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Abstract

A scanning force microscope ressembles much to an old fashioned vinyl record player,
where a needle is riding over the record grooves and picking up the music signal that is
encoded in the topographical features. However, the pick up in a scanning force microscop is
abount 100 to 1000 times smaller. Hence, it can not be build with conventional fabrication
techniques.

In a scanning force microscope a tiny cantilever beam with a sharp tip is used to image
a sample surface with a resolntion at the nanometcr and even atomic scale. The requirements
for the mechanical devices used in this application are very high, since they have to represent
the interface between the millimeter and the nanometer world.

The fabrication of the tools is a typical application field for microsystem technologies.
1t borrows many process steps from the well established planar integrated circuit fabrication,
and essentially extends them towards three dimensional micromachining in order to obtain the
mechanical micro components and systems.

The results presented here summarize our exploration in this relatively new technology
area for the development of miniaturized tools for the scanning probe systems. First it
describes the silicon batch fabrication of nanometer sharp tips and micrometer sized
cantilever beams. Then devices with an integrated electrostatic deflection sensor and actuator
are introduced and used for non-contact mode imaging. Simultaneons parallel surface
imaging with piezoresistive deflection sensors is shown, presenting a remedy to the inherent
slow scan rate of single probes. And finally, a piezoresistive lateral force sensor is
demonstrated for use in nano-tribological experiments.

This thesis is intended to contribute to the advancement of micromachining
technologies in the area of local probe instruments. In particnlar it shall contribute to the cost
effective fabrication of large amounts of micro-devices which are needed to satisfy the
demand for silicon tools in the steadily growing market of surface scanning microscopes.
Prospective applications also expant into the domain of proximal probe nano-lithography or

high-resolution data storage.
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Chapter 1

The Scanning Force Microscope

1.1 Principles of the scanning force microscope (SFM)
1.2 Force transducers for SFM: design and mechanics
1.3 Measurement of cantilever deflection

1.1 Principles of a Scanning Force Microscope

The scanning probe microscope

In 1981 Gerd Binnig, Heini Rohrer and co-workers at the IBM Forschungslaboratorium
in Riischlikon presented surface images on the atomic scale by using the so-called Scanning
Tunneling Microscope (STM)'. With this invention, they revolntionized the field of sarface
physics and related science and technology. In a STM, a tip is raster scanned within an
extremely short distance across a sample surface, such that, when a bias voltage is applied
between the tip and the sample, a tunneling current can be established. This tunneling current
is an exponential function of the tip-sample distance and thus yields information of
topographical and/or electronic properties of the surface with extremely high spatial
resolution.

The tremendouns success of the STM has triggered the development of an impressive
family of Scanning Probe Microscopes (SPM), e.g. the Scanning Force Microscope (SFM),
(or Atomic Force Microscope, AFMY’, the Near-field Scanning Optical Microscope
(NSOM)’, the Magnetic Force Microscope (MFM)', and others™"

All SPMs have basically one principle in common: they limit the interaction range
between the probe tip of the microscope and the sample features to a tiny spatial spot to
achieve the extremely high local resolution.

For today's industrial applications for surface inspection, the SFM is probably the most
popular of all the SPMs. This is mostly due to its widespread range of applications: contact
mode or non-contact mode imaging, on conducting or insulating materials, with flat of rough

topographic features, for nano-metrology or surface indentation, etc.
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The popularity of the SFM is a consequence of its relative ease in use and robustness
for operation in daily circumstances, and thanks to the mass-fabricated force sensors which
are readily available at relatively low cost and which match the needs of the specific
applications.

In the future the NSOM might challenge the SFMs first place, because it allows high
resolution optical imaging beyond the diffraction limit while maintaining compatibility with
many techniques used in conventional optical microscopy. However, this will not happen
prior to the development of suitable, reproducible and inexpensive optical probes.

With all the differences in surface imaging modes and capabilities of the various types
of SPMs, they should be considered to be rather complementary than competitive to each

other.

The scanning force microscope

The SFM was developed in 1986 by Gerd Binnig, Cal Quate and Christoph Gerber at
Stanford University2. Instead of measuring a current, as it is done in the STM, the SFM uses
a mechanical transducer to measure small forces between a sharp tip and the sample surface.
It extends the range of specimen to insulating materials, which cannot be imaged with the
STM. To achieve the extremely high resolution, the SFM uses a probe that consists of a tiny
single side clamped cantilever beam with a tip at the free end, which is riding on (or closely
over) the surface. In the presence of surface protrusions or forces acting between the surface
and the tip, the cantilever follows the surface topography (or the equi-force contour line
respectively) by a bending motion. This principle has already been exploited by profilometers
for many years. New in the SFM is that, by using a feedback system, the contact pressure
between the tip and the sample can be controlled and adjusted very accurately, in order to
become more sensitive to the various forces, and hence 1o raster scan with extremely small
contact pressure over the specimen.

The principle of an SFM and a typical set-up of the instrument are shown in Fig. 1.1.

The following list denotes the components that are essential for a SFM:

A a sharp tip which is important for high lateral resolution

B the spring in the shape of a cantilever, that transmits (by Hook's law) the force
interaction of the tip into a controlled mechanical cantilever deflection

C the sensor, for measuring the deflection of the cantilever

1/2



D the actuator, for moving the tip with respect to the sample (or vice versa)
in a controlled xy-direction, and for the feedback in z-direction

E the computer, for controlling the system and for acquiring and visualizing the
data

, data acquisition,
deflection sensor  fgedhack circuit

. sample l

E xy,Z
[/\,\/W‘i ectuation | D |-

Fig. 1.1: Principle of a scanning force microscope (left) and bloc diagram of its essential
parts (right).

According to the literature, the first SFM used an assembled set-up: the spring like
cantilever was a sharpened metal wire or a cut aluminum foil whose edge, or later eventually
a glned diamond fragment, served as the tip; the cantilever motion was monitored by a
tunneling tip; and finally the raster scan and feedback actuation mechanism was the tube
scanner made of piezoelectric zirconium titanate (PZT). Astonishingly, with such 'hand-
crafted' set-up’s atomic scale images could be achieved on flat/layered samples’.

However, a major drawback was soon identified: those tips and cantilevers were not
reproducible. As a consequence the mechanics of the transducer was not well known, such
that a standardization of the measurement was impossible. The first reproducible force
sensors of thin film silicon dioxide or nitride with a well known geometry and with integrated
tips were microfabricated by Albrecht and coworkers’ at Stanford University in 1990. Later,
silicon cantilevers were introduced by Wolter and coworkers® at IBM Sindelfingen. These

cantilever probes are mass fabricated and distributed by several companies.
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It has been recognized early that by decreasing these dimensions and by bringing more
functionality down to the probe an improved performance can be achieved. In particular
mechanical noise is a major concern and it is well known that the immunity against vibration
and thermal noise increases with decreasing size.

The use of micron sized cantilevers is the proof for this: SFM cantilevers have typically
spring constants in the range of 1 N/m, so that a small force of, say 10° N, deflects the spring
by 1 nm, which lies in the range of most detectors. A simple example demonstrates the
necessity of size reduction of the SFM components: a silicon cantilever with a length of 300
um, a width of 40 pm and a thickness of 3 pm, has a spring constant of about 1.7 N/m. A
spring constant in the same order of magnitude can be obtained by a rectangular plate of
copper having a length of 30 cm, a width of 1 cm and a thickness of 0.5 mm. The resonance
frequencies however for the macro sized cantilever lies in the order of 3 Hz, for the micron
sized cantilever at about 45'000 Hz! Due to this high resonance frequency it is less effected
by environmental vibration noise than its macroscopic counterparts, and has a short response
time on fast mechanical perturbations, and is thus able to follow rapidly changing surface
variations, which is indispensable for a high imaging speed.

Logically, the next step to decrease the size of an SFM system is to replace the external
sensor and actuator parts and to integrate these functions into the probe itself. This trend has
been set in 1989 by Akamine and coworkers'® who developed a three dimensional actuated
cantilever made by piezoelectric materials, and in 1991 by Tortonese and coworkers!5 who
developed an integrated silicon cantilever with a piezoresistive deflection sensor. Probes with
integrated functions give access to parallel surface imaging by using an array of tips with a

tremendous increase in scan rate compared to the slow operation of a single probe.
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1.2 Force transducers for SFM: design and mechanics

handle piece
length i

e,
"~

S e —
\,®' cantilever T~ —— T ]
\ N widthw ¥ >

A

g tip height h
v
tip

Fig. 1.3: Annotation of the dimensions for the single side clamped cantilever with rectangular
cross section as used in the analysis.

The force sensor is the central component of an SFM and it has to fulfill specific
requirements. It should be flexible in one direction, but stiff in all others. It should have a
sharp tip integrated at the front part of the lever for local surface contacts. For easy sample
access it should protrude away from a piece that is big enough for handling purposes. It
should match the required mechanical characteristics (spring constant, resonance frequency).
And it should be reliable, easily replaceable and cheap.

The requirements for the mechanics can be best fulfilled by using a single side clamped
cantilever beam of rectangular shape (Fig. 1.3). For increased lateral stiffness a triangular
shape might be preferable. The spring constant k of such a cantilever with constant cross
section is k = 3 E1/13. E denotes the modulus of elasticity (or Young's modulus) of the
material and I denotes the cross sectional moment of inertia. For a rectangular shaped cross

section I = wt*/12 and we obtain"

Ewt®
= = 1.1
41° a.n

The cantilever beam can be vibrated by a mechanical, acoustical or thermal excitation.

The first resonant frequency f is given by

f= — f—), (1.2)
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where meff is the effective mass of the lever which is given be meff = m¢ + 0.24 mq.
Here, mg =1 w t p is the distributed mass of the lever, with p the density of mass, and mg is
the concentrated mass of the tip'. Since for typical probes m¢ is considerably smaller than mg
we will neglect it in onr analysis, and we set meff = 0.24 mg.

For typical SFM applications the levers should have a spring constant between 0.01 and
100 N/m and a resonance frequency above 10 kHz. Equation (1.2) shows again that the
simultaneous matching of a high resonant frequency f with a low spring constant k can only
be obtained by a miniaturized device with a small mass.

Thermally induced noise Az of a free standing cantilever of spring constant k at the
absolute temperature T is given by

Az = k’;T , (1.3)

where kB =1.38 x 10 J/K is the Boltzmann constant. For a freestanding cantilever with

k = 1 N/m at room temperature the amplitude of noise vibration amounts to about 0.6 A.
‘When the tip is in contact with the sample (contact mode) then this degree of freedom

vanishes.

1.3 Measurement of cantilever deflection

We will briefly describe the various configurations that have been implemented to
measures the minute force-induced deflections of the flexible lever supporting the force-

sensing tip. A summary is given in Table 1.1. at the end of this chapter.

Tunneling detection system!

A fine conducting tip is approached to a few nanometers to the (metallized) backside of
the cantilever. When biasing the tip and the lever, a tunneling current can be established. The
tunneling current density is exponential in the tunneling gap which makes this method
extremely sensitive. As a consequence of the close proximity of the sensor tip howe\;er, the
cantilever deflection is very limited, unless it is operated with a feedback in a constant force
regime. The sensing interaction is between a single atom at the apex of the tip and its closest
atom on the lever such that a lateral motion of the cantilever can inflnence the signal. Other

drawbacks are the strong attracting forces occurring between the tip and the cantilever, and
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also the contamination films on the lever, which can lead to instabilities. The tunneling

technique is best suited for ultra-high vacuum environments.

Beam deflection system?

This is today's most utilized method. A collimated laser beam is focused on the
cantilever and is reflected back into a two-segment photo detector. A minute deflection of the
lever causes one detector segment to collect more light than the other. The signal is fed into a
differential amplifier representing the measured displacements, i.e. forces. The operation of
this technique is very simple and accurate. A great advantage is that the detector is placed at a
large distance of the probe. When using a four-segment detector, then also the torsion of the

lever can be monitored. This scheme finds application in tribology or friction microscopy.

Fiber interferometer systeml0iLI12

An optical glass fiber is approached within a few um to the back of the lever. The
coherent light of a laser diode coming through the fiber is reflected both on the lever back and
internally at the glass-air interface of the fiber. The interference of the re-entering light is
used to detect the motion of the cantilever. An advantage here is that the wavelength of the

laser light can be used as an absolute standard.

Capacitive system!3.14

A rigid reference electrode is approached to a few micrometers to the back side of
cantilever. The capacitance between the lever and this electrode is a function of the gap in
between. The drawback of this method is that very small changes of capacitance have to be
measured, which requires rigorous electrical shiclding of device against parasitic capacitance.
On the other hand, by means of electrostatic forces, the cantilever can be actuated and the
force constant can be modulated. This makes the capacitive system to a predestined method
for dynamic mode force microscopy. By nsing microfabrication techniques it is possible to
build closely spaced electrodes with a precise gap. Capacitive sensors can thus be made very
compact. It is also possible to build multiple probe arrays with this technique. We will discuss

this system in detail in chapter 3.

Piezoresistive system!5
This technique exploits the so-called strain-gauge principle. The resistivity of silicon

changes when stress or strain is applied to the crystal. By integrating resistor loops directly



into the lever, the resistance change can be measured with a bridge set-up. Since the detector
is directly incorporated in the lever itself, this system is the most compact of all detection
systems. No external assembling is required. It is also a candidate for paralle! tip array
operation. A drawback of the piezoresistive system is the strong influence of temperature
effects, therefore compensating structures should be included in the device. A piezoresistive

device will be discussed in chapter 4.
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Chapter 2

Microfabricated tips and cantilevers for the

scanning force microscope

2.1 Silicon tips

2.2 Silicon cantilevers
2.3 Multiple probe array
2.4 Surface imaging
2.5 Conclusions

Several fundamental different methods for producing tips on cantilevers for the SFM
exist and have been presented. Not all of them are compatible with IC fabrication techniques
or suitable for mass fabrication. Tips can be made either by deposition techniques or by
etching techniques, as summarized in Table 2.1. The first category includes the deposition of
a sputtered material, e.g. alaminum, through a shadow mask which builds up a tip like metal
column’, and focused e-beam assisted deposition of a contamination shaft inside a SEM’. The
second method includes the etching of silicon to form the tip’ and to some extend focused ion
beam milling (FIB)*. Another method involves the etching of a molding groove prior to the
deposition, patterning and releasing of a structure material that incorporates the tip, e.g.
silicon nitride’.

Some of these methods produce very sharp and high aspect ratio tips (e-beam and FIB
technique) but unfortunately they rely on the use of complex manufacturing equipment and
lack in compatibility to a batch fabrication process.

The nitride levers developed at Stanford University are fabricated by anisotropically
etching an inverted pyramid into the silicon by using KOH. Subsequent deposition and
patterning of a low stress nitride layer and removal of the silicon bulk yields the nitride
cantilever with nitride tips. This process is very simple and reliable since the etching of the

pyramidal grooves is self terminated and sharpened due to the natural etch stop mechanism of
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KOH at <1115 silicon crystal planes and thus reproduces the tips very well. Cantilever with
such tips are very popular and are fabricated and commercialized in high volume by several
companies.

By uvsing a silicon substrate with a tilt crystal angle tips having oblique pyramidal
shapes could be produced. This would overcome the inherent problem of the undesired angle
between the tip and the sample in SFM applications. Also, with the same molding technique
tips with shapes other than a pyramid can be made. Olympus Opt. Co. has produced pencil
shaped tips with high aspect ratios by using a deep RIE trench etching instead of KOH®. By
using an oxidation sharpening technique the apex radius of the tips can be reduced further’.

However, the nitride levers fabricated with the etch mold technique have one major
drawback. The tip is on the 'wrong' side of the cantilever and points towards the side of the
thick carrier chip where the tip can not access a sample surface. Therefore the wafer has to be
bonded to a glass plate prior to the back etching and chip separation. A remedy to this has
been shown by Akamine and co-workers who constructed a nitride cantilever with a
tetrahedral silicon tip on the accessible side’. Nitride can be deposited and patterned with
extremely high precision and consequently the spring constant and resonance frequencies of
the levers can be predicted very accnrately.

Silicon cantilevers and tips have been developed by Wolter and co-workers at IBM® and
by ourselves'. The following paragraphs describe the fabrication process for tips, cantilevers
and include a discussion on the feasibility of an array of parallel probes. Then imaging results

are presented.
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Table 2.1 Overview of microfabricated SFM tips

Fabrication technique tip material tip shape aspect apex batch

ratio radins compatible

deposition
shadow mask

focused e-beam

milling

focused ion beam

etching

+ molding

+ sharpened molding
dry etching

wet etching (isotropic)
wet etching (anisotropic)

sharpened etching

metal

organic

composites

Si02 or any

Si3Ng

Si3N4

Si

Si

—_

Si

conical

shaft

arbitrary

pyramid

pencil

conical
conical

pyramid

2:1

90:1

1:1

4:1

~10:1

2:1

1:1

50 nm

10 nm

30 nm

30 nm

~1nm

40 nm

50 nm

15 nm

<1nm

yes

no

yes

yes

yes

yes

yes

yes

yes
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2.1 Silicon tips

Si02
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Si o
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Fig. 2.1: Hlustration of tip formation with silicon etch process

Silicon tip fabrication relies on the principle of the lateral under etching of a circular or
polygonal mask layer. Wet anisotropic, wet isotropic and dry etching techniques can be nsed.
Wet anisotropic etching, using the KOH etch solution with specific concentrations, exploits
the difference in etch rates of higher indexed silicon crystal planes (e.g. <211>) to obtain
highly protruding tips with steep side walls''. A dry etching process is also suitable to
undercut a small etch mask to form a tip which is a fully 1C process compatible method and
thus allows for a very flexible process flow design. The ratio of undercut and etch depth can
be determined by the etch parameters.

For our purpose of tip fabrication we developed a dry and wet etching process. First we
pattern a silicon dioxide mask 1o a circle or polygon with a diameter of about 10 to 15 um at
the desired location of the future tip. By means of RIE this pattern is transferred into the
silicon whereby the side wall shape of the appearing undercut as well as the etch depth, and
with this the tip height, can be defined quiet accurately by the etch parameters, which is a
major advaatage of this technique. Typically we us a gas mixture containing SFg and
C2CIFs5. A schematic illustration of the tip formation process is shown in Fig. 2.1. The
etching is finished when the tip mask is completely undercut and falls off. A tip height of up
to 20 pm could be achieved by this method. With this technique we can fabricate silicon tips
with radii as small as 30 nm.

Fig. 2.2 shows some SEM micro graphs of silicon tips with different shapes obtained
with the described methods. A precisely timed process is necessary in order to avoid the over
etching of the tips as no suitable etch stop mechanism exists. In the case of over etching the
tip would round off and would decrease in height.

The lack of an efficient etch stop represents the major drawback of this kind of tip

fabrication. The high compatibility to various other processes and its flexibility however
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Low temperature oxidation sharpening

r~40nm  lowToxidation © r~1nm

Sllicon Silicon dloxide Silicon

Fig. 2.3: Low temperature oxidation silicon tip sharpening technique; by anomalous oxide
growth a silicon tip can be sharpened to a radius below 1 nm!3.

A nice method for obtaining ultra sharp silicon tips is the low temperature oxidation
sharpening method. This technique exploits an anomalous oxide growth due to volume
expansion which occurs at regions with high curvatare radii”. It is the fundamental step to
achieve ultra-sharp silicon tips. It can be used for the sharpening of already finished (and
probably round off) tips as well as to the thin silicon shaft (as in figure 2.2 upper left). We
illustrate this in Fig. 2.3.

The following experiment has been carried out at the Central Research Laboratory,
HITACHI Ltd. We applied the sharpening technique to the silicon shaft directly after the dry
etching process, when the shaft has an approximated width of about 0.5 ym. The oxidation
duration s about A 30 h, the temperature is set at 950_C resulting in a grow of about 433 nm
of thermal silicon dioxide. For an easier sample preparation, we prepared test structures,
consisting of parallel stripes with the same lateral pitch and width as nsed for the tips. After
the thinning of the sample by an ion beam milling step, the structure was observed by a
transmission electron microscope (TEM). Fig. 2.4 shows a high resolution image
(x 4'000'000) of the tip apex. The interfaces between the grown amorphous silicon dioxide,
the native oxide and the single crystalline silicon are clearly visible. The crystal lattice of
silicon has a period of 3.2 A. The tip which is still embedded in the dioxide has a radius of

approximately 1.5 nm. Final removal of the dioxide in a BHF solation releases the tip.
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The oxidation sharpening step is in general fully compatible with the overall processes
that we use for the fabrication of the simple cantilever probes, the capacitive micro lever or
the piezoresistive force sensor. Often the tip is etched at the beginning of the process and is
then oxidized immediately. Hence it is protected inside the oxide embedding until the very

end of the remaining process steps, when a final BHF etch step releases the silicon tip.
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2.2 Silicon cantilevers with tips
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Fig. 2.5: llustration of microfabrication process for silicon cantilever with silicon tips

One of the most intriguing challenges in a silicon microfabrication process for SFM
microprobes is the integration of a sharp protruding tip onto a tiny flexible cantilever. For our
purpose we developed an all silicon process using a combination of wet and dry etching steps.
A first dry etching step is used to sculpture the cantilever and a second step for the tip. In our
case, the mask used for the tip etching is patterned in silicon dioxide before the cantilever
mask is deposited and structured. The oxide cap remains hidden under this mask layer until
after the cantilever etching and resist stripping. The process is outlined in Fig. 2.5 and is

described in detail hereafter.
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A double side polished 280 pum thick (100) silicon substrate is used for onr process.
Their surfaces are thermally oxidized to 1.5 um. On the topside the silicon dioxide is
patterned to a tip mask of ~ 15 pm in diameter. Then a thick photo resist layer (~ 8 um) is
deposited and patterned to the cantilever shape. On the backside of the wafer, etch windows
with compensation structures are opened in the dioxide for the wafer back etching. The
anisotropic etch solution KOH (40 weight % @ 60_C, etch rate A 17 um/h) which etches
preferentially the <100> silicon crystal plane and nearly stops at the <11 1> plane is used to
fabricate a membrane of 20 pm thickness from the wafer back side. During this step the front
side of the wafer is protected in a mechanical chuck using an O-ring seal. Since we do not use
any etch stop mechanism in this process the etch depth is monitored with a precision point
profiler instrument and the etching is accordingly timed to stop at the desired thickness. The
precision of this technique allows the control of the membrane thickness within about 2 pm.

The top side is then dry etched using a chlorine/fluorine gas mixture to pre-shape the
cantilevers to their desired thickness (typically S - 15 ym). The etch mask consist of thick
photo resist. Due to re-deposition and surface passivation effects during this step good control
of the side walls slope can be achieved". The resist is stripped so that the oxide tip mask
reappears. The tip etching is snbsequently performed according to the previous paragraph.
Simple dry etching or a combination of dry and wet etching can be used again. Silicon
dioxide withstands well a succession of three or more etch steps. Fig. 2.6 shows SEM picture
of finished devices with different cantilever thickness and tip shape.

The geometrical dimensions of the cantilever such as length and width are defined by
the photolithography whereas the cantilever thickness is determined by both the backside
KOH membrane etching and the top side RIE etching. Thus on one wafer batch the thickness
of the cantilevers is the same whereas the length and width can be varied. We designed
cantilevers with different geometrical sizes varying from lengths of 200 to 1000 yum and
widths from 30 to 80 pm in order to obtain various mechanical characteristics for the different
applications in mind. The cantilever thickness can be varied in a range of about 3 to 20 pm. It
is obvious that the lack of a suitable etch stop mechanism is a drawback of this technique.
However, fine adjustment of the process parameters allow for a high yield process with
thickness variations of less than 1 pm from wafer to wafer. By using silicon-on-insulator
(SOI) substrates a precise membrane can be achieved and thus the cantilever thickness
predicted very accurately. Unfortunately SOl substrates are about ten times more costly and

are therefore less suited for cost effective mass fabrication.
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2.3 Multiple probe array

Reactive lSﬁs N

\\ / oo
bordertip center tips
shaft etching increased shaft etching homogenous

Fig. 2.7: Nustration of the etching behavior and tip formation in an array. The reactive ion A
hits the surface and etches vertically, B bounces back from the tip etch mask. When the
etching is continued C and D induce undercut of the mask. The lateral etch rate at a border
1ip is higher than for a center tip.

The probing of a surface using a single tip is a serial process and is therefore inherently
slow. The use of an array of tips is one and probably the most promising remedy to this
limitation. Hundreds, thousands or more parallel sensors could probe the surface with a
hundred-fold, thousand-fold or higher scan rate. This issue becomes particularly important for
industrial applications, for instance for the high resolution surface inspection of wafers in 1C
fabrication lines. Other potential applications for multiple probes are nanolithography where
first experiments have been presented very recently' and ultra-high density data storage.

The fabrication of parallel micro cantilevers is as simple as the fabrication of a single
tip - it is in principle only a question of the mask design. However, the etching of an array of
tips exhibits some irregularities in terms of the reproducibility of their structural shape.

In order to investigate parallel tip fabrication at HITACHI we have prepared two
dimensional test patterns of about 10 x 10 circular mask caps of 15 pm diameter silicon
dioxide caps. We have designed various pitch distances to study the proximity effect during
the etch process. The tips have been processed using a SF6/O7 gas. Fig. 2.7 illustrates the
scheme of the etching. The etch ions arriving from the source in the plasma reactor chamber
hit vertically into the substrate and etch into the silicon bulk. A fraction of the ions will

bounce back randomly. Among other side etch effects due to the chemical etching these ions
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result in a lateral undercat of the tip mask (this is the major physical mechanism of the tip
etching)".

The undercut rate is a function of the direct neighborhood conditions of each tip. For a
tip that is surrounded by other tips the under-etching is homogenous. However, a tip at the
border of the array is subject of an increased lateral etch rate due to the less masked
neighborhood. This results in a narrower tip shaft. This resuolt is shown in Fig. 2.8. It shows a
close-up SEM micrograph of the corner region of the array (above), exhibiting well the
difference in tip shape. Fig. 2.8 (below) shows the center of the same array with perfectly
identical tips. For obtaining a highly homogenous tip array the lack of a suitable etch stop
mechanism is clearly a drawback. A remedy to this could be to arrange dummy tips around
the 'working' tips.

We also fabricated arrays of parallel cantilevers. Fig. 2.9 shows a SEM micro graph of
four parallel cantilevers. The number of parallel probes can be defined by the mask layout.
We have fabricated arrays containing up to 10 cantilevers. When designing a tip to tip
distance of abont 100 pm this is the maximom number of parallel probes for the typical
cantilever holder that we were using (1 mm in width). The namber of parallel probes in a
two-dimensional array will ultimately be limited by the tip to tip distance, by the width of the
cantilever, and also by the chip size. When vsing ultra-fine cantilevers' having a width of
only 5 pum, a tip to tip pitch of roughly 10 um might become feasible. With this arrangement
1000 probes could be placed laterally on the side of a 10 mm chip.

When using parallel surface probing, then each tip has to be addressable, for the
cantilever motion monitoring (force) by using integrated deflection sensors, and for tip
actuation (feedback). The latter is important when rough samples are investigated and the fly
height of each individual tip over the sample must be adjusted. The important issue of

actuated and sensed probes will be discussed in the following chapters.
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Surface modification with the scanning probes

If the interaction between the tip and the sample is strong enough, the tip will modify
the surface, a technique often referred to as, nano-indentation. Potential applications are high-
density lithography and data-storage. The kind of interaction can vary from electrical,
magnetic or simply mechanical.

A nice application of a mechanical surface modification is for instance the patterning of
a polymer layers for the fabrication of liquid crystal devices. Scratching the polymer creates
an anisotropic surface morphology that aligns liquid crystal molecules. Normally this
procedure is done by a rubbing process on large scale. Using the tip of a SFM allows the
fabrication of arbitrarily shaped refractive index patterns in the liquid crystal on the pm scale.
The SFM is operated at high loads of up to 10-3 N, thus stiff cantilevers are required. By
using an array of cantilever-tips as shown in Fig. 2.13, parallel wave guides can be fabricate
in a single process with high accuracy.

Martin Rijetschi from the University of Basel has used an area of our most stiff
cantilevers to pattern parallel liquid crystal wave guides in polymer™. Fig. 2.14 shows the
polarizing image, taken with an optical microscope of a liquid crystal cell with a series of
gratings. The horizontal rows have been fabricated simultaneously with an array of 10
cantilevers. The periodicity of the gratings from left to right are 10, 8, 6, 4 um. The height of
the structure is 21 pm. Regions which were modified by the scratching process appear bright

because of the twisted structure of the liquid crystals.
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2.5 Conclusions

In this chapter we have shown that SFM cantilevers and tips can be micromachined by a
mass-fabrication silicon dissolving process. Photolithographic techniques allow for the
fabrication of different cantilever dimension in a single batch process. Selective etching (dry
and wet) sculpture the tiny silicon cantilevers with integrated tips out of the silicon bulk. Low
temperature oxidation has been nsed to achieve ultra-sharp tips with radii of less than 2 nm.
The feasibility of multiple probes arranged in an array has been demonstrated. The etching of
a tip array exhibits some irregularities in terms of tip shape due to a non homogenous etch
rates at the border of the array. Dummy structures are a possible remedy to obtain regular
working tip arrays. The fabricated device have been nsed successfully in standard SFM
equipment in contact SFM, non-contact SFM, STM, and surface modification mode. If a
multiple tip array for parallel surface imaging is aimed at, then we need to integrate an active

feedback for each cantilever probe. The following chapters will discuss this topic.
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Chapter 3

Capacitive microlever

3.1 Design of the capacitive microlever

3.2 Analysis of the actuator function

3.3 Analysis of the sensor function

3.4 Microfabrication - The aligned wafer bonding technique

3.5 Experimental results

3.6 SFM in the dynamic mode using microfabricated capacitive sensors
3.7 Conclusions

This chapter discusses the microfabricated capacitive microlever for the SFM. The
device represents an attractive way for the integration of a cantilever deflection sensor. In
addition it can serve as a micro-actuator for inducing cantilever motion for adjusting the tip
to sample distance, thns representing an interesting asset for multiple probe systems where
individual tip control is required.

Among all types of electrical devices the capacitor is probably the oldest one. The
original definition of capacitance has been given by Maxwell in 1873. It states that the
potential difference V across a capacitor is proportional to the charge Q, or V = Q/C. The
proportionality factor 1/C is the inverse of the object capacitance. The capacitance of a
parallel plate capacitor is given by C = €5 A/d, where € is the permittivity of vacuum, A is
the area and d is the gap. Changing either A or d (or both) results in a variation of C. This
concept is used in numerous displacement sensors, where one electrode is kept fixed and the
other is allowed to move. The resulting change of d or A can be monitored very precisely'’.

Microfabricated capacitive accelerometers have already been introduced in the early
1980s by Rudolf and coworkers at the CSEM Neuchitel’. They are now widely atilized in
commercial products, since capacitive detection is known for its high sensitivity and good
immunity to thermal noise, when compared to, e.g., piezoresistive sensors.

For the field of scanning force microscopy the idea of capacitive sensing for the
cantilever motion has first been suggested in 1987 by Binnig and coworkers* at IBM
Riischlikon. Later in 1990, Géddenhenrich and coworkers® at the Kernforschungsanlage

Jiilich demonstrated experimentally the feasibility of capacitive deflection detection. They
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used 5 mm long aluminum wires of 25 um diameter as levers and achieved a sensitivity of
0.1 fF/A by using a capacitance transformer bridge.

Also in 1990, Neubauer and coworkers® at IBM Almaden presented a bi-directional
capacitance force sensor for the simultaneous recording of normal and lateral forces to
determine the tribological properties of surfaces. Their structure consisted of an assembly of
micromachined silicon and glass components. In their work they achieved a sensitivity of
0.39 fF/A by using a radio frequency detection circuit.

Despite its early presence in the family of the cantilever deflection sensors the
capacitive approach did not get the same credits as the today most popular method of using
optical beams. This is probably due to following reasons: first, the assembling of the
capacitor electrode plates with micrometer precision is a rather critical and unreliable
technique compared to the relative easy adjustment of an optical beam, and second, achieving
high-resolution with a capacitive set-up is more critical due to stray capacitance effects,
compared to optical techniques.

The capacitive sensing method may probably revive if we are successful by building
more accurate, reliable and reproducible devices. At the IMT we developed a new type of
capacitive microlever with self-aligned electrodes that are fabricated by a silicon
microfabrication process. It is possible to cost effectively produce large numbers of such
devices in a single wafer batch process. In addition parallel probes with integrated sensors
and actoators become feasible with this technique. For parallel operation of several probes it
is mandatory to have addressable tips in an array with individual sensing and actuation
capabilities.

The following paragraphs first describe the design of the capacitive microlevers and
then give a theoretical analysis of their sensing and actuation capabilities. The

microfabrication sequence and experimental of the device characteristics are then presented.
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3.1 Design of the capacitive microlever
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Fig. 3.1: Hlustration of the capacitive microlever; a) top view, b) side view,
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Fig. 3.2: a) pure air gap of width d = dg, (b) gap of air and silicon dioxide with a total width
ofd=1tp +dp

The microfabricated capacitive microlever consists of a cantilever, carrying a sharp tip,
and an adjacent counter-electrode, attached to the substrate holder. They form a parallel plate
capacitor. A schematic representation of the device is shown in Fig. 3.1. The cantilever beam,
the tip, the counter-electrode and the support holder are made of single-crystal silicon. The
dielectric anchor pad between the electrodes is made of thermal silicon dioxide. The simplest
possible shape of such a device are two rectangular beams. The counter-electrode is

considerably thicker than the force sensing cantilever so that it is not influenced by forces.
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The mechanics for such a cantilever can be derived from chapter 1. The spring constant and
the resonance frequency are given by k; =3 E 1/ Bandf=1/2n \/—kz/—meff , respectively,
where I = w t3/12 is the cross sectional moment of inertia, E = 1.7 x 10" N/m? is the Young's
modulus for silicon, and meff is the effective cantilever mass (meff = 0.24 m).

The capacitance Cs of the parallel plate capacitor formed by the lever and the counter-

electrode is given by

ewl
Cs = T (€R))

where € = g1 £ with €0 = 8.85 x 10" As/Vm. gr depends on the material between the
clectrodes. With the silicon technology that we have used we can fabricate the capacitive gap
by different ways. Two possible situations are shown in Fig. 3.2., in (a) a pure air gap (& =
1) of width dg between the two silicon electrodes, and in (b) a mixed gap of air and silicon
dioxide (gr = 3.9) with a total thickness dg + to.

In the case of (b) the total capacitance of the device becomes

eewl
C —e 3.2
s TS 3.2)
and if dg =tg =d/2
2€o£rWl
G = e+ @33

When comparing the air gap and the mixed gap air-SiO2 we find that, for an identical
total gap d between the silicon electrodes the mixed gap air-dioxide has the advantage of
increasing the capacitance by nearly 60%. On the other hand it reduces by 50 % the vertical
excursion range of the tip. This structure, however, incorporates an additional advantage:
when the tip excursion exceeds the allowed gap of do and the cantilever touches the counter-
electrode, we have a short circuit in (a) but not in (b).

In an experimental set-up the total capacitance of the microlever is composed of three
contributions: the sensor capacitance Cs, the capacitance Cp of the dielectric anchoring pad
and the capacitance Cp of the bonding interconnections that lead to the interface electronics.
Since they are parallel to each other we obtain for the total measurement capacitance the sum
of the capacitance Ciot = Cs + Cp + Cbh.

We designed the ‘capalevers’ to have typical dimensions of: 140 - 800 pum in length and
40 um in width, which yields an area A of 5600 - 32'000 pm2. With these lateral dimensions
and a gap of 3 pm, we obtain a sensing capacitance Cs between 16.5 fF and 94 fF. Cp and Cp
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are in the order of 1 - 3 pF. They are thus about one order of magnitude larger than Cs. We
use following values to calculate Cp: capacitance area Ap = 100 x 100 pm2, gap dox =3 pm.

For high sensitivity it is required to have Cg as large as possible. If we can decrease the
gap d to about 1 um, then we obtain values for Cg between 49.6 fF and 283 {F. A further
decrease of d below 1 pm would further increase the sensor signal. However the fabrication
reaches the technological limits. And in addition there are also functional reasons not to use a
too small gap because of the already mentioned excursion limit of the tip displacement, and
also by the broadening of the resonance due to air squeezing effects (for a vibrating
cantilever operated under atmospheric pressure).

For applications in scanning force microscopes we therefore have to find a trade off
between the mechanical and the electrical requirements. In our work here we were successful
in fabricating devices with air gaps d of typically 3 pm. In the next paragraph we show that
with these dimensions we obtain an interesting device for lever actuation by electrostatic
forces. And we will also learn that the integrated deflection sensing method shows relatively

poor performance in the static, but promising results in the dynamic mode.

3.2 Analysis of the actuator function

Static deflection
When we apply an electrostatic field between the electrodes of a capacitor we create
electrostatic forces. In the case of a parallel plate capacitor with an area A, a gap d and an

applied voltage V, the electrostatic force Fe] is given by

1 A
Fol = 57 V2 (3.4)

In the present case (a cantilever clamped at one end and free at the other end), a
mathematical complication comes from the deflection of the cantilever and the non-uniform
electrostatic forces present along its length. For small displacements of the tip (zo << d)

however, the cantilever senses approximately a constant electrostatic pressure’

1,.v2
This leads to a displacement of the tip given by’
viwi4
‘ - (3.6)

20 = 76 o 12 E1
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On the other hand, for a concentrated electrostatic force Fc
1 Aeff
= = pn—— V2 3.7
Fe = 7 e 2 \Y (3.7

acting at the end of the cantilever, the displacement is then given by

2
%0 = oo L (3.8)
The comparison of equations (3.6) and (3.8) shows that the same tip displacement is
obtained provided one defines an effective area Aeff = (3/8) wl. Within this approximation it
is straightforward to predict the cantilever deflection as a function of the applied bias voltage.
An elegant method to describe the overall behavior of the device to applied voltages is
to compute the total potential energy Utor of the system, which is determined by two
conservative forces’””: the electrostatic driving force Fg] and the restoring spring force
Fspr (z) = kz. The fotal potential energy of the beam actuator can be expressed as the sum of

the strain energy of the deflected cantilever and the electrostatic energy due to the driving

voltage V:
Utot(z) = Uspr (2) + Uel (2)
1 1 Aeff
- 2 2 _= 2
= 2kZo 2€od_ V<, (39)

This equation is significant and deserves emphasis. It yields information on both the
cantilever displacement and the stability conditions. The cantilever equilibrium positions, for

instance, are found by solving

dUtot

% =0 (3.10)
which yields
2
1 ANV
kzo = zeo(d-z)z (3.11)

i.e. the spring restoring force equals the electrostatic force. These two opposite forces
gencrate a stable position of static equilibrinm at the minimum (Umin) and an unstable
equilibrium at the maximum (Upgax) of the potential energy curve, respectively (Fig. 3.3).
‘When the applied voltage exceeds a certain threshold voltage V¢ no stable equilibrium
position exists and the second derivative dzUmldz2 becomes always negative. This case
reflects the sitnation when the cantilever's own mechanical spring constant is too small to be

able to withstand the attractive electrostatic force and the lever 'snaps' into the counter-
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electrode. The snapping distance z and voltage V can easily be computed by satisfying
dU /dz (z=z) =0 and dzUw/dzz (z=z) = 0. The snapping distance is given by

3.12)

z =
t

Wl

and the threshold voltage is given by

3
/ 8d k
Vo= Meoh. (3.13)

Hence, the actnation range of the cantilever is limited to one third of the inter-electrode
gap d. For a typical cantilever (1 = 800 pm, w = 40 pm, t = 5 pm) and a gap of 3 pm gap we
obtain a snapping voltage of V = 5.5 V and an operation range of z = 1 pm. The threshold
voltages for various device dimensions are snmmarized in Table 3.1 at the end of paragraph
33.
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Fig. 3.3: The calculated total potential energy Utot as a function of 7o for the capacitive ‘
microlever with typical dimensions (I = 800 um, w = 40 um, t = 5 ym, d = 3 um) showing the
equilibrium positions. Threshold voltage V= 5.5 V and snapping distance z; = 1 ym 7.9

Effective spring constant
The cantilever compliance k is changed by the electrostatic forces. Using the same
model as before we can express the resulting effective compliance k' as a fonction of the

applied bias voltage V by
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2,
d Utot
2

KV
V) 70

A,
i £o eff3 vV
(d - zo)
For V = V¢ we obtain k'(Vt) = 0. At the threshold point the stiffness of the cantilever is

= k (3.14)

zero. With the electrostatic field we can adjust the force constant of the cantilever from the
mechanical compliance k down to k' = 0 in a controiled way.

The described control over the cantilever stiffness opens new fields in scanning force
microscopy, where stiff levers are needed for imaging large force gradients, but where soft
levers in general show a better force sensitivity. A cantilever with a tunable compliance
would allow to meet these contradictory requirements.

The lowering of the compliance k is also reflected in a lowering of the resonance

frequency fo' of the cantilever. According to equation (1.2) we obtain

fo' (V) *
fo k

4(VY

As a numerical example: for a dc voltage of 1 Volt, a typical cantilever (with fo =11

kHz, k = 0.4 N/m and V¢ = 5.6 V) changes the frequency by 52 Hz and the spring constant by
about 0.004 N/m.

Dynamic deflection
We assume now a sinusoidal field Vac cos ot superimposed to the Vdc applied between
the counter-electrode and the cantilever. The first order Taylor expansion of the electrostatic

force Fe] yields

A
Fe] = % £o —;ﬁ (Vdc +2VdcVac cos ot) (3.16)

where we assume that Ve << V(e so that higher-order terms do not contribute
significantly. This term yields the forced vibrations of a cantilever due to the driving

electrostatic voltage. The net oscillating force exerted on the cantilever is then given by

Aeff
Fel = 80_82_ VdcVac cos ot 3.17)
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The equation of motion of the cantilever due to Fe] can be expressed by

2

meffz—tf = -k'z- c%f‘ + eoAdL;ff Vdc Vac cos ot (3.18)
where meff is the effective mass of the lever, k' denotes the effective lever compliance
as a result of the applied dc voltage according to equation (3.15), and c is the coefficient of
the viscous damping. In the steady state the displacement z from the static equilibrium

position is given by the standard resonance equation'

= so']i(Aeszf Vdc Vac B cos (wt - 8) (3.19)
in which the magnification factor is
2 22 o
B = [(1-w/wo) +(@Qwo)] (3.20)

and the phase angle is

Qo J (3.21)

-1
0 = tan ((] T
with the quality factor Q = meffmo/c.

3.3 Analysis of the sensor function

Quasi-static (or contact) mode

We determine now the sensing capabilities of the capacitive microlever for scanning
force microscopy. In the present case we assume the lever in a quasi-static motion which is
not vibrated. When raster scanning the tip across a sample local surface interaction induce
minute deflection z of the cantilever beam. The elastic curve of the lever with spring constant

k due to such a concentrated load F at the end can be expressed by

20
- 23 a2 3
20 = S 303-32x+21% (3.22)

where zo = F/k is the deflection at the free end (x=0). This cantilever motion changes
the air-gap capacitance Cs according to
1
EoW
Cs(zg) = m dx (3.23)
0
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Ultimately, the sensitivity is governed by the capacitance derivative 8Cg/dz0, and for
small deflections (zo << d) around the relaxed position it can be expressed in an analytical

form as

o 21
8d’

This corresponds to the sensitivity for a simple parallel-plate capacitor where the

8Cs
%0 (z0=0) (3.24)

electrodes are approached on their full length by defining an effective area of Aeff =3/8 w 1.

This is easily understood, the cantilever being a one-side clamped beam which is only
free to bend near the tip, and therefore only a fraction of the area A contributes to the
changes in capacitance. It corresponds to the result obtained in the previous paragraph for the
deflection actuation. By using numerical calculations the sensitivity 8Cg/8z¢ can be
computed around any tip displacement zq.

For a microfabricated capacitive microlever (I = 800 pm, w = 40 um and d = 3 um) we
obtain a capacitance derivative of 8Cg/dz¢ = 10 aF/nm (aF = attofarad = 10" F). Fig. 3.4
shows the calculated sensitivity for this type of device as a function of z¢ for different gap
values (d = 1 - 3 pm) for both, positive and negative deflections.

In a typical capacitance measurement set-up an oscillating voltage is applied across the
capacitor and the reactive current is measured. In principle, a very good signal-to-noise ratio
(S/N) and precise measurements is possible since the capacitor has no Johnson noise
(associated with resistors) and no shot noise (associated with semiconductor junctions).
However, the evaluated sensitivity of [0 aF/nm is about 2 orders of magnitude lower than
reported by Géddenhenrich and Neubauer, who both used significantly larger structures. A
dedicated and very sensitive electronic circuitry is indeed required in order to obtain atomic
resolution.

We therefore believe that the capacitive microlever with the given small dimensions is

not so suitable for SFM in the static or contact mode.
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Fig. 3.4: Calculated sensitivity AC/Azg of the capacitive microlever as a function of zo for
different gap values (d = 1 - 3 um); 1 = 800 um, w = 40 um, positive and negative deflection
are shown.

Dynamic (or non-contact) mode
Another method for surface force measurements is to put the cantilever into vibrations

and to detect changes of the resonance by vsing phase sensitive techniques. This method is
particularly interesting for non-contact mode imaging of force gradients. A typical
application is magnetic force microscopy. In common systems the cantilever vibration is
induced by a PZT actuator onto which the probe is mounted. Force gradients that change the
effective spring constant k of the system to k' =k + 8F' are detected through shifts in the
resonance frequency or amplitude of the mechanical vibration of the cantilever, and are
commonly measured by using an interferometer or beam deflection set-up.

Albrecht and coworkers'' have shown that by using frequency modulation (FM)

techniques, the minimum detectable force gradient is given by

' 4kkp TB
8Fmin = — o (3.25)
o Q < zZpsc” >

where k is the cantilever spring constant, kB is the Boltzman constant, T is the
temperature, B is the measurement bandwidth, g is the frequency, Q is the guality factor,
and <zoscz> is the mean-square amplitude of the self-oscillating cantilever. The minimum
detectable force gradient for the cantilevers of the capacitive devices are summarized in
Table 3.1. They amount to typically 3 x 10 N/m in a bandwidth B = 1 kHz, at room

temperature and when assuming Q = 2000 with a rms vibration amplitude of 1 nm.
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With k' =k + 8F' and equation (3.15) we can calculate the new frequency f according

"4kBTB B
f (3.26)
M EQ<zo> k

The values for the corresponding frequency change Af = f - f are listed in Table 3.1.

to

They amount typically to 1 to 4 Hz, with the same experimental conditions as above.
According to equation (3.7) we can compute the minimum equivalent voltage change AVin

that corresponds to 8F'min which lies in the order of several mV.
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3.4 Microfabrication - The aligned wafer bonding technique

This paragraph describes the fabrication steps for the micromachined capacitive
microlever. The fabrication is based on the process for the simple silicon cantilever with tips
but is extended by an essential additional step: the aligned wafer bonding. This step is a
relatively new microfabrication step and we will consider it in more detail in this paragraph.
Recently, more and more microfabricated sensor and actuator devices rely on this technique
which is useful in cases where two or more bulk structures have to be placed extremely close
to each other with a precise gap separation. Micromachined pressure sensors and
accelerometers using capacitive measurement principles are often fabricated using this
technique”.

Many capacitive micro-devices are fabricated by the so-called surface micromachining
process with sacrificial layer etching technology. The structure materials are typically
chemical vapor deposited thin films (poly-silicon) with an underlying sacrificial layer (e.g.
silicon dioxide). Poly-silicon, as deposited, for micromechanical applications has a thickness
of typically 1 - 3 pm and is therefore not well suited for making cantilever with tips
(requiring an overall thickness of 5 - 10 pm). Furthermore, the formation of tip like structures
by the mask under etching as described in chapter 2 for single-crystal silicon is not observed
for poly-silicon.

We therefore developed a new process for the capacitive device and vse a bonding step
to bring the counter-electrode and the cantilever closely spaced together within the desired
gap width of about 1 - 3 um.

In general at Jeast two ways exist for making a precise air-gap. The first method is to
bond the structures together by using an oxide interface and to remove subsequently this
sacrificial layer. The gap hereby is determined precisely by the thickness of the interface
layer. The second method is to pattern the bond-oxide to specific pads prior to the bonding.
In such a case the sacrificial layer etching becomes obsolete which is a considerable process
improvement in terms of device yield and reproducibility.

In our first version we have used the sacrificial layer method and obtained a yield of
only = 20% working devices. We believe that the major problem lies in the inhomogenous
bond strength over a large surface area. The bonded pads can withstand strengths due to
mechanical forces very well. This could be observed by a razor blade test on wafer level.
However, when wet chemical etching such as buffered HF is used to laterally etch the oxide,
then capillary forces increase the lateral etch rate to an uncontrollable amount such that large
areas are under etched and released before the oxide is completely removed between the

sensor electrodes. Fig. 3.5 illustrates this effect.
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We therefore extended and improved the process by an additional mask step which
defines the actual bond areas, and with this precisely the dielectric pad capacitors cp which
are in parallel to the capacitive microlever. With this technique the critical step of sacrificial

layer etching becomes obsolete and a yield of about 70 % could be obtained.

Front view : Top view

Capikary effoct

Fig. 3.5: Hllustration of the sacrificial etching of the capacitor air-gap when using thermal
dioxide as bond interface; (a) good bond quality, the lateral etch rate can be controlled, (b)
poor bond quality, uncontrolled lateral etch rate due to capillary forces
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The process steps

The fully batch compatible process is illustrated in Fig. 3.6. We use two 3 inch (100)
double side polished, 280 um thick silicon wafers which are n-type doped to have a bulk
resistivity of 0.03 Q-cm. The upper wafer is used to build the cantilever, the lower wafer is
used to build the counter-electrode and the support handle, respectively. An oxide layer of
1.5 um is grown thermally which serves as etch mask for the subsequent dry and wet etch
steps.

The upper wafer is photographically patterned and the oxide is etched in BHF to the
cantilever shapes. RIE using C CIF /SF, gases is used to etch trenches of 5 - 10 pm into the
silicon surface. The depth of this etch step basically defines the thickness of the cantilevers
although the exact thickness will also be determined later during the final dry and wet etching
of the tip. Generally the final thickness of the cantilever can be tailored to about 3 - 7 um
depending on the various etch processes.

The lower wafer is patterned in a similar way. Here a double side process is used to
pattern the oxide. On the front side bond pads are structured exactly there where the wafer
will be fusion bonded together. They form the anchor points between the two wafers and thus
a frame for stability and, more important, they define the capacitor plates that are in parallel
to the sensing capacitor. It is therefore important to minimize those pads but still keep them
big enough to ensure a stable mechanical link (!) between the cantilever and the counter
electrode on the handle. On the back side of the lower wafer windows with compensation
structnres are opened in the oxide for the anisotropic wafer back etching. Thick photoresist
(in our case we used 8 pum thick AZ 4562) is then spun over the oxide pads on the front side
and patterned to the shape of the counter electrodes. RIE is used to etch deep trenches of 10 -
15 um into the silicon. We want the counter electrodes to be much thicker than the
cantilevers, therefore the deeper etching.

After the resist stripping and prior to the contacting and fusion bonding the wafer
surfaces are carefully cleaned and hydrophilized. We use a standard surface cleaning and
bond preparation procedure” with HNO,, H,SO :H,0, and DI water rinsing cycles. After
drying in N_ atmosphere the wafers are loaded on a commercial mask and bond aligner",

The two bond partners are optically aligned and immediately put into contact, face to
face. The pre-structured cantilevers and counter-electrodes are here 'sandwiched' between the
wafers (Fig. 3.6b). An alignment accuracy of less than 2 um can be achieved. This is better
than what can be obtained with infrared assisted bond aligners with a resolution limit of

about 5 um". In our typical devices the active bond pads form areas of some 100 um x 100

/16



um. This is a rather small area for usnal bonding techniques. A misalignment wounld also
cause the counter-electrode and cantilever to be displaced laterally to each other which would
affect the capacitance area A and decrease the sensitivity. By enlarging the shape of the
counter-electrode with respect to the cantilever, this risk can be reduced.

After the contacting of the bond partners hydro-bond forces resulting from the surface
treatment are sufficient to preliminary 'pre-bond' and glue the wafers together. The actual
fusion bonding is subsequently performed in an annealing furnace in O2 or N2 atmosphere at

1100 °C during about 4 h.

8)

b)

L]

Fig. 3.6: Microfabrication steps of the capacitive microlever
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For the back-etching we use our standard KOH process as described in Ch. 2. Again the
back etching is time controlled to stop at a membrane of roughly 20 um. The KOH also
etches on the upper wafer and removes most part of the bulk silicon. An approximately 5-10
pm thick membrane is now covering the cantilever hidden under the fine membrane which is
later used to build the tips.

The tip etching is performed with the deposition of a masking layer and subsequent RIE
step. In the first experiments we successfally used a thermally grown oxide, which however
is a critical high temperature process at this stage for the fragile devices. We also tried to use
a layer of thick photoresist which has shown to be sufficient for the etching of silicon tips.

Simultaneously during the etching of the tip we etch down and finally remove the
topside silicon membrane which is covering the cantilever.

Finally, we etch the membrane on the lower wafer by using RIE from the back side.
The structures at this stage are held by thin silicon beams to the wafer frame. Fig. 3.7 shows a
scanning electron micrograph of a finished device with parallel cépacitive microlevers. A
close-up of the front part of one of the levers is shown in Fig. 3.8. They can easily be
removed from the wafer for mounting and wire bonding onto a PCB carrier.

Due to the nature of the etch processes, it is not possible to predict very precisely the
cantilever thickness t, which, however, is an important parameter for predicting the
mechanical behavior of the device (e.g. k, f, V¢). Unfortunately it is not very accurate neither
to determine t with a scanning electron microscope after the lever is free standing.

But since we have good control over the lateral dimensions of the levers
(lithographically defined), we can deduce the thickness if the resonance frequency is known.
Using the equations (1.1) and (1.2) we find that

2

_ _fol
= 14x10

We measured with an interferometer the resonance frequency of several devices with

(3.27)

known length 1. Table 3.2 shows the result and compares the expected theoretical data with
the experimental values of the fabricated devices.

The described technique of the aligned wafer bonding is also interesting for other
microfabricated devices. It allows in particular to combine bulk silicon structures with
different shapes fabricated by incompatible etch processes, that can be performed on the
different sides of the wafer and followed by a bonding step. Other devices like, for instance,
micro-optical elements such as torsional mirror arrays and light shutters have been developed

using the described technique by Jaecklin and coworkers in our group".
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Table 3.2

Comparison of designed and measured values for the thickness
and the corresponding resonant frequency of typical
capacitive microlevers

capacitive length 1 thicknesst  res. fo res. fo thickness t
lever [um] (design) (design) (meas.) (deduced)
(um] (kHz] (kHz] (um]
1 140 3.0 213.9 2104 3.33
2 325 3.0 397 39.9 3.01
3 425 3.0 232 25.8 2.95
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3.5 Experimental results
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Fig. 3.9: Static deflection curve of a microlever as a function of the applied dc bias voltage.
The measured values (confocal microscope) and the theoretical curve (t = 2.8 um, d = 2.8
um) are presented.

The microfabricated devices were encapsulated and wire-bonded for experimental
characterization. A total capacitance of = 3 pF between the connection pads has been
measured. When applying bias voltages the cantilever motion has been measured with an
optical confocal microscope or with an interferometer and a phase-sensitive detection (lock-
in-amplifier).

Fig. 3.9 shows both the measured and fitted static deflections of three cantilevers as a
function of the applied dc voltage. The measured values show the expected V' behavior and
are, for small deflections, in good agreement with the theoretical curve of equation (3.6). For
the fitted curve we have assumed a cantilever thickness of t = 2.8 um and a capacitance gap
of d = 2.8 um, which is consistent with the SEM observations.

Fig. 3.10 and Fig. 3.11 show the measured amplitude of the dynamic deflection or
vibration for one cantilever with 1 =325 um, w = 40 pm and t = 3 pm, when the frequency of
the harmonic excitation voltage of 200 mV (peak-to-peak) is swept from 25 kHz to 45 kHz.

The measurements were performed first in air and then under vacuum condition (0.02
mbar). The measured resonance frequency lies close to 40 kHz. If we define Af as the full
bandwidth at 0.707 of the maximum amplitude, we find a quality factor of Q = fo/Af = 15 in

air, and Q = 2000 under vacoum. Due to the small gap between the cantilever and the
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adjacent counter-electrode damping in air is particularly important for this type of structure.
This explains the rather low guality factor observed in air compared to plain silicon cantilever
of similar dimensions having Q-factors up to a several hundred in air. When operating the
device under vacuum conditions this effects becomes less noticeable.

Also, as predicted by the equations (3.14) and (3.15) the electrostatic field between the
cantilever and the counter-electrode leads to a lowering of both, the resonant frequency fo
and the effective cantilever compliance k'. Fig. 3.12 shows the variation in resonant
frequency as a function of the applied DC bias for two cantilevers. The measured data are in
good agreement with the computed curves (solid lines) with threshold voltages Vt =45 V and
28 V respectively.

Experimental data using an impedance analyzer have shown that in order to get a
sufficiently high current displacement through the capacitor the gap has to be decreased to =
1 um. Only then the current signal is large enongh to be further amplified and fed to the FM

detection.
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Fig. 3.10: Measured resonance curves of an electrostatically actuated cantilever for various
dc bias (Vdc = 10, 20, 30, 40 V) and an excitation voltage of 200 mV peak-to-peak. The
cantilever dimensions are 1 = 325 ym, w = 40 um, t = 3 ym. Measured in air. Q-factor = 15.
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Fig. 3.11: Measured resonance curves of the same structure as in Fig. 3.10 with same
voltages, measured under vacuum condition (0.02 mbar). Factor Q = 2000.
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Fig. 3.12: Variation in resonant frequency as a function of the applied dc bias for two
cantilevers of length | = 325 um and 425 um. The solid lines are computed with V¢ = 45 and

28 V respectively.

3.6 SFM in the dynamic mode using microfabricated capacitive sensors

This paragraph summarizes the final results obtained with the microfabricated
capacitive cantilevers. The experiments were performed by Nicolas Blanc and Urs Duerig at
the IBM Research Laboratory in Rueschlikon. The following passage is an excerpt of a report
to be published in J. Vac. Sci. and Technol. B March/April 1996.
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Scanning Force Microscopy in the dynamic mode using microfabricated capacitive

sensors

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 (SOI) 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 set-up 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 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 electro-mechanical properties of the sensors.

I. INTRODUCTION

The prospects for making miniaturized stand-alone scanning force microscopes has
triggered the development of various force sensors with integrated detection schemes such as
piezoresistive? or piezoelectric cantileversb.. Compared to optical detection these sensors
have a much smaller overall size and do not require any critical alignment of external
components. Capacitive detection is also an interesting and very sensitive technique which is
commonly applied in the field of pressure sensors and accelerometers. A major advantage of
capacitive detectors is the fact that they contain only reactive components and therefore they
are free of parasitic resistive noise sources that adversely affect the sensitivity. In the field of
Scanning Force Microscopy (SFM) various groups have already reported interesting results
based on assembled capacitive set-upsd€, In this paper we present capacitive sensors
manufactured by batch processing techniques. Each sensor combines an integrated capacitive
detection of the cantilever displacement as well as an electrostatic actaationf-&:h, This
property makes capacitive sensors particularly attractive for applications requiring parallel
operation of large sensor arrays, e.g. as is envisioned in high density data storage devices
based on local probe techniques. The fabrication process of these novel devices is based on
bulk silicon micromachining of SOI wafers. The electro-mechanical characteristics of the
capacitive microlevers are discussed and topographic images of a chrome grating are
presented which were obtained in a dynamic operating mode regulating on a constant force

gradient.
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I1. STRUCTURE DESIGN AND FABRICATION

, cantilaver and tip

Py 2 4
Y Y5 / * counter-electrude

Fig. 3.13: Schematic outline of the capacitive sensor for scanning force microscopy. The
cantilever and its counter-electrode are separated by a small gap, typically I um wide, and
they are attached to a Si holder containing bonding pads for electrical contacts to the lever
and the counter-electrode.

The design of the sensors is schematically shown in Fig. 3.13. They consist of two
adjacent, highly doped single-crystal silicon beams forming the two plates of a capacitor. One
of the beams, called cantilever (CB), is fairly soft and it serves as spring for sensing
interaction forces. A tip is located at the free end of the CB. Typical CB dimensions are:
width w = 60 um, thickness t = 5-6 um, and length ! ranging from 275 um to 350 pum. The
second beam, termed counter-electrode, is essentially rigid and its typical dimensions are: w
=80 um, t = 15 um, and / is in the same range as the corresponding CB. The cantilever

spring constant and resonant frequency are computed according to

3EL
k = 3 M
and
f = 0.162v12E/p)12, )

with I=wt3/12 the moment of inertia, E=1.7%10" N/m2 Young's modulus and p=2300
kg/m3 the density of silicon. The spring constant and resonant frequency range from 7 to
26.5 N/m and 57 to 111 kHz respectively. Note that holes have been patterned into the

/26



cantilevers in order to promote etching of the thin silicon dioxide layer in the fabrication of
the gap between the cantilever and counter-clectrode. As a result of the holes, the resonance
frequency and the spring constant of the sensors are somewhat smaller than the
corresponding values computed by means of equations (1) and (2). The tip can be actuated

electrostatically as described in ref. 8. For low applied voltages V the displacement is

1 VZwH
20 = 16 % g B ®

with £o = 8.85*10-12 As/Vm the permittivity in vacuum and d = 1 um the gap between
the cantilever and counter-electrode. Equation (3) can be written as zo = V2 and for the
present cantilever dimensions one obtains an ¢ value of the order of 1 nm/V 2,

The devices are fabricated by silicon bulk micromachining. The process is illustrated in
Fig. 3.14. Silicon on insulator (SOT) wafers with a 15 um thick n-type (100) oriented silicon
film, a 1 pm thick buried SiO2 layer and a 400 pm thick n-type (100) oriented silicon
substrate were used). The resistivity of the Si was of the order of 10 Ohm cm which tumed
out to be somewhat high for sensor applications (see below). Silicon dioxide is first thermally
grown to a thickness of 1.7 pum on both sides. Three photolithographic and subsequent SiO2
etching steps in buffered hydrofluoric acid (BHF) are used to pattem the oxide mask and
define the cantilevers and tips as well as the backside etch windows. The counter-electrode is
etched by reactive ion etching (RIE) with photoresist as a mask. The buried oxide spacer
layer between the CB and the counter electrode is then removed by BHF etching and the
photoresist is stripped in acetone. The cantilevers with integrated tips are defined by
successive RIE and BHF etchings as previously reported for simple cantileversi. In order to
lower the resistivity of the cantilever structure a phosphorus-doped silicate glass (PSG) is
deposited, followed by a diffusion step and the removal of the PSG layer in BHF.

A1 um thick layer of aluminum is then deposited, patterned and alloyed for 30" at 450
°C to form the ohmic contacts to the cantilevers and the substrate. A membrane, typically 30
pum thick is defined by anisotropic etching in KOH from the backside while protecting the top
side in a mechanical chuck. An appropriately patterned photoresist cover layer protects the
aluminum bonding pads from being attacked in the subsequent fabrication steps. The counter-
electrodes and the cantilevers are released by RIE from the backside and BHF etching
respectively. Finally the resist is stripped and the cantilevers bonded. Fig. 3.15 shows

micrographs of the microfabricated capacitive cantilevers after the completion of the process.
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Fig. 3.14: Process steps in the microfabrication of the capacitive microlevers.
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II'1T. EXPERIMENTAL RESULTS
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Fig. 3.16: Schematic diagram of the set-up used in the admittance measurement. Note that
the CB is virtually grounded by means of the current to voltage converter and hence the effect
of stray capacitances is minimized.

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 motion
of the CB and corresponding electrical fields. The frequency response can be modeled by the
same equivalent circuit that applies to a quartz crystal resonator. It consists of a series
resonant circuit which is shunted by a capacitancel. A detailed analysis showsk that
observability of the resonant properties and the overall performance of the capacitive sensor
can be expressed in terms of a single parameter that is to be maximized and which scales as
the square of the applied biasing voltage and the inverse cube of the gap width between 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 vsing a spectrum analyzer (Fig. 3.16). For this purpose a small (of the order of 5
mV) white noise driving voltage&:h 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 means

of a virtual ground type current to voltage converter. By this scheme the electrical potential
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of the cantilever (and the tip) is clamped to ground potential thereby virtnally suppressing
effects due to nnavoidable stray capacitances. This point is somewhat critical as the
capacitance of the lever is only of the order 0.1 pF. The frequency response of admittance
measured on a cantilever with a length of 300 pm is shown in Fig. 3.17. Series and parallel
resonance can be clearly identified at fs = 60'147.5 Hz and fp = 60'217.5 Hz, respectively. As
expected a sharp transition in the phase response is observed. The phase shift amonnts to
160° and the slope measured at the series resonance is 8¢/6f)f=fs = 9°/Hz from which a
quality factor of the resonance of the order of Q = /2 3¢/8f)f=fs = 4700 can be deduced. The
observed Q-factor appears to be somewhat low. The reason for this is the high value of the
specific resistance of the Si wafers nsed. The Q-factor is lowered because of resistive
dissipation induced by the motion of space charge at the surface of the CB and the connter-
electrode when the electric field is being modnlated by the vibration of the CB. Quality
factors as high as 50'000 have been obtained in test devices that were doped close to the limit
of degeneracy.

With increasing applied DC voltage the resonant frequency decreases as shown in Fig.
3.18. This corresponds to a lowering of the effective cantilever spring constant. At low
applied DC bias the frequency shift is proportional to the voltage squared. From this data the
mechanical resonant frequency (at Vdc = 0) is extrapolated to be 66'585 Hz. The physical
dimensions of the cantilevers were checked by scanning electron microscopy. The observed
thickness of the levers varied between 5 and 6 um. From equation (2) we compute a
resonance frequency in the range 77-93 kHz for cantilevers with a length of 300 um. These
values are higher than the experimentally determined resonance frequency. This difference is
attributed to the effect of the holes in the cantilever. Note that due to thickness variation the
measured resonance frequency itself also varies by a substantial amount. Valnes as high as 85

kHz have been observed for the type of cantilevers nsed in the experiments.
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Fig.3.17: Measured frequency response (admittance amplitude and phase) of a capacitive
cantilever with a length of 300 um. The applied bias is Vic = 36 V.
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Fig. 3.19: Schematic diagram of the oscillator and the associated feedback control loop
which controls the tip-sample distance by regulating on a constant frequency shift.
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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 the sample. Implementation of the
scheme is straightforward as the capacitive sensor acts like a resonant electrical two-terminal
device. For measuring the resonance frequency a set-up similar to the one used for the
admittance measarement was employed (fig. 3.19). The sensor serves as the frequency
determining element (operating at series resonance) in an oscillator circuit which consists of a
variable gain feedback amplifier and an automatic gain control to maintain a constant
vibration amplitude!2. The oscillation frequency is measured by means of a phase-locked-
loop frequency detector which has a bandwidth of 10 kHz.

Experiments were performed in vacuum in order to avoid damping of the CB
oscillation by the ambient air. A DC bias of 10 V was applied and an AC driving voltage of
the order of 5 mV was sufficient to induce a vibration amplitude of 50 nm at the free end of
the cantilever. A Cr grating on a quartz substrate was used as test sample. The pitch of the
grating was 250 nm and the Cr lines had a height of 100 nm. Topographic imaging was
performed in a constant force gradient operating mode meaning that the feedback loop
controlling the tip-sample distance was regulating on a constant frequency shift. At these
conditions the noise of the output of the frequency detector was of the order of 2 Hz
measured over a bandwidth of 1 kHz. This noise level is roughly a factor two larger than the
fundamental thermal oscillator noise limit!. A positive shift of 50 Hz was selected as imaging
parameter in Fig. 3.20) showing a 1.5 pm x 1.5 um section of the grating. The frequency
shift translates into a positive interaction force gradient of the order of 0.01 N/m (assuming a
spring constant of 10 N/m) meaning that the overall tip-sample interaction was repulsive. In
fact, operation of the force microscope is better described in terms of a high frequency
tapping mode given that the vibration amplitede of the CB was of the order of 50 nm. In each
oscillation cycle the tip pushes against the sample for a short fraction of the oscillation
period. The repulsive force that was exerted by the tip during touching can be estimated to be
of the order of 500 pN assuming 1 nm for the range of interaction. The drive voltage
necessary to maintain a constant amplitude of vibration is a measure for dissipationl. By
monitoring this voltage (see Fig. 3.20), one can thus obtain information on local variations of
dissipative channels of the tip-sample interaction. Correlation of the topography with
corresponding variations of the damping factor can easily be recognized. Damping forces are
highest when the tip is following a trench between Cr lines and they are stallest when the tip
is on top of a Cr line. At this point we lack a firm understanding of the physical mechanism

that is causing this variation of the dissipative interaction. From the correlation with the
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topography, namely dissipation being minimam on top of the protrusions and maximum at
the edges of the ridges, one might speculate that the dissipation is caused by frictional forces
as the tip is touching the sample surface.

To conclude we have shown that microfabricated capacitive sensors can be nsed for
scanning force microscopy in the dynamic mode. With this device the experimental set-up
can be greatly simplified with respect to many of the conventional schemes: No optical
components for the tip displacement sensing are needed, and moreover, as shown in this
paper the integrated electrostatic actuation can be used to excite the levers at resonance
meaning that no additional actuators are required. Static actuation is also conceivable.
However, one must keep in mind that the electrostatic potential applied to the actuator also
influences its resonance frequency. Therefore, compensation schemes are needed in order to

separate this effect from genuine interaction induced changes of the resonance frequency.
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Fig. 3.20: Dynamic force gradient imaging of a Cr grating with a pitch of 250 nm on a
quartz substrate. The total scan area is 1.5 pm x 1.5 um. The iimage 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 tones, respectively. The dissipation in dark areas is about two times stronger than in
bright areas.
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3.7 Conclusions
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lever geometry we could deflect the tip up to 1 pum (!) with a dc bias voltage of = 60 V. This
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expected change in frequency, and hence of the spring constant, due to a superimposed force
is demonstrated and corresponds well with the computed data. This feature allows to tune the
cantilever compliance and to operate the sensor in various regimes of attractive forces.

We have shown that the signals that we could obtain with the 3 um gap devices are too
low for high resolution surface imaging. An improved device made by SOI wafer substrates
with a capacitive gap of 1 pm could be successfully used for dynamic mode SFM imaging for
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Chapter 4

Piezoresistive microlever

4.1 Design and analysis of the piezoresistive microlever
4.2 Microfabrication process

4.3 Characterization and performances

4.4 Paralle] snrface imaging using an array of microlevers
4.5 Lateral force imaging using a torsion sensor

4.6 Conclusions

In the previous chapter we described a capacitive device to detect and induce cantilever
motion. In this chapter we discuss a piezoresistive cantilever deflection sensor.

Piezoresistivity is the material constant that describes the change of the bulk resistivity
as a function of the mechanical stress applied to the material. The use of the piezoresistive
effect for micromechanical sensors is not new. In particular in the last decade pressure
sensors and accelerometers became well studied devices'’ and established industrial products.

In 1991 Tortonese and co-workers at Stanford University demonstrated the feasibility
of using a piezoresistive cantilever deflection sensor for SFM applications’. The contribution
here follows a similar concept and includes the novelty of confining the piezoresistor to
specific areas on the cantilever. This increases the sensitivity and, in particular it enables
lateral force measurements in our chosen layout. We also demonstrate the feasibility of using
a piezoresistive lever array for simultaneous parallel surface imaging.

The device described in this chapter has been designed and fabricated during a 1 year
visiting research period at the Advanced Research Laboratory, HITACHI Ltd. in Kokubunji-
shi.
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4.1 Design and analysis
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Fig. 4.1: Schematic layout of the piezoresistive microlevers described in this work; U-shaped
cantilever for bending (a), and PR-loop type lever for torsion measurement (b)

The heart of the device consists of a silicon cantilever beam with an integrated tip and
with a piezoresistive strain gauge. A load applied at the tip deflects the cantilever and the
resulting stress in the material induces a change of the resistivity. This effect can be measured
by appropriately guiding a current through the stressed regions of the cantilever. We can do
this in two ways. Tortonese and co-workers have proposed an uniformly doped U-shape
cantilever (Fig. 4.1a) where the current enters in one leg and exits through the other. In our
new version (Fig. 4.1b) the piezoresistor loops are defined by an additional photolithography
step near the cantilever base. The stress has a maximum at this location and we expect an
increase of the device sensitivity. Furthermore, if the piezoresistors are symetrically arranged
to the central axis of the lever, the device becomes sensitive to cantilever torsion, and, hence
can be used for sensing lateral forces, e.g. in a friction force microscope.

The lateral dimensions of the piezoresistive microlevers are precisely defined by means
of lithographic processes. Table 4.1 summarizes the geometrical dimensions. The lever
thickness is fixed for a given wafer and is defined by the micromachining etching process.
We aimed at a lever thickness between 2 and 5 um. The corresponding spring constant k and

the resonant frequency f are summarized in Table 4.2. For the calculation in the case of the
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U-shaped device, we approximated the double-beam lever by a plain lever with twice the

width W.

Table 4.1 Geometrical dimensions of piezoresistive microlevers

ID#| Type Lilpm] L2[um] W([um] B[um] ly[pm] Ix[pm}
1 U-shape 100 35 20 55 75 55
2 | U-shape 125 45 25 65 80 65
3 U-shape 280 80 40 95 200 95
4 | U-shape 420 80 50 130 340 130
5 loop 325 80 - 100 140 30
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Table 4.2

Calculated spring constant and resonant frequency for various

cantilever thickness t

t=2pm t=3um “t=4 um t=5pum
ID# k f k f k f k f
[N/m] [kHz] [N/m] [kHz] [N/m] [kHz) [N/m)] [kHz]
1 13.5 277 45 415 108 555 210 693
2 8.6 177 29 266 69 355 134 444
3 1.0 35 4.0 53 10 71 19 88
4 0.5 16 1.5 24 3.6 31 7.1 39
5 0.9 26 33 39 7.9 52 15 66
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Sensitivity of cantilever deflection

\\w
damped sde

force F sificon cantilever  diffused layes  stress profile plazoresistor loop ¢

Fig. 4.2: Cantilever model for analytical calculation showing a cantilever portion with the
diffused layer profile and the coordinate axis and the stress profile due to bending.

The non deflected cantilever has a resistance value of R = p I/A which is given by the
resistivity p of the conducting layer, the length 1 and the cross section A of the current path.
‘We want to calculate the fractional change of resistance Z£R/R due to a bending &£z of the
cantilever end. For this we need to determine a relationship between the mechanical stress
and the resultant resistivity change. The coordinate axis for the mathematical expressions are
defined as shown in Fig. 4.2.

A deflection Az at the tip of the cantilever creates a torque M along the cantilever which

is a function of the applied force F and the distance y from the fixture.

M(y) F(y-L1)

kAz(y-L)) @.n
L1 is the cantilever length and k is the spring constant. M(y) is maximum for y = 0,
which is at the basement of the cantilever. The induced stress S(y) in the cantilever is a

function of the conple M(y) and the distance z from the neutral line in the cantilever

S(y,z) = Méﬁ z 4.2)

where 1 is the cross sectional moment of inertia of the cantilever beam. For high
sensitivity it is important to place the piezoresistor at the surface, i.e. at z = + t/2 where the
stress is maximal. In a fabrication process this can be realized by means of a diffusion or an

ion implantation process. At the surface the stress is then given by
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M
Syaz) = M 43)

The relative change in resistivity of silicon under stress is a function of the

piezoresistive coefficient 7t and the stress.

A
'E,E (x,y,2) n S(y,z)

nkt
= 571 -LD Az 4.3)

By integrating the above expression over the path Ly that the signal current has to take

through the piezoresistors we obtain the general expression for the fractional change of

resistance.
Lp
AR ] Iég
- = 7 dl
R L ®
(o]
L
P
1 nkt
= ;a1 & [y-Lnd 4.4)
(o]
‘When replacing k and I we find
Lp
AR 4nEt
R = 3 L13Az fiy-Lpa (4.5)

o

Equation (4.5) shows that the basic sensitivity for a piezoresistive microlever with a
given spring constant k and a cross sectional moment of inertia I increases for a thicker and
shorter cantilever, weighted by the integration over the current path along the legs.

The piczoresistive coefficient & depends on the crystal orientation*. For (100) silicon
wafer substrates the longitudinal coefficient ©_has a maximum value in the <110> crystal
direction. This, and fabrication related issues are the reasons why our cantilevers point in that
direction. For these substrates we also find that the longitudinal and the transversal coefficient
are of same magnitude but with opposite sign, i.e. © =- 7. Thus, each portion of the
piezoresistor which is directed transversally to the deflected cantilever beam decreases the

sensitivity.
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Assume ly and Ix being the length of a portion of the piezoresistor pointing into the
longitudinal axis y and the transversal axis x, respectively. Integrating equation (4.5) yields

the general expressions for the fractional resistance change in the y and x direction:

AR 4rEt(ly

(), - 55
1

AR anEt

(R)x =373 0,-L) &z (4.6b)

1

The longitudinal contribution (AR/R)y is averaged over the length of ly, i.e. it
corresponds to the value obtained at the location y = ly/2. This makes sense because the
couple M(y) and hence the stress S(y) decrease linearly along the cantilever. The contribution
of the transversal contribution (AR/R)x can be calculated accordingly by taking the constant
value of the stress at the location y = ly.

For high sensitivity according to the above equations we have to make ly short and
place it as close as possible to the lever base in order to have a high average stress in the
piezoresistor. On the other hand we have to minimize lx and place it as far away as possible
from the base.

For the U-shaped cantilever the location of lx is fixed on the triangular portion that
connects the two legs. Tortonese et al. have shown for this case that it has negligible effect on
the change in resistance due to bending, because in this region far away from the base the
stress is much smaller than in the legs.

In the case of the piezoresistor loop type, the location of Ix can be defined by means of
a lithographic process (see Fig. 4.1). In our present design, we have chosen ly = L1/2, and Ix
=0.2 ly. A calculation shows that for this case the loss in sensitivity due to lIx is less than 10
%. In order to further increase the sensitivity of the device in a future design a metal line
could be used to short circuit the undesired piezoresistor portion in lIx.

For our cantilevers we obtain calculated sensitivities AR/R per A deflection in the range
of 1 x 10®and 1 x 107 for the shorter and longer cantilevers, respectively. A summary of the
calculated sensitivity for the different cantilever dimensions can be found in Table 4.3.

So far we have assumed that the piezoresistors are located at the cantilever surface. In
practice this is not true and the doping concentration has a specific profile given by the
implantation process. In diffused or implanted layers the impurity concentration decreases
with depth. 1t is known that the coefficient &t decreases with increasing impurity

concentration’, and hence the piezoresistive coefficient shows an increasing profile with
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depth. The local coefficient nt(z) has to be weighted by the conductivity 6(z), which is, again,
a function of the doping profile. In general we can express the effective piezoresistive

coefficient by

j
f n(z)o(z)dz

o
Teff = T 4.7

f o(z)dz

o
where j is the junction depth (= 0.3 um in our case). The ratio B = T eff/ 7 is a number
between 0 and 1. When [ = 1, then the doped layer is at the surface, and when j =0, the
cantilever is uniformly doped. In the latter case the sensitivity AR/R drops to zero since
opposite stresses in the cantilever cross section cancel each other out. A typical value of
valuc is 0.8 for our process. It depends mainly on the implantation depth and the cantilever

thickness.

Noise in the piezoresistive microlever

The minimum detectable deflection of the cantilever does not only depend on the
sensitivity of the measurement system but also on the noise. The noise arises from several
sources: the thermal mechanical noise of the cantilever, the noise in the resistors and the
amplifier noise.

The thermal mechanical noise of a free standing cantilever in the vertical degree of
freedom is given by Azp =\/kB T k! , where kB is the Boltzmann constant (k = 1.38 x 10
J/K), T is the absolute temperature and k is the spring constant. For a typical cantilever with a
spring constant of 1 N/m we obtain Azp = 0.6 A. For contact mode imaging this noise
becomes irrelevant since the cantilever tip is in contact with the surface and looses this degree
of free vibration.

The thermal or Johnson noise in a resistor R is given by vp = -\/m , where B is
the frequency bandwidth of the measurement set-up. This is the fundamental limit in the
measurement of resistance. The other sources are the noise in the electronics which however
can be made negligible at room temperature, and 1/f noise which becomes dominant when
operating at high bridge voltages. Tortonese has demonstrated that the best performances are

achieved when using piezoresistors with a few kQ and a bridge bias voltage of S to 10 Volt.
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Sensitivity of cantilever torsion

Fig. 4.3: Lateral force Flg; on the tip induce a torsion couple M in the cantilever of angle .

A lateral force Fiat applied on the tip with height h creates a torque Mtor = Flat X h in
the lever. We can analyze the response of the torsion sensor by making the assumption that
the center of lever rotation lies on its axis. This is not exactly true since the lateral force is
applied on the tip at some distance h off the cantilever bottom. Depending on the geometry of
the lever it is either the bending or the torsion that is dominant. The lateral spring constant of
the lever is given by

Etw3

L] 4.8)

ki

The angle of beam torsion @ is proportional to the torque M and inversely proportional

to the torsional rigidity k¢

M

where ki is given by the lever material and geometrical constants. According to

Colchero and coworkers ° it can be expressed by

GKwit3

4.10
3L h2 410

kt =

where G = E/2(1+06) denotes the shear modulus and ¢ the Poisson number of the
material. For silicon they amount to 0.7 x 10" N/m2 and 0.3 respectively’. X is a geometrical
factor depending on the ratio w/t of the lever. For w = t (a lever with a square cross section)

K =0.425, and for w >> t it converges to 1. In our case with typical t = 3 ym and w = 100 pm
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we obtain K = 0.98. The ratio between the force constants for lateral bending k] and for

torsion ki is

ki hw) 2
P O'S(tL]) 4.1

Typically, in friction force microscopes the cantilever torsion is monitored, e.g. by an
optical beam deflection system using a 4-segment photo diode.

In the case of the piezoresistive microlevers the loop cantilever (Fig.4.1b) in contrast to
the U-shaped device can be used to sense the torsion of the microlever as a result of the
particular arrangement of the resistors on the stressed beam. A twisted lever induces stresses
with opposite signs symmetrically along the lever axis. Our measurement uses a differential
bridge amplifier that compares the amplitudes of the two output signals AR](left loop) and
AR (right Joop). If AR) equals AR2 then we have pure bending, and if AR) = - AR2 we have
pure torsion. In most practical cases there will be a combination of both.

By using this devices we can reduce the complexity of the instrument for friction

experiments and gain access to multiple probe operation.
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4.2 Microfabrication
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Fig.4.4: Outline of the microfabrication process; for details refer to text.

Silicon-on-insulator (SOI) substrates are used for the fabrication of the piezoresistive
sensors. SOI substrates can be purchased by several suppliers. Our 3-inch SOI wafer are
custom made by Mitsubishi Materials Inc., Japan. The oxide interface serves as effective
etch-stop during the backside etching process and isolates the active probes electrically from
the handle piece. The wafers are double side polished and have following layer configuration
(from bottom to top): 1.7 um thermal silicon dioxide, 400 um silicon carrier wafer, 1 um

dioxide interface, 16 um silicon membrane and 1.7 um thermal dioxide.
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The complete process flow is depicted in Fig.4.4. The first step is to pattern the top-side
oxide to a small cap that will serve later as etch mask for the tip etching (cf. chapter I).
Simultaneously the back-side oxide is opened in a double-side process to form the windows
for the KOH backside etching. Then a 8 pm thick photoresist layer is applied to the top-side
and patterned to the shapes of the cantilevers. With a dry etching step we transfer the resist
pattern about 5 - 6 um into the silicon to form a pre-shape of the cantilever beam. After
stripping of the remaining resist the underlying oxide pads become visible again and can be
used to etch the tips now. The circular masks have a diameter of 15 um. The etching is
stopped at the SOI oxide interface. All the process parameters are optimized in order to leave
nearly finished tips after this etching which can be sharpened with a low temperature
oxidation. The present structure is left untouched in place until the very end of the process
when a BHF etch removes the dioxide and frees the tips. The dioxide caps and oxide layer
protects thereby the tips during all subsequent process steps. Then the piezoresistor are
defined by an ion implantation process. Boron is used as doping since p-type resistors yield a
higher stress sensitivity, compared to n-type resistors, for the given silicon crystal orientation.
The implantation parameters are: doses 1 x 10" ions/cm?2 and energy 80-120 keV. A doping
concentration of 1 x 10" atoms/cm3 is chosen for the piezoresistors as a compromise between
high piezoresistance coefficient and low temperature coefficient. The resulting sheet
resistance is approximately 300 £/square yielding an estimated piezoresistance value of a few
k< for our typical cantilevers.

In the case a confinement of the resistor is required we lithographically pattern
beforehand the region for the doping onto the cantilevers. The photoresist is subsequently
stripped. An aluminum layer is deposited, patterned and etched for the contacts to the wire
bond pads. At this point the top-side processing is finished and before the back-etching is
performed we should measure some device parameters such as the cantilever thicknesses for
instance. This will help us to estimate the mechanical characteristics. Fig. 4.5 shows a map of
one of our wafers with 15 chips and their corresponding cantilever thicknesses. You can see
that there is a significant variation in thickness from chip to chip. One possible origin can be
the variation of the initial membrane thickness of the SOI substrate (supplier specification is
+ | pm). Another possible effect can oceur during the dry etching process with non uniform
cantilever thickness at different locations on the wafer. There is a noticeable circular

decreasing gradient of the etch rate from the wafer center (5 ym) to the border (= 3 um).
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Finally the wafer is etched back in a KOH solution while the top-side is protected in a
mechanical O-ring chuck. The etching stops at the SOI interface layer which is then removed
in BHF solution. In order to protect the aluminum the BHF is modified with glycerin®. Fig.
4.6 and 4.7 show SEM micro graphs of finished devices. They are encapsulated and wire

bonded to sample holders as shown in Fig. 4.8.

“{eantiteve r thickness in pm

32(35]}35

54154

44

45

3" wafer

Fig. 4.5: Wafer map showing the measured cantilever thickness variations on a single wafer.
The thickness decreases in a circular gradient from a maximum in the center (5.4 um) to a
minimum in one corner near the border (2.3 uym).
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Fig. 4.8: Micrograph of a finished and assembled microlever

Table 4.3 Corresponding values for spring constant, resonant frequency
and sensitivity for typical microfabricated sensors after
measuring of thickness and resistance

ID#| tmeas. kbtheory Ttheory fmeas. Rmeas. (ARR)y (AR/R)x

m]  [NAm]  [kHzl  fkHzl k@) (ATDY 0 (AFD)
| 23 20.7 320 338 4.8 -23E-06 92E-07
2 3.1 324 276 298 31 -21E-06  L.IE-06
3 i3 5.6 59 57 2.2 -4.3E-07 1.9E-07
4 2 1.9 25 23 32 -1L.7E-07  0.5E-07
5 29 i3 40 40 3.1 -3.5E-07 2.5E-07
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4.3 Performances of the piezoresistive cantilevers

Wheatstone Bridge
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Fig. 4.9: Measurement set-up for the characterization of the piezoresistive microlever

First we characterize the devices with respect to their frequency response. We vibrate
the device by means of a PZT and measure the sensor response with the set-up shown in Fig.

4.9. The output of the one element varying Wheatstone Bridge is given by
AV = V2-V)

v AR
2(2R + AR)

This bridge signal is amplified by means of a low-noise instrumentation amplifier with

4.12)

adjustable gain G. The amplifier output is given by Vot = G AV.

According to the result of Table 4.3 a tip displacement of 1 nm results typically in a
relative resistance change AR/R in the order of = 5E-06. For a resistor of R = 3 kQ this
represents a change of AR = 0.015 Q. The corresponding bridge output signal with a bias of
V =5Vis AV =6 pV. After the amplification with a gain G we obtain Vopt = 12 mV/am.

It is also interesting to determine the cantilever resonant characteristics, for instance for
high-speed scanning applications where the cantilever has to follow surface topography
variations above 100 kHz, or for non-contact mode imaging where the cantilever is vibrated
and the proximity of a surface feature is detected by shifts in the resonance frequency. In

resonant applications the quality factor Q is important. We define Q as the ratio between the
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resonant frequency fres and the frequency span Af between the two points at the half of the
maximum amplitude, i.e. Q = fres / Af. Fig. 4.10 shows a measured amplitude of a typical
lever near its resonance frequency. One data has been taken in atmospheric pressure, the other
in a vacuum of about 0.02 mbar. The quality factor Q of the resonance amounts to about 150
and 2000, respectively.

For our surface imaging experiments we mounted the devices in a commercial SFM
instrument’. Fig. 4.11 shows a SFM image taken with one of our piezoresistive microlever of
a calibration grating. The material is glass and the grating has a wavelength of about 1 pm.
Vertical feature size is about 200 nm. Fig. 4.12 shows an image taken of an integrated circuit
pattern with vertical feature size of = 1 um. Fig. 4.13 shows the topography of a micro
electrode device. 1t consists of a pattern of Pt on Silicon/Silicon dioxide. The structure height

is 150 nm. All the presented data are unfiltered.

6.2
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Fig. 4.10: Resonance curves of a typical piezoresistive cantilever measured with the signal of
the Wheatstone bridge set-up. Quality factor at atmospheric pressure is about 150 and under
vacuum about 2000.
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4.4 Parallel imaging with an array of microlevers

scan area Scanarea
left probe right probe
/
. ,/,1 -y "“d\iéﬂﬁﬁbf .

Fig. 4. 14: Simultaneous imaging of a sample surface by using two parallel piezoresistive
cantilever probes. If the scan width A is larger than the tip-to-tip distance D the overlap OL
allows to assemble the two images.

In order to study the feasibility of parallel imaging with a probe array we
microfabricated parallel piezoresistive microlevers. For the demonstration experiment we will
use a dual probe cantilever, i.e. two parallel tips. Each probe sensor is connected to its own
bridge and amplifier circuit so that each channel can be adjusted individually. For the
recording of the sensor signals we use two input channels of our SFM and data acquisition
system. For simultaneous measurements the dual probe has to be aligned to the sample
surface. This is done by approaching the sensors to the surface until the first sensor touches
the surface. This can either be observed directly or via the sensor signal. Then the second
sensor is brought in sample contact by a tilt and approach procedure while keeping the first at

the same position. The Dual probe is thus aligned to the sample surface when both channels
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give approximately the same signal. This can be controlled easily by withdrawing the probes
from the sample while observing their signals.

The two tips are raster scanned over the sample. The scan area A is given by the
piezotube parameters and varies between (10 um)2 and (120 pm)2, depending on the
piezoscanner used. The distance D between two neighbor tips for this first prototype device is
typically in the order of 100 pm to 200 um (Fig. 4.14). If an overlap image of the scan area is
aimed at, then A has to be at least of equal size than D. In the case when A > D, a small
overlap d in the scan images of the individual tips can be obtained, which then allows to use
some pattern recognition in these overlap areas for assembling a single composite surface
image.

By bringing the probes closer together, while still using the current cantilever
dimensions (beam width of about 20 ym) a minimum tip to tip spacing of abont 50 ym might
be feasible.

For the operation and surface approaching of a multiple tip array of one dimension we
could use the two border tips to monitor the touch down and adjust the parallelism of the
array. The tips of the two outer microlevers are higher than the tips inside the array (Fig.
4.15), a feature that allows to use those tips also for tracking purposes (e.g. in data storage

applications).

outer tips are higher for sample
spproach and tracking purposes
muitiple tip array

W?? (XYY} ?vvv

TR Sampio l

Fig. 4.15: Schematic illustration of multiprobe sample approach mechanism. The outer tips
are higher and allow for a touch down monitoring.
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4.5 Lateral force imaging with a torsion sensor

The fabrication is identical to the normal piezoresistive cantilevers except the addition
of one photolithography mask step to pattern the piezoresistors prior to the ion implantation.
By this step various geometrical shapes of the resistors can be patterned. For our case we
have chosen the simple shape of a single loop. Similar devices but with a different structure

are currently under study by Toda and coworkers at OLYMPUS Opt. Co. .
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Fig. 4.18: Electronic set-up for differential measurement of piezoresistive torsion sensor.
Rejection of common mode signals.

Our device dimensions are: length L = 350 um, width = 100 pm, thickness = 3 pm and
tip height h = 6 ym which yields a bending spring constant kb = 3.3 N/m and a torsional
rigidity k¢ = 5300 N/m.

The torsion sensor can be operated in two modes. One mode is to use a configuration
where the two signals are fed into the same Wheatstone Bridge for direct differential
measurements and amplification (Fig. 4.18). In this case we have the advantage to reject
unwanted common mode signals such as thermal drift or other noise influence. However we
also reject the signal occurring from the normal bending of the cantilever. This is a drawback

when a feedback control system for constant force operation is required. In a future design, it
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might be advantageous to integrate a third piezoresistor at the center to measure the bending
independently of the torsion, which could be used for feedback purposes.

Another possibility is to use the outputs of the two piezoresistor loops individually. This
means that the two signals remain separate np to the data acquisition system, where the
differential signal or any other data calculation can be performed. We have operated both
configurations successfully.

For the lateral force imaging we mounted the sensor in a commercial instrument®, We
demonstrate the sensitivity to lateral forces by imaging a test grating with a step height of 15
nm (Fig. 4.19). The torsional signal (i.e. the lateral force information) is recorded during the
raster scan over the steps (Fig. 4.20). We can identify the edges where the relative torsion of
the cantilever increases (brighter contrast) and decreases (darker contrast) for the step-up and
step-down motion, respectively. Fig. 4.21 shows the signal of one line scan across the sample.
In this imaging mode no difference in contrast can be seen on top and at the bottom of the

grating since it is uniform in chemical composition and no friction difference occur.

scan direction
— -

o _*150 A

Fig. 4.19: Demonstration experiment for lateral force detection; 1) cantilever torsion ©1 due
to surface friction, 2) @2 due to geometrical edge, 3) inverted torsion ¢3 at step down motion.
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differential signal or any other data calculation can be performed. We have operated both
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. scan direction

Fig. 4.19: Demonstration experiment for lateral force detection; 1) cantilever torsion @1 due
to surface friction, 2) @2 due to geometrical edge, 3) inverted torsion ¢3 at step down motion.
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4.6 Conclusions

In this chapter we have discussed a piezoresistive microlever for SFM. We have

presented the analysis of the stress induced resistivity change in a doped silicon beam. By

patterning the resistor loops appropriately on the stressed beam, the lever sensor becomes not

only sensitive to bending, but also to lever torsion. Due to IC compatible batch fabrication
techniques, we can build arrays of probes with identical properties. This can be used in
parallel surface imaging with an increased scan rate, when compared to single probe
operation. We have shown experimental data of SFM images, taken on rough surfaces
(gratings, IC), that agree well with images taken with standard SFM systems. We have
demonstrated the feasibility of multiple probe operation by imaging an 1C surface with a

double cantilever. Furthermore, lateral force microscopy with a piezoresistive microlever

with integrated torsion sensing was performed successfully.
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-Chapter 5

xy-Microscanner

5.1 Design of an electro-static xy-scanning device
5.2 Microfabrication: from poly- to single-crystal silicon
5.3 Performances and suggested improvements

The scanning of a local probe over a surface requires accurate control of the position
and motion of the tip. In the previous chapters, we have seen how a capacitive silicon
microlever can be used as a combined sensing and actuating probe in z-direction vertical to
the surface. We have also seen how a piezoresistive cantilever can be used for integrated
sensing of cantilever (in z direction and in lateral direction x).

The missing block for a fully stand-alone SFM system is the integrated xy-scan
mechanism. By stand-alone we mean here that the tip is moved over the sample, which is at
rest. This provides more flexibility in operation. A microfabricated scanning unit would be of
great benefit because it does not need any assembling of hybrid elements, and, in addition, its
immunity to thermal and vibrational noise decreases with compactness and miniaturization.

Akamine and co-workers' followed this concept with a microfabricated tunneling
microscope that incorporates piezoelectric actuators capable of three dimensional motion for
the scanning of the tip and the control of the tip-sample tunneling gap. The use of
piezoelectric materials however makes it difficult to integrate a protruding tip. Hence with
their design only flat layered materials could be imaged successfully.

Another technique suitable for building micro-actuators is the so-called sacrificial layer
technology. It has recently gathered much interest as a potential method of constructing
micromechanical elements for scanned probes’’. The devices based on this technology are
driven electrostatically; especially the comb actuator proves to be a useful driving unit . Its
main characteristics are a quick response time, IC compatible driving voltages, no hysteresis
in the positioning and no creep. Furthermore, it should be feasible to integrate capacitive or
piezoresistive displacement monitoring. These features make the comb actuator an interesting

candidate for the actuation of an SFM tip.



Jaecklin and co-workers at the IMT have successfully developed polysilicon micro
actuators based on this principles’. This chapter shows briefly recent advances that we have
obtained for a micromechanical xy-scanner with tip and introduces the first prototypes and

preliminary experimental results of such an integrated tip raster scan mechanism for SFM.

5.1 Design of an electro-static xy-scanning device

In order to obtain a planar xy scanning device based on the electrostatic actuation
principle, it is suitable to arrange four comb drives around a center stage as shown in the
schematic Fig. 5.1. Typical dimensions of the device that we constructed are a total beam
length of L = 600 pm, a beam width of w = 2 um and a beam thickness of t = 4 um.

The comb drive itself consists of two electrodes: the fixed electrode and the movable
electrode. The functional components of the latter are the suspension beams, which provide a
mechanical guidance for the actuator motion, and the comb, where the force for the actuation
is generated. A schematic overview is given in Fig. 5.2. The design of the micro stage is
based on a pull mechanism, i.e. the table with the tip is moved to any position in the xy-plane
by activating two of the four comb drives. With our device dimensions and with a typical
comb suspension length of I = 200 ym and a finger gap g = 2 ym, we can calculate the
displacement of the tip on the center stage on the beam cross via the force created in the

combs. This force can be expressed by>

B nht:V2
€T g

where n is the number of the comb fingers (n = 16 in our case). For the typical beam height h

=4 pm and for a DC voltage of 30 V we obtain a pulling force of 0.25 pN per comb actuator.
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Fig. 5.1 Schematic representation of the planar xy-microscanner with tip for SFM
applications, with via hole for optical monitoring. For the operation principle and dimensions
please refer to the text.

frm

Fig. 5.2 Overview of the beam arrangement including the xy-table and the suspensions.
Typical dimensions are L = 600 ym and | = 200 pm.

The lateral displacement Ax (or Ay) due to this force can be expressed via the force
constants in that direction by using Hook's law, i.e. Ax = F/kx, where Ky is the effective total

spring constant in x direction. ky is composed of the lateral force constants kxp of the beam
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and by kxs of the comb suspensions. We will make the simplifying assumption that the two

ends of the crossed beams are fixed. Then, the two components can be expressed by

16Ew3h
L3

where ] denotes the length of the suspension beams (in our case 1 = 200 um). The total

_ 2Ew3h

kxb and kxs = 13

lateral stiffness is the sam of the force constants, i.e. the two suspensions (the pulling comb

plus the opposite inactive comb) plus one cross beam. Thus, the total lateral stiffness becomes

kx = 2kxs+kxb
For a typical device we evaluated following values: kxp = 0.4 N/m, kxs = 1.35 N/m,

and kx = 3.1 N/m. For this device the lateral displacement for a driving voltage of 30 V is 80
nm in one direction. When addressing all four comb actuators in the way to add up the partial
scan areas, then the tip on the center stage can be scanned in a square of 160 nm x 160 nm =
25'600 nmZ2. By applying voltages in the range of 100 to 300 V a displacement of several ym
can be achieved. The decoupling of the z- and y-position is given by the construction of the
suspension and is optimized for this device. Fig. 5.3 shows an illustration of how the tip
covers the scan area. By driving the 4 combs in a suitable way the full scan range can be
achieved. A typical curve that shows the tip lateral displacement as a function of the applied

voltage on the driving comb fingers is shown in Fig. 5.4.
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Fig. 5.4: Typical displacement curve for a micromachined xy-scanner as a function of the
applied voltage’®.



The vertical force constant kz can be calculated in a similar way. Again we assume
double sided clamped beams. With the additional approximation that the force constant of 2
crossed beams of width w is the same as the force constant of 1 beam of width w' = 2w, then

the vertical force constant becomes
16Eh3w'
L3
Using our typical dimensions we get kz = 3.2 N/m. A typical force F; during SFM

kz =

scanning lies in the order of 1 nN and thus displaces the center stage by about Az = 0.3 nm
which can be measured by means of optical detection methods (beam deflection or
interferometer).

For high speed scanning applications and for good immunity against vibration noise the
resonance frequency of the table should also be high, possibly above a few tens of kHz. The

first resonance frequency of the cross for free vibrations in z direction can be calculated by

103 [En2
f = 5\~
L2 p
where p = 2300 kg/m3 is the density of silicon. For the typical dimensions f s in the
order of 100 kHz.
A further key feature of our device is the via hole that has been etched throngh the
wafer leaving the micro stage with the tip overhanging the substrate rim. This enables the

monitoring of the tip-sample interaction and optical measurement of the vertical displacement

of the scanned probe.

5.2 Microfabrication: from poly- to mono-crystal silicon

Jaecklin and coworkers at the IMT have operated comb actuators made of poly-
crystalline silicon fabricated by means of surface micromachining and sacrificial layer
etching techniques. The deposited thin film (A 2-3 um) of structural layer is not well suited
for the fabrication of sharp protruding tips, as we described in chapter 2. Therefore we

developed a process for a scan device by using single-crystalline silicon as material.
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Fig. 5.5: Fabrication steps for the micromachining of the silicon xy-scanner; a) two wafers
are needed, the top wafer is structured with RIE to the structural shape of the xy-table, b)
aligned silicon fusion bonding and KOH membrane etching, c) RIE for tip, d) sacrificial layer
etching to release movable parts.

The process is almost identical to the process to fabricated the capacitive micro levers
described in chapter 3. In the basic version the process requires a set of three masks. The
fabrication steps are illustrated in Fig. 5.5. After thermal oxidation (1.5 pm) and patterning of
two silicon wafers, 3 um deep structures are formed by reactive ion etching (C2CIF5/SFg
plasma) in the upper wafer to define the shape of the xy-actuator (a). Precision alignment and
pre-bonding on a commercial mask aligner is followed by thermal annealing (1100_C, 3 h)
and fusion bonding of the wafers on their Si02-$i02 contact areas (b). Via hole etching of
the lower wafer and simultaneous thinning of the upper wafer are performed in KOH until an
about 10 ym thick membrane remains (b). Deposition and patterning of a tip mask on the top
surface is followed by dry and wet etching to produce the probe tips on the xy-stage (c). In
the last step the sacrificial silicon dioxide léyer is laterally etched in BHF which releases the
beams (d). Fig. 5.5 shows a SEM micrograph showing the center portion of the
microfabricated xy-table after sacrificial oxide layer etching. The table is freestanding and

supported by the crossed beams.
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Fig. 5.6: SEM image of the tip on the center stage, without via hole. It can be nicely seen that
the profile of the tip (pyramidal) and the beams (vertical) are possible by the aligned wafer
bonding technique due to the separation of incompatible process steps on different sides of
the substrate.

5.3 Experimental results and suggested improvements

Recently, Indermiihle and coworkers have successfully fabricated and operated an
improved device with via hole. For a voltage of 300 V, a displacement of 12 um could be
observed. The measured resonance frequencies in the first vertical and lateral mode are above
10 kHz.

The tip was approached to a sample (tungsten needle) and raster scanned across it by
means of the comb drive actuators. The motion of the table was monitored with an optical
fiber interferometer. The vertical displacement of the stage during the scanning was
measured. The image of the surface topography of the sample obtained by the microscanner is
in good agreement with the image taken by a conventional instrument.

Thus an autonomous xy tip scan mechanism by using micromechanical elements is
demonstrated. Unfortunately the planar xy-scanner has the inherent drawback of poor tip
accessibility. So far only convex samples could be imaged. Improvements as suggested by
Indermuehle are for instance to use backside electrode contacts to improve tip clearance.

It is a promising too] for implementation in true stand-alone SFM systems, where the

tip is raster scanned, and not the sample, without nsing the bulky PZT scanners. A further



advance would be to operate several xy-scanners in parallel for particular applications, such

as IC inspection or data storage.
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Final Conclusions

In my Ph.D. thesis I have presented the results that we obtained in the field of silicon
microfabrication of sensor and actuator devices for the scanning force microscope. The
fabrication techniques were presented for building cantilevers with sharp tips, that were then
successfully used for imaging in SFM systems. We have seen that for the various
applications, different tip characteristics such as shape and sharpness are needed. For
obtaining ultra-sharp tips with a radius in the range of 1 nm, a low temperature oxidation
sharpening was successfully performed.

We have also seen the integration of a variety of functions into the cantilever probe,
such as deflection sensors (capacitive and piezoresistive) and an actuation mechanism
(electrostatic). These features are mandatory if the operation of tip areas for parallel probing
is aimed at. The analysis of the capacitive sensor and actuator has shown that the device is
best operated in a dynamic mode, that is, by vibrating the cantilever in resonance by means of
the electrostatic forces in the capacitor. When the tip ‘feels’ a surface force gradient, the
beams resonant frequency shifts slightly, which is hence a measure of surface topography. By
using this mode the tip is dithering like in a ‘tapping’ mode over the surface. To our
knowledge, this is the first operation of such a device using a built-in electrostatic actuator,
fabricated by silicon technology. The proposed device is well suited for parallel tip operation,
which, however has yet to be demonstrated.

Paralle]l imaging has been presented by using two piezoresistive cantilevers placed
side by side with a tip-to-tip distance of 100 micrometers. A parallel bridge set-up has been
used to measure the signals. When parallel probing using a, say, 1000 fold cantilever area is
aimed at, a new signal pick-up scheme has to be implemented by using multiplexing, for
instance. Another problem in parallel operation of cantilevers may arise from the necessary
adjustment or the individual fly height of each probe over the sample. Prospective integrated
actuators include electrostatic forces and piezoelectric films. Further process development has
to be done to combine actuator and sensor function into one device.

I have also presented a particular version of a piezoresistive SFM sensor to measure
the torsion of the cantilever in a tribological experiment. Such an integrated lateral force
sensor is much smaller than the conventional 4 segment photodetector, thus following the
same miniaturization trend as for normal deflection sensors and enabling multiprobe

operation.



In summary, we have shown various microfabrication processes for building SFM
sensors and their operation. We have found, that for each specific surface scanning
application a particular tip-cantilever characteristic is required. With other words, there is
probably not a unique local probe that can fulfill simultaneounsly all the possible reqnirements.
The optical beam deflection technique, e.g., is a set-up that is relatively simple, reliable and
easy to nse. For most standard SFM applications it will for long time be the dominant
detection principle.

However, for particular applications, and especially when the available space for the
probe is limited (e.g. in parallel tip operation, or in adverse environment such as vacuum
chambers or at low temperature), the integration of the sensing and actuation functions into
the probe itself is necessary. Microfabrication technigues are an important way to meet these
goals, allowing simultaneously for the cost-effective batch-fabrication of large amounts of

SFM devices on a silicon wafer.
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NANOMETER SCALE MESSAGE IN
GOLD

Scanning Force Microscope image of gold dots with = 30-50 nm diameter. Image size:=
1x1.2 micron. The dots have been formed by field evaporation of gold from the tip of the
same SFM cantilever as used to form this image. Image courtesy of Mr. Koyanagi, Hitachi
Adv. Res. Lab., presented by Asai-san and Imura-san during their visit at the IMT Neuchdtel
on September 23, 1994.



