving voltages, no hysteresis in the 
positioning and the feasibility of an integrated capacitive 
positioning detection. These features make the comb 
actuator an interesting candidate for the positioning of 
an SFM tip [U, 421. 

In the following, nanostmctures are discussed that 
use polysilicon (in the next section silicon is employed) 



Flgure 7. View of a piysilicon comb-driven xy 
nanoactuator. 

Figure 8. Displacement-versus-voltage diagram of the 
poiysiiicon xy nanoactuator. 

as the structural layer and silicon dioxide as the 
sacrificial layer. A typical z y  nanopositioner that 
we fabricated in collaboration with the Swiss Center 
for Electronics and Microtechnology Inc (CSEM) in 
Neuchitel, Switzerland, is shown in figure 7. As can be 
seen from the SEM micrograph the positioner consists of 
four comb actuators assembled around a center stage. 
The comb actuator itself consists of two electrodes, 
the fixed electrode and the movable electrode. The 
functional components of the latter are the suspension, 
which gives a mechanical guidance for the actuator 
movement, and the comb, where the force for the 
actuation is created. The design of the positioner is 
based on a pull mechanism-the table is moved to any 
position in the z y  plane by energizing two of the four 
comb drives. The decoupling of the I and y positions 
is given by the construction of the suspension. Figure 7 
shows a complete view of the fabricated stage. The 
square table (8 pm x 8 p m )  is suspended by four 
270 pm long, 0.8 pm wide and 2 pm high beams. 

With this prototype it was possible to displace the 
table in any direction in the z y  plane. Mechanically, a 
maximum surface of U) pm x 30 pm could be covered. 
For the electrostatic actuation a displacement-versus- 
voltage curve is shown in figure 8. While the points 
are the measured displacements, the curve is drawn by 
an equation discussed in [42]. In particular, a 5.3 pm 

Microfabricated tools for nanascience 

displacement in the c direction has been observed if on 
the corresponding comb actuator a voltage of 40 V is 
applied. FEM simulations of these structures showed 
that precise positioning can be performed because 
there is a good common mode rejection ratio of the 
displacements in the I and y directions. For the 
structure shown in figure 7, the simulated ratio is 
more than 35 dB. Hence, this device can be used for 
positioning in the zy  plane in the range of up to 10 pm 
x 10 p m  with a precision of better than 50 nm. The 
range could be confirmed in experiments using the light 
microscope and the SEM. 

6. Scanned probe mlcrosystem 

In order to integrate a sharp protruding tip onto a 
microfabricated zy-scan device, we investigated the 
feasibility of fabricating an z y  scanner out of single- 
crystal silicon. A schematic view of the complete device 
is shown in figure 9. The fabrication is performed 
by means of advanced silicon micromachining and is 
similar to the process for the previously described 
capacitive microlever device. The actuated movable 
parts are released by selective etching of the sacrificial 
dioxide under the structural beams. The process 
sequence features initial RIE processing of two wafers 
and subsequent alignment and fusion bonding. After 
back etching of the silicon wafer bulk an etch mask is 
patterned for RIE tip etching. Final wet etching of the 
silicon membrane and selective oxide etching releases 
the structural layer. Egure 10 is a micrograph of the 
realized device. The probe tip (8 p m  high, estimated 
tip radius, 40 nm) is integrated on the center stage 
of the z y  manipulator (figure U). The most critical 
step is the etching of the backside hole since stress- 
induced buckling of the thin membranes due to the 
oxide layer tend to break the ultra-thin beams. Details 
of the processing are given elsewhere [43]. 

7. Summary 

We have presented an overview of essential components 
designed for a surface-scanned local probe system such 
as tKe SFM. Advanced micromachining techniques are 
used to build tools so small that they enable access to 
nanometer dimensions. For instance, sharp tips and 
flexible cantilever force sensors have been routinely 
fabricated by combinations of wet and dly silicon etching 
and are used successfully in SFM systems. By using 
further micromachining steps such as aligned wafer 
bonding and sacrificial layer etching more complex 
devices have been constructed. In particular, an entirely 
micromachined sm sensor/actuator based on capacitive 
microlever has been demonstrated. Theoretical 
modeling and first experiments show promising results 
for this device to be used as a highly sensitive local 
probe microinstrument. Surface micromachined z y  
nanoactuators fabricated by polycrystalline silicon have 
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Figure 9. Schematic representation d the micromachined monocrystalline silicon xy scanner 
with integrated tip and overhanging structural beams for backside monitoring. 

Figure IO. EM micrograph metview d the 
micromachined singlecrystalline silicon xy nanascanner. 

been operated, representing an interesting class of 
miniaturized surface-scanned devices. Single-crystal 
silicon has proved to be most promising for the 
integration of a sensing tip and a scanning unit. A first 
prototype of such a microfabricated zy nanoactuator 
with vertically protruding tip on an overhanging zy- 
comb drive actuator has been shown. The presented 
devices can be successfully integrated into an ‘on-chip 
SFM’. The continuous advances in the microfabrication 
of silicon will enable the further integration of these 
took into a fully micromachined MEMS for nanoscience. 
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