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Abstract

Since the invention of the scanning tunneling microscopy and especially the
atomic force microscope, several methods have been developed for the fab-
rication of tips and probes for such microscopes, especially for AFM systems.
Methods to fabricate silicon tips directly, and to fabricate molded tips indirectly
via silicon molds are the two most widely used methods to batch fabricate tips
on the wafer scale. Often these tips are fabricated based on a square or circular
mask opening, especially for molded tips, in which case a pyramidal mold is
used to fabricate the tip. It has however been recognized that pyramidal mol-
ded tips resulting from the square mask openings yield suboptimal results and
that three plane tips are therefore more favourable. This is not only true for the
molded tips but for all tips in general. In this research the pyramidal molds and
the development of several three plane tips are investigated.

This thesis firstly describes the physical limits and the optimization of pyr-
amidal pits in (001) silicon wafers which are commonly used for this and to
that extend analytically models the influence of several factors that play a role
in the symmetry and therefore in the sharpness of pyramidal pits. A practical
approach is used to test several mask pattern openings and the influence of ro-
tating the mask patterns by 45 degree with respect to the [011] direction of (001)
silicon wafers, which results in an improvement of the symmetry of the pits but
also is a practical display of the expected physical limits of the procedure.

Secondly, given the limitations of the pyramidal pits, the several tip struc-
tures are described which all have a tetrahedral shape, thereby circumventing
the fundamental limitations of pyramidal pits, which are fabricated in (111) sil-
icon wafers, taking advantage of the {111} planes in the silicon that form the
tetrahedral shape. This comprises of several different structures, such as tetra-
hedrally shaped pits which are used to fabricate molded silicon nitride tips with
a tetrahedral shape, with an oxidation sharpened tetrahedral shape, with an
truncated tetrahedral shape or an oxidation sharpened truncated tetrahedral
shape. In this way, tips are developed with a high aspect ratio and tip radii as
small as 3 nm. Several of such tips are integrated on a cantilever on AFM probes
which are subsequently used for AFM measurements with a high spatial resolu-
tion, confirming the high tip sharpness.
Furthermore, tetrahedral tips are made in (111) silicon using an approach in
which each side of the of the tetrahedral tip is etched sequentially, to preserve

i



the tetrahedral shape which matches the 〈111〉 crystal structure of the silicon.
These tips are in the same process integrated on cantilevers and probes and
despite several challenges in the fabrication process successfully analysed us-
ing SEM imaging and used for AFM measurements in which a spatial resolution
of around 10 nm is achieved.
Using both the methods for making molded tetrahedral tips and for making
tetrahedral silicon tips, more complex tip structures with a three dimension-
ally shaped structure are devised and fabricated. The design and fabrication
methods for making molded tetrahedral wire frames using corner lithography,
molded silicon oxide tetrahedral tips with apertures using molded nanodots
made using corner lithography and a combination of these methods, to fabric-
ate tetrahedral tips with side apertures at the apex of the tip, thus with a wire
frame only at the apex of the tip, are presented. Next to that, the design and fab-
rication method of silicon oxide tetrahedral tips with apertures originating from
the silicon tetrahedral tips are demonstrated. This is followed by the fabrication
of the molded tetrahedral wire frame structures as well as the silicon oxide tips
with apertures at the apex, originating from the silicon tetrahedral tips. For this,
the method of making tetrahedral molds is further optimized to give the molds
a fully perfectly tetrahedral shape. In this way silicon nitride tetrahedral wire
frames are fabricated with a perfect three fold symmetry and a sharp tip at the
apex of the tetrahedral wire frame structure. By direct low temperature oxid-
ation of the silicon tetrahedral tips and controlled etching processes, silicon
oxide tips with apertures as small as 13 nm are made.

Thirdly, two methods are described to make special AFM probes, where the
first probe is an electrostatically actuated probe consisting of a small cantilever
embedded into a bigger cantilever, in which the small cantilever is actuated at
high frequencies. The cantilevers are modelled and experimentally character-
ized to have resonance frequencies up to 643 kHz and are successfully used for
electrostatically actuated tapping mode AFM imaging in which the scanning
speed is only limited by the translation of the AFM itself. The second probe is a
probe in which the a wide pyramidal pit is fabricated such that by low temperat-
ure thermal oxidation two tips are developed next to each other on a cantilever
which is designed such that the torsional compliance is greatly enhanced with
respect to the bending compliance. Several designs are modelled to demon-
strate the potential compliance ratios and a simple design is fabricated as a
proof-of-principle. With those probes the working principle is demonstrated,
showing that the twisting and bending of the cantilever is successfully resolved
into the topography image scanned by each individual tip.
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Chapter 1

Introduction

1.1 Scanning probe microscopy

The invention of the scanning tunneling microscope (STM) in 1982 [1] and of
the atomic force microscope (AFM) in 1986 [2] were not only inventions that
have had and still have a significant impact on the characterization of structures
at the nanometer scale. The inventions also laid the basis for the field of probe
fabrication technology at the nanometer scale. Both the STM and the AFM
are probe-based instruments, where probes with cantilever styli, often referred
to as cantilevers, with a sharp tip at the end, are employed to measure the
interaction of the tip with the sample that was imaged, in order to measure the
topography of the sample. This method is commonly referred to as scanning
probe microscopy (SPM). In STM this is achieved by applying a small current
to the tip while scanning the tip hovering above the surface, and measuring
the tunnelling current from the tip to the substrate, which is a measure for the
distance between the tip and the surface. This means, that both the sample and
the cantilever-tip structure have to be conductive.

The invention of the AFM made topographic imaging and measuring the tip-
sample interaction, due to for example Van der Waals forces, of non-conductive
materials possible. The first AFM experiments were done with manually fabric-
ated cantilever styli, of which the deflection was measured by an STM on top of
the AFM cantilever. An effective way to measure the deflection of the AFM canti-
lever optically was already invented in 1988, which employed a laser beam that
is pointed at the end of the cantilever, at the backside, and the reflection of the
laser beam is detected by a position sensitive detector [3, 4]. As the cantilever is
deflected due to interaction with the sample, the position of the reflected laser
beam on the detector changes and in that way is a measure for the cantilever
deflection.
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2 Chapter 1 – Introduction

FIGURE 1.1 – Schematic depiction of the convolution of the tip in grey with the
sample structure in black, resulting in the convoluted topography image in blue.
For a typical tip, with a rounded apex and an increasing width, (a) a steep side
wall results in a slope in the topography image, (b) a small feature appears as a
larger feature in the AFM measurement and (c) a number of closely packed small
features convolutes into a dimpled surface.

1.2 Tip fabrication methods

Shortly thereafter, several methods to fabricate AFM probes with integrated can-
tilevers and tips were demonstrated, both by direct shaping of silicon to form
a silicon tip [5–8], thus so-called direct fabrication, and by indirect fabrication,
thus using generally silicon as a mold to fabricate molded tips made from for
example silicon nitride, silicon oxide or a variety of metal layers [9–12].

For many tip fabrication procedures, as also frequently discussed in literat-
ure, two properties of the tip are the most important, which are the tip radius
and the aspect ratio of the tip. These two parameters have a direct influence on
the imaging in an AFM, as the resulting topography image is a convolution of
the tip shape and the actual structure on the sample that is imaged, as schemat-
ically depicted in Figure 1.1. This means that a steep side wall on the sample will
only be as steep as the convolution of the side of the tip and the steep side wall,
as the interaction between the side of the tip and the sample predominates over
the interaction between the apex and the sample in the case that the distance
between the sample and the side of the tip is smaller than the distance between
the apex of the tip and the sample, as shown in Figure 1.1, situation (a). A higher
aspect ratio tip diminishes this effect and results in a better representation of
the sample’s topography. At the same time, as the topography image is a convo-
lution, this means that any small feature on the sample will in the topography
image be only as small as the convolution of the tip shape and the small feature,
as shown in Figure 1.1, situations (b) and (c). Therefore, a high aspect ratio and
a small tip radius are a topic that is frequently investigated in literature.

To fabricate such tips using silicon, either by direct fabrication to shape
the silicon to form the tip, or by indirect fabrication to form a mold for the tip,
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several fabrication approaches are frequently used, which are shortly described.
To take advantage of the crystal structure of silicon, anisotropic etching is

frequently used to shape the silicon substrate. Anisotropic etching takes advant-
age of the difference in etch rates between the different crystal planes. Most
prominently, the {001} and {011} planes etch much faster than the {111} planes,
which typically results in pyramidal structures in (001) silicon [13–15], these
could either be pyramidal tips, extending from the wafer surface [16, 17], or pyr-
amidal pits, that are embeded in the wafer and typically form a mold for indirect
fabrication [9, 18, 19]. Typical etchants are potassium hydroxide (KOH), tetra-
methyl ammonium hydroxide (TMAH) and ethylene di-amine pyro-catechol
(EDP). By combining surfactants such as iso-propanol (IPA) and Triton [20]
with the etchant solution, more higher order crystal planes are obtained, such
as {221} and {311} planes [21, 22], resulting in higher aspect ratios.

Another frequently used method to shape silicon with a high aspect ratio is
the use of deep reactive ion etching (DRIE). DRIE is a plasma etching technique
in which several methods are used to selectively etch and passivate the silicon
and in that way create an etch profile which can have steep sidewalls, tapered
sidewalls or can have an isotropic shape, or any combination thereof [23–25].
This method is generally used to make high aspect ratio tips, but typically only
the microstructure of the tip, and the combination with other fabrication pro-
cedures is used to make the nanometer scale apex of the tip [6, 8, 26, 27].

One final very specific fabrication step which is frequently used, is the oxid-
ation sharpening method. This method takes advantage of the slower thermal
oxidation rates in concave corners, and at lower temperatures also in convex
corners. This effect is commonly attributed to the stress within the oxide which
inhibits the thermal oxidation in the confined space of a corner. This means
that the oxidation rate in a three dimensional corner is lower than the oxidation
rate on an edge, which is again lower than the oxidation rate on a flat surface.
This effect is used to to sharpen either the tip [17, 26, 28, 29] or the mold [19, 30–
32], which results in a higher aspect ratio and a smaller tip radius.

In literature several other methods are often described such as the attach-
ment of a carbon nano tube to a tip [33–35], or focused ion beam etching [36, 37]
and electron beam etching [36] of a sharp tip. These methods are however not
considered here, as these methods work only in a serial fashion, thus one tip is
etched at the time using focused ion beam etching, for example. Here, we focus
on the batch fabrication of tips and probes on the wafer scale.

As mentioned before in this section, tips are frequently made with a pyr-
amidal shape, either indirectly via a pyramidal mold, or directly by etching
a pyramidal silicon tip. It is however recognized in literature, that this, espe-
cially for the molded tips, typically results in a quite asymmetric tip, with a
much higher tip radius in one direction compared to the other direction, and
attempts have been made to improve this [38]. In general, this can be solved by
fabricating three-plane tips as opposed to the four-plane pyramidal tips. Due to
the {111} crystal planes that are generally used for molded tips, this is however
more complicated for indirectly fabricated tips. Nonetheless, methods for this
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have been demonstrated [39], which yields tips with a rather low aspect ratio.
For silicon tips, this is much easier due to the direct fabrication methods that
can be applied. For example the combination of etching one or two planes with
anisotropic etching and the remaining plane(s) with DRIE, yields three-plane
tips in silicon [40, 41]. One of the reasons to aim for very sharp three-plane
silicon tips has been demonstrated by Giessibl et al.[42], who demonstrated
atomic resolution AFM in vacuum conditions using [111] oriented tips.

1.3 Applications

Next to the application of tips on probes with cantilevers in scanning probe
microscopy, sharp tips are also applied in other fields, be it with or without
cantilever. For example, tips are specifically fabricated and used for applica-
tions ranging from field emission experiments [19, 26, 43] to experiments in
which tip-enhanced Raman spectroscopy [44, 45] is applied to perform optical
measurements. Furthermore, more complex three dimensionally shaped struc-
tures have been demonstrated, which take advantage of a more “exotic” fabric-
ation method, named corner lithography [46, 47]. Using this method, tip struc-
tures consisting of molded pyramidal wire frames have been developed [46, 47].
These wire frames have been used as SPM sensors for thermal and magnetic
measurements [32, 48, 49]. Using the same method, but a different approach,
pyramidal tips have been developed with small nanometer scale apertures at
the apex of the tip and at the sides of the tip [50, 51]. Such probes have been
demonstrated to function as fluidic probes [52].

Next to that, such structures, despite their tip-like appearance, are in some
cases not used as tip structures. For example, wire frames are used as mem-
brane or filter structures instead [50], and structures with apertures are used to
make complex three dimensional fractal structures with repeating small aper-
tures [53].

So as can be seen from these examples, tip structures have a vast amount of
possible and potential applications, and several of these examples can also be
applications for the structures that are discussed in the coming chapters, as the
fabrication principles in general are the same.

1.4 Outline of this thesis

The subsequent chapters all are related to the development of tip fabrication
processes and SPM probe fabrication processes, including modelling and char-
acterization of the tips and probes. Chapter 2 starts with the fundamental prob-
lem and the limitations of the aforementioned pyramidal tips and pits in (001)
silicon, and several parameters are investigated to optimize the pyramidal pits.
Following from this fundamental problem, the subject is purposely switched
from pyramidal pits and tips to tetrahedral pits in Chapter 3 and tetrahedral tips
in Chapter 4, to get around this fundamental problem. In Chapter 3 a technique
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is discussed to fabricate tetrahedrally shaped molds in (111) silicon, and based
on this, a number of different tip designs is demonstrated, completed by integ-
rating such tips in an AFM probe, used for AFM imaging. Chapter 4 describes
a method to make a tetrahedrally shaped silicon tip in (111) silicon, which is in
the same process integrated on a cantilever and in a probe, and this probe is
finally used to perform AFM measurements with.

As mentioned before, the more “exotic” fabrication technology of corner
lithography will be discussed later, in Chapter 5, where this technique is ap-
plied to fabricate tips which can be used in applications with extra function-
ality, so there the development of tetrahedral wire frame tips and tetrahedral
tips with apertures are discussed. In Chapter 6, which consists of two different
subchapters, two extensions are made on the work in the previous chapters.
Whereas the previous chapters focus on minimizing the size of the apex of the
tip and thus optimizing the spatial resolution in SPM measurements, the first
sub-chapter, Section 6.2, focusses on the time resolution, thus on high speed
AFM measurements. To that extend a special probe design is developed, charac-
terized and used in AFM measurements to demonstrate the working principle
of such a probe. The second sub-chapter, Section 6.3 focusses on taking ad-
vantage of the fundamental problem that is discussed in Chapter 2 to develop a
probe with a tip with two apexes which is designed and fabricated such that the
torsional mode of the cantilever is promoted and the probe is in that way used
for parallel AFM measurements with a single readout. The thesis is finalized
with a conclusion and short outlook in Chapter 7.
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Chapter 2

Optimization of pyramidal pits

2.1 Introduction

Pyramidal pits, typically etched anisotropically in (001) silicon [1–3] are extens-
ively used as molds for indirectly fabricated AFM tips [4, 5], as well as for more
complex pyramidal structures such as wire frame structures and wire frame
probes, and probes and other complex structures with several types of aper-
tures [6–11]. However, due to small inaccuracies, which are inevitable at the
nanometer scale, pyramidal pits typically end in a knife blade-like apex rather
than in a single point, as depicted in Figure 2.1. A pyramidal pit terminating in
a single point would however be the ideal case in most applications [12]. Some
efforts have been made to investigate and improve this [13], however, the res-
ults thereof are not consistent with what would be theoretically expected. The
inconsistency of that investigation with theory and the relatively limited scope
led to this work, in which we further investigate the optimization of the sharp-
ness of pyramidal pits, that is, the minimization of the knife blade-like apex in
the bottom of pyramidal pits. We investigate several practical and theoretical
phenomena that limit the sharpness of the pits, and where possible investigate
the optimal solution to optimize the pit sharpness.

2.2 Modelling

The investigation in this chapter focusses on the lithographic mask patterns.
This comprises of factors like the pattern shape, the pattern size, the orientation
of the pattern with respect to the crystal planes of the wafer, and additionally,
alternative fabrication methods are investigated. Concerning the orientation of
the mask pattern, this comprises both the rotation of the mask containing the
pattern with respect to the crystal orientation of the silicon wafer, as well as the
rotation of the patterns relative to each other on the mask itself.

First, a number of influences are analysed from a theoretical point of view.
As discussed by Sarajlic et al. [13], rotating a rectangular mask opening by an
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FIGURE 2.1 – Scanning electron micrograph of a knife blade-like apex in a
pyramidal pit which is caused by inevitable imperfections during the
fabrication process.

angle of exactly 45 degree with respect to the {011} crystal planes in the silicon,
will theoretically result in a perfectly square, and thus perfectly sharp, pyram-
idal pit. This principle is mathematically easily derived using standard trigono-
metry: for a rectangle a ×b, with a = b −ε0, thus having a knife blade-like apex
with length ε0 after being anisotropically etched when perfectly aligned, the
length of the knife blade as a function of the angle of rotation of the rectangle
with respect to the {001} planes, θ, which is derived in Appendix B.1, is given by:

ε(θ) = ε0 [cosθ− sinθ] (2.1)

For the case where the rectangle is rotated 45 degree with respect to the {011}
planes, with a small deviation θ = 45°+α, Equation (2.1) transforms into:

ε(α) =−ε0
p

2 sinα (2.2)

This theoretically means that the knife blade-like apex will disappear when the
rectangle is rotated exactly 45 degree with respect to the {011} planes. This does
however implicate several things that might in practice not be the case.

Firstly, the rectangular mask opening might not be perfectly rectangular,
that is, not all corners have right angles, so one diagonal is different from the
other. This could in practice have several causes, like a rounded corner, non-
parallel sides, or any other defect that influences the corners of the mask open-
ing. In essence, this comes down to the difference in length of diagonals. There-
fore, this is modelled by a square mask opening with sizes a, to keep the model
simple and only model the effect of the different diagonals, of which one corner
is for example rounded, such that one of the diagonals is a distance d shorter
than the other. One can then find, as derived and depicted in Appendix B.2, that



2.2 – Modelling 13

FIGURE 2.2 – The result of the model for the influence of a shorter diagonal,
which is decreased by a length d, on the length of the apex ε after rotating the
mask by approximately 45 degree.

the knife blade length due to that effect is described by:

ε(d ,θ) = a cos(θ)−
√

a2

2
+

(
ap
2
−d

)2

cos(θ+φ)

with φ being the angle over which two sides of the square are skewed due to the
shorter diagonal, described by:

φ= sin−1

 d

p
2

√
a2

2 +
(

ap
2
−d

)2


forφ< θ < 90°−φ. This results in a maximum length of the knife blade-like apex
at 45 degree, as then ε= d . Furthermore it shows, as can be seen in Figure 2.2,
that the rotation over the angle φ has a very minimal effect while a relatively
small defect with length d , has a direct influence on the apex dimension ε, thus
has a profound effect on the effectiveness of rotating the mask 45 degree.

Secondly, the rectangular mask opening might not be oriented exactly at 45
degree with respect to the {011} planes in the silicon wafer. That orientation
involves primarily the rotation of the rectangular pattern on the wafer surface,
which is already described by Equation (2.2) and to a great extend can be practic-
ally minimized, as will be described later. Secondarily the misorientation of the
mask involves the orientation of the crystal structure of the silicon wafer with
respect to the surface of the wafer. All silicon wafers are cut and polished within
a specific accuracy to the crystal orientation of the wafer, so potentially, the
wafer surface is cut slightly off-axis, resulting in a tilted crystal structure within
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the wafer in both in-plane orthogonal directions. Due to the mathematical com-
plexity of this problem which in general could only be solved numerically, the
problem is simplified to the situation where a square mask opening with sides
of length a on the surface of the wafer is perfectly aligned to one of the {011}
planes of the silicon wafer, however, the wafer surface is tilted by an angle λ,
with the axis of rotation being the [011] direction along said (011) plane. Then
for small angles λ, as derived in Appendix B.3, the length of the knife blade-like
apex due to the tilt by the angle λ is given by:

ε(k) = a
k(λ)p

k(λ)+1
, with k(λ) = 1

1+p
3 cot(λ)

For not perfectly square mask openings, this length adds up to, or subtracts
from, the length of the knife blade-like apex due to the rectangular shape, or in
general any of the above mentioned other effects. This is however for a mask
pattern that is not rotated 45 degrees. For a rotation of exactly 45 degrees, the
length of the knife blade-like apex of the pyramidal pit due to the tilt of the
wafer surface with an angle λ is given by:

ε(k) =p
2 a

1−
p

4k2 −2k +1
/√

k +1

k2 +1−2k +1
p

k +1


The result of these models for the tilt of the wafer surface for a typical range

of wafer tilt angles, and for some typical values for the side length of the square
mask opening is shown in Figure 2.3. From this it is clearly observed that for the
same side length and tilt angle, the apex dimension will become significantly
larger in the 45° rotated mask situation. This means that the 45° rotated mask
situation is more sensitive to the misalignment of the wafer surface to the crystal
structure of the silicon than the 0° rotated mask situation.

In this model, only one specific tilt direction is considered, but in practice,
one can expect this tilt to be in any direction, which is in principle the same as
the superposition of two tilts in two orthogonal direction on the wafer surface.
This means that the effects for both directions in that way reinforce each other,
resulting in a longer knife blade-like apex.

Thus, several practical challenges will potentially limit the minimization of
the length of the apex, thus limit the sharpness of the pyramidal pits. Nonethe-
less, the optimization of the sharpness of the pyramidal pits is something that
can still be practically improved by the aforementioned method.

2.3 Fabrication

The basic fabrication process, which is described in more detail in Appendix A.1,
starts with (001) silicon wafers on which a thin hard mask is deposited, either
by low pressure chemical deposition (LPCVD) or thermal oxidation. The hard
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FIGURE 2.3 – Modeled apex length ε versus wafer tilt φ for mask openings with
3, 5 and 7µm side lengths. On the left side the graph is shown for a square which
is not rotated, and thus aligned to the {011} crystal planes, and on the right the
graph is shown for the situation where the square mask opening is rotated by 45°
with respect to the {011} planes.

mask is subsequently patterned using standard lithography and etched using
appropriate wet etching or reactive ion etching (RIE) techniques. The photo-
lithographic mask is subsequently stripped to have the silicon wafer with the
hard mask remaining. The wafer is shortly exposed to HF to remove any native
oxide and the wafer is anisotropically etched in potassium hydroxide (KOH) to
form the pyramidal pits. The substrates are subsequently inspected by means
of high resolution scanning electron microscopy (HR-SEM).

As discussed before, and as can be seen from Equation (2.2), the alignment
of the structures with respect to the crystal structure of the wafer is the most
prominent influence on the apex length. Therefore, to optimize the alignment
of the structures with respect to the exact crystal orientation of the silicon wafer,
extra lithography and KOH etching steps are performed directly after the mask
deposition in the process mentioned above, so before lithography of the actual
structures, using a mask with Vangbo structures [14], as depicted in Figure 2.4.
This results in an alignment accuracy of the structures with respect to the crystal
orientation of the wafer of ±0.05°.

To test the influence of the mask pattern, several parameters are investig-
ated:

(i) The influence of rotation of the mask as a whole with respect to the wafer,
with the mask containing approximately 5 by 5µm2 square mask open-
ings.

(ii) The influence of rotation of several mask structures within the mask:
squares, circles, rectangles and ellipses, with sizes ranging from 3µm
to 7µm. For the rectangles and ellipses the length of the second side
is double the length of the first side, which are the aforementioned sizes.

(iii) The size dependence of the apex length, using the aforementioned sizes.
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FIGURE 2.4 – Optical image of the structures on the Vangbo mask, showing on
the right the base structure of the Vangbo mask to align on in the second
lithography process, and on the left the structures that after etching in KOH
indicate the actual crystal orientation of the wafer with 0.1° steps.

For each measurement type, 25 measurements points are taken per angle, per
shape and per size from 5 areas within the wafer, namely north, south, east, west
and center. From each of these 5 areas, 5 pyramids are randomly selected to be
measured by SEM. Several structures are measured from the same mask and the
same wafer, to exclude as much as possible all possible influences from process
variations from one wafer to another. For the rotation of the mask itself with
respect to the wafer, this is obviously not an option and all wafers are therefore
all processed in the same run, the same lithography and the same etch bath.

2.4 Results and Discussion

As follows from Equation (2.1) and Equation (2.2), ε can, depending on the angle
θ or α be positive as well as negative, which is in essence a vectorial representa-
tion of the apex length. By arbitrary convention, a horizontally oriented knife
blade-like apex is considered to be a negative length and a vertically oriented
apex is considered to be a positive length.

The experiments where the mask as a whole is rotated with respect to the
wafer and thus to the crystal structure, is performed at a rotation of 0 degree,
and 30 to 55 degrees with 5 degree intervals. The result of these experiments
are graphically displayed in Figure 2.5. For a rotation of 0 degree, the spread of
the individual measurements is significantly larger than for the other rotations.
This also results in a significantly larger standard deviation for the rotation
of 0 degree. Furthermore the mean absolute value of the apex length for the 0
degree rotation, which are mostly horizontal, is with 76.0 nm significantly larger
than the other rotations. The other rotations have mean absolute values, thus
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FIGURE 2.5 – Graphical representation of the measurements performed on the
experiments with the rotation of the mask itself, containing 5 by 5µm2 squares,
with respect to the wafer. The blue dots are the individual measurements, the red
asterisk represents the mean value and the error bars indicate the standard
deviation of the measurements. The vectorial apex length εθ is shown as a
function of the angle of rotation θ.

independent of apex orientation, around 25 nm and are quite evenly spread in
terms of horizontal and vertical apexes.

The subsequent results all comprise the structures which are rotated on the
mask, meaning that all structures are measured on the same wafers and have
undergone the exact same processing. The mask consists of a pattern of squares
of 3 by 3, 5 by 5 and 7 by 7µm2 in size, rectangles and ellipses of 3 by 6, 5 by 10
and 7 by 14µm2, where for the ellipses these are the outer sizes, thus the ellipses
are the inscribed ellipses for the rectangles with the same size. The pattern is
completed by circles with 3, 5 and 7µm diameter. The squares, rectangles and
ellipses are placed in the pattern at rotational angles of 0 degree and 30 to 55
degrees with 5 degree intervals.

The results of the rotation of the 3 by 6µm2 rectangles is graphically shown
in Figure 2.6. The measurement for 0 degrees rotation is left out for obvious
reasons, an apex length of 3µm is expected and observed, and is therefore not
shown. The other rotations show the behaviour that is expected from theory
as described by Equation (2.1), with the shortest apexes with a mean absolute
value of 34.1 nm and a standard deviation of 25.5 nm at 45 degree rotation.

A direct comparison with the rectangular mask openings in Figure 2.6, are
the measurements on the elliptical mask openings with the same size, as shown
in Figure 2.7. Although the ellipses of 3 by 6µm2 are the inscribed ellipses of the
3 by 6µm2 rectangles, and after etching the resulting pyramidal pit is therefore



18 Chapter 2 – Optimization of pyramidal pits

FIGURE 2.6 – Graphical representation of the measurements performed on the
experiments with 3 by 6µm2 rectangles rotated on the mask. The blue dots are
the individual measurements, the red asterisk represents the mean value and the
error bars indicate the standard deviation of the measurements. The vectorial
apex length εθ is shown as a function of the angle of rotation θ.

FIGURE 2.7 – Graphical representation of the measurements performed on the
experiments with 3 by 6µm2 ellipses rotated on the mask. The blue dots are the
individual measurements, the red asterisk represents the mean value and the
error bars indicate the standard deviation of the measurements. The vectorial
apex length εθ is shown as a function of the angle of rotation θ.
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FIGURE 2.8 – Graphical representation of the measurements performed on the
experiments with 5 by 5µm2 squares rotated on the mask. The blue dots are the
individual measurements, the red asterisk represents the mean value and the
error bars indicate the standard deviation of the measurements. The vectorial
apex length εθ is shown as a function of the angle of rotation θ.

the same, the full range of apex dimensions is slightly larger over the 30 to 55
degree range for the ellipses than for the rectangles. This is explained from
the fact that an ellipse could be considered as an unevenly rounded rectangle.
And although this results in a smaller pyramidal pit, the difference between the
length of the sides of that pit is therefore bigger, resulting in a larger apex length.
The rest of the behaviour is comparable with the rectangles, as the smallest apex
lengths are observed at 45 degree, with a mean absolute value of 34.4 nm and a
standard deviation of 18.5 nm.

In Figure 2.5 the rotation of square mask openings by rotating the mask it-
self was depicted, which is here compared to the square mask openings of 5
by 5µm2, rotated on the mask. The results of these experiments are shown in
Figure 2.8. The most important difference between Figure 2.5 and Figure 2.8 is
the offset that is observed for the angles between 30 and 55 degree. All mean
absolute values are around 45 nm, with generally a vertical apex, while the meas-
urements at 0 degree generally have a horizontal apex, with a mean absolute
value of 55.8 nm.

Similar behaviour can be observed when the circles are measured as a func-
tion of the diameter, as shown in Figure 2.9. Again, the circles are on the same
mask and the same wafer as the squares above, so variations from one wafer to
another are in this way eliminated. In the measurements, no clear dependence
on the size of the circles can be observed, for each diameter the measurements
are mostly of vertical apexes, with a few horizontal apexes. All measurements
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FIGURE 2.9 – Graphical representation of the measurements performed on the
experiments with the circular mask openings on the same mask with 3, 5 and
7µm diameter. The blue dots are the individual measurements, the red asterisk
represents the mean value and the error bars indicate the standard deviation of
the measurements. The vectorial apex length εθ is shown as a function of the
diameter of the circles.

have a mean absolute value around 33.5 nm with a standard deviation around
21.1 nm.

This effect is something that can be observed in general, for all shapes, when
rotated 45 degree, if observed as a fuction of the shape, or size, the mean ab-
solute value is in the range of 25 nm to 35 nm. Therefore we conclude that this
is likely to be a systematic error that can arise from either the mask pattern,
thus from errors like asymmetrically rounded corners, or from the misorient-
ation of the crystal structure with respect to the wafer surface. These factors
can however not be well controlled and therefore a physical limit is reached.
In theory this could be overcome by slightly changing the rotation angle of the
mask, however, that would require a priori information on the exact tilt of the
wafer, and the exact shape of each pattern on the mask. And as the shape of the
mask pattern, which is in general repeated multiple times over a single mask
and over a single wafer, varies, this can in practice not be resolved.

Furthermore, it is interesting to see that the squares, for all sizes, with no
rotation have mostly horizontally oriented apexes, while all circles, again for all
sizes, on the same mask and on the same wafer, mostly have vertically oriented
apexes. This shows that there is a systematic difference between the circles and
the squares, which can only be attributed to the mask patterns. This means that
this is something that is specific for this mask, or possibly for the mask writing
machine that is used to make the mask. In general however, it shows that this
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is something that can be optimized, so by selecting the right mask pattern and
the right rotation, the apex length can be optimized.

2.5 Conclusions

We modelled the effects of rotating a mask pattern on a wafer with respect to
the crystal orientation, in terms of the effect on the sharpness of pyramidal
pits etched by anisotropic etching, and identified and quantified several funda-
mental practical issues that limit the sharpness of said pits.

Experiments with the rotation of the mask itself with respect to the wafer,
as well as experiments with multiple structures on the same mask, with differ-
ent rotations on the mask, have been conducted. The expected behaviour of
the length of the knife blade-like apex was observed experimentally, having an
optimal value at 45 degrees. It was observed that the expected limitations, as
modelled, also became apparent in the experiments where the optimal apex
length reached a limit at mean absolute values ranging from 25 nm to 35 nm.
Furthermore, no clear dependence on the size of the features was observed,
again, due to the same limitations. An influence of the shape was observed,
which is expected to be specific to these experiments but shows that shape
optimization does have an effect on the expected apexes of pyramidal pits.

By far the best results are obtained by rotating the mask with respect to the
wafer, which results in a balanced distribution of horizontally and vertically ori-
ented apexes, with a mean absolute value of 25 nm, which is mostly attributed
to the way the masks are made, thus the systematic error in the mask fabrication
process is decreased by rotation of the whole mask.
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Chapter 3

Tetrahedral silicon nitride tips

3.1 Introduction

A method to fabricate silicon nitride tips for atomic force microscopy (AFM) on
the wafer-scale, using a silicon wafer as a mold, was first described by Albrecht
et al. [1]. In this method, pyramidal pits are etched in a (001) silicon wafer, and
these pits are subsequently coated with a thick silicon nitride layer. The silicon
support is removed around the pit, and ultimately, this results in cantilevers
with pyramidal silicon nitride tips. However, due to small deviations in the
process, such as imperfections in the lithographic mask, the pyramidal pits
become not perfectly square, but rectangular, resulting in a pit that terminates
in a line rather than in a point, as depicted in Figure 3.1. This results in silicon
nitride tips that will generally have knife blade-like apexes rather than sharp
points, which will result in low yields of usable AFM probes. Attempts have
been made to optimize the pyramidal pits and thereby minimize the length of
the knife blade-like apex [2], however, regardless of the mask openings used,
the fundamental principle that underlies this apex issue will always play a role
when using pyramidal etch pits as molds. To overcome this, instead of tips with
four planes, which intersect in a line, tetrahedral tips consisting of three planes,
which always intersect in a point, are fabricated. Three-plane tips have been
fabricated on wafer-scale before, using direct fabrication, which is the direct
shaping of the tip material, in most cases silicon [3, 4]. As these are single-
crystaline silicon tips, they are brittle by nature and therefore more prone to
wear than silicon nitride tips. Many functionalized or advanced AFM probes
require a fabrication process using molds and indirect fabrication [5–7], but the
fabrication processes used for these three-plane tips do not allow molding.

It is possible to batch-fabricate three-face molded tips, using (311) silicon
[8], however, in this case the aspect ratio of the tip is limited due to the crys-
tal orientation and the method used to form the mold to a tip angle of 125°.
Therefore we designed a completely new process to fabricate high aspect ratio
ultra-sharp three-plane silicon nitride tips based on (111) silicon wafers and

23
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FIGURE 3.1 – Scanning Electron Micrograph of a knife blade-like apex of a
pyramidal pit which is caused by imperfections in the masking layer used
during anisotropic etching.

anisotropic etching, building on previously developed processes used for other
purposes [9–11].

A benefit of using a mold to fabricate the tips, is the possibility to deposit
other materials than the silicon nitride commonly used. For example, ultra-
nanocrystalline diamond probes [12] and metal probes [13] can be fabricated
using the same procedure. This possibility is not further investigated in this
work.

3.2 Mold Fabrication

3.2.1 Method

The fabrication of the mold is schematically shown in Figure 3.2, as described in
more detail in Appendix C, and starts with (111) silicon wafers. The orientation
and geometry of the {111} planes with respect to the wafer surface, are essential
in the fabrication of the tips and therefore anisotropic etching techniques [9]
have a crucial role in this process.

First, thermal oxidation is performed on the silicon wafer to form a silicon
oxide mask, and the silicon oxide layer is patterned using standard lithography
with a circular mask opening (a). Second, Deep Reactive Ion Etching (DRIE)
is used to etch a pit with a conical shape (b). The DRIE process consists of a
SF6 plasma for etching and a C4F8 plasma for deposition [14]. In this etching
process, the cycle time and gas flows are tuned to obtain a positively tapered pit
with a minimized bottom surface area. The last step of the pit fabrication is the
development of the {111} planes in the pit using anisotropic etching, tuned for
slow, thus controlled, etching and a low etching ratio of the {111} planes with
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Silicon Oxide

FIGURE 3.2 – Schematic cross-sectional view of the fabrication process for the
tetrahedral molds. (a) a (111) silicon wafer is oxidized and patterned to make
the tip using (b) a DRIE process giving a conical pit, and (c) anisotropic etching
to obtain the tetrahedral shape formed by the {111} planes, which inevitably
results in a triangular bottom surface (Figure 3.3). (d) Finally the silicon oxide
mask is removed to finish the mold.

respect to the other crystal planes (c). Inevitably, the DRIE process will always
result in pits with a small bottom surface area. After the anisotropic etching,
this will inevitably result in a triangular bottom surface in the pits. After the
anisotropic etching, the silicon oxide mask is removed to complete the mold
fabrication (d).

3.2.2 Results and Discussion

The DRIE process used to etch the tapered pits in the (111) silicon is a fast-
switching deposition-limited Bosch process, thus the tapering is achieved by
passivation using C4F8, which is balanced with etching using SF6 to optimize
the depth of the pit and the size of the bottom surface after anisotropic etching.
To obtain the smallest possible bottom surface, the SF6 etching is reduced as
the etching time progresses, which in turn results in a lower etch rate, thus a pit
which is relatively shallow. This will in the end result in a relatively small tip. On
the other hand, if a relatively high tip is required, thus a relatively deep tapered
pit, the SF6 etching remains constant over the entire etching process, which as
a consequence also results in a bigger bottom surface.

For anisotropic etching a specially prepared solution of Potassium Hydrox-
ide (KOH) is used. As stated before, the KOH etching is aimed at controlled
etching and a low etching ratio of the {111} planes with respect to the other
crystal planes, such that the {111} side planes are well developed with a min-
imal bottom (111) surface. Commonly used KOH etching solutions typically are
aimed at fast etching of relatively big structures and thus have etch rates for the
〈001〉 and 〈011〉 directions in the order of several hundreds of nanometers to
over one micrometer per minute [15], and the etch rate in the 〈111〉 directions
is several nanometers to tens of nanometers per second [16, 17]. For this applic-
ation much lower etch rates are however required. For well tapered pits after
the DRIE process, no more than 500 nm of silicon has to be etched in the 〈001〉
and 〈011〉 directions. To controllably achieve this, a dedicated KOH solution
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FIGURE 3.3 – Scanning electron micrograph of a top view of a pit in the silicon
after the KOH etch, showing the three sides of the tetrahedral pit and the bottom
surface in the center. Furthermore the length of the sides of the triangle, the
parameter a as used in Equation (3.1), is indicated by the red arrow.

is prepared, consisting of 60 wt% KOH in water at 20 ◦C. This solution is char-
acterized for (001) silicon, (111) silicon and thermally grown silicon oxide, as
this oxide is used as the masking material. The etch rate is measured over sev-
eral days of etching, resulting in an average etch rate of 0.46µm/h in the 〈001〉
directions, 3.2 nm/h in the 〈111〉 directions and 0.55 nm/h for thermally grown
silicon oxide. The etch rate ratio of the 〈001〉 and 〈111〉 directions is therefore
R001 : R111 = 142 : 1, and this, together with the sufficiently slow etch rates for
both silicon and silicon oxide, results in an etching solution that gives excel-
lent control over the KOH etching process, without degrading the silicon oxide
mask.

Using the combination of the dedicated DRIE process and KOH etching
process, starting from a 5µm diameter circular mask opening, pits have been
obtained with the length of the sides of the triangular bottom surfaces as small
as 50 nm, as depicted in Figure 3.3. The pits are, depending on the balancing
of the DRIE process, as described before, estimated to be between 8 and 15µm
deep.

3.3 Tip Fabrication

Using the mold described in the previous section, several methods to fabricate
tips can be employed. In this section, these methods and results thereof will be
described.

3.3.1 Method

A general process to develop tips using the molds described in the previous
section, is schematically shown in Figure 3.4. Starting with the silicon wafer
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Silicon NitrideTEOS Glass

FIGURE 3.4 – Schematic cross-sectional view of the fabrication process for the
tetrahedral SiN tips. Starting from the pit depicted in Figure 3.2 (c), (a) the oxide
is stripped to have the truncated tetrahedral shaped pit in the silicon wafer. (b) A
TEOS fill-up layer is deposited to create a sharp pit (Figure 3.5) and (c) a SiRN
layer is deposited to create the tip and supporting layer. (d) A TEOS layer is
deposited for bonding later. (e) A glass wafer is bonded to the TEOS layer as a
carrier for the SiRN device layer. Subsequently (f) the silicon wafer and (g) the
fill-up layer are removed, which results in (h) a sharp SiRN tip (image flipped
with respect to the previous steps and no cross-section).

with the tetrahedral pits (a), the first process to fabricate sharp silicon nitride
tips starts by filling the mold with a fill-up layer (b). The fill-up layer is con-
formally deposited using low pressure chemical vapour deposition (LPCVD) of
Tetraethyl orthosilicate (TEOS). Due to the geometry of the {111} side-planes
in combination with the bottom (111) surface, the size of the bottom surface
decreases with increasing layer thickness of the fill-up layer. This process is
depicted in more detail in Figure 3.5. Given the geometry of the {111} planes
and using standard trigonometry, the minimal thickness of the fill-up layer tmin

to obtain a sharp pit is described by Equation (3.1), where a is the length of the
sides of the bottom surface as shown in Figure 3.3.

tmin = 1p
6

a ≈ 0.408 a (3.1)

After obtaining a sharp pit, the device layer that forms the tip is deposited.
Here, a device layer of silicon-rich nitride (SiRN) is deposited using LPCVD (c).
Next, a thin layer of TEOS is deposited by LPCVD (d) to enhance the bonding
of the layers to a glass wafer in the next step (e). The glass wafer is anodically
bonded to the layers to act as a carrier of the SiRN tips. Subsequently the sil-
icon wafer is (partly) etched away using anisotropic etching with tetramethyl
ammonium hydroxide (TMAH) (f) and the TEOS fill-up layer is removed us-
ing Buffered Hydrofluoric acid (BHF) (g). This results in free standing SiRN
tetrahedral tips (h).
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FIGURE 3.5 – As schematically depicted in cross-section here, due to the
geometry of the pit, conformal LPCVD of TEOS decreases the bottom surface
with increasing TEOS thickness, ultimately resulting in a sharp pit.

The general process described in the previous paragraphs results in sharp
tips with a tetrahedral shape, following the {111} side-planes of the mold. To
further investigate the possibilities that this method provides, several modifica-
tions are made to this general process to alter the resulting tip:

Firstly, using the truncated tetrahedral pit, as shown in Figure 3.4(a), directly
as a mold, thus without a fill-up layer, will result in a tip with a triangular flat
apex.

Secondly, given the mold filled with a TEOS fill-up layer, as shown in Fig-
ure 3.4(b), by thermal oxidation at a relatively low temperature, both the TEOS
layer and the underlying silicon are annealed and, most importantly, oxidized.
This process results in an oxidation sharpening of the mold, as schematically
shown in Figure 3.6. The rest of the process remains the same and results in
an oxidation sharpened SiRN three plane tip, which has an even higher aspect
ratio towards the apex.

Thirdly, the truncated tetrahedral shaped pit, as shown in Figure 3.4(a), is
not filled up with an LPCVD layer of TEOS, but instead is directly thermally
oxidized at a relatively low temperature. In that case, the shape of the mold will
depend strongly on the thickness of the silicon oxide with respect to the size of
the bottom surface of the pit, as schematically depicted in Figure 3.7. Due to
the triangular bottom surface and the oxidation thinning in the convex corners,
the oxidation process will initially result in a mold with three small pits in the
corners of the triangular bottom surface. By oxidizing longer, the sidewalls of
the pit will form a neck in the pit, which will ultimately result in a sharp pit.

This will subsequently result in a SiRN tip with three tips, a so-called tripod
tip, or after longer oxidation, a single relatively shorter single SiRN tip will be
formed, as schematically shown in Figure 3.8
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FIGURE 3.6 – Schematic cross-sectional drawing of the thermal oxidation of the
TEOS fill-up layer and the underlying silicon results in sharpening of the mold.

FIGURE 3.7 – Schematic cross-sectional drawing of the thermal oxidation of the
silicon tetrahedral mold initially results in a mold with three small pits. Longer
oxidation results in an increasingly thinner neck, which ultimately sharpens to
a single pit.

FIGURE 3.8 – Schematic drawing of the filling of the molds obtained by thermal
oxidation of the silicon, which will result in a tripod tip for short oxidation
duration on the right and in a single tip for longer oxidation duration on the left.



30 Chapter 3 – Tetrahedral silicon nitride tips

1 m

500 nm

FIGURE 3.9 – Scanning electron micrograph of a silicon nitride tip with a flat
top surface, in this case with a side length of approximately 500 nm.

3.3.2 Results and Discussion

Based on the fabrication process above, all the mentioned different types of tips
have been fabricated and will be discussed here.

By not filling the mold, a tip is made with a flat triangular top surface. The
size of the triangular surface is tuned by balancing the DRIE process and by
changing the KOH etching time, in this way, flat SiRN tips are made with flat
surfaces with side lengths ranging from 60 nm to 1µm, as shown in Figure 3.9.
As the etching of the pit is very well controlled, especially by the very slow KOH
etching, this process results in very well controlled top surface sizes with a
high uniformity over the wafer, where the typical non-uniformity of the tip
size is less than 10 %. Furthermore, as the mold has a perfect crystalline (111)
plane as bottom surface, the top surface of the tip is extremely smooth. The
smoothness of the tip surface is for example of great benefit in friction and
contact mechanics probing [18, 19].

By conformally filling the mold with a layer of TEOS, with a thickness as
given in Equation (3.1), and subsequently depositing the SiRN device layer, res-
ults in a sharp tetrahedral tip, as shown in Figure 3.10. The SEM image suggests
that the tip radius is less than 4 nm, an exact measurement is however limited
by the resolution of the SEM.

For this process to result in a sharp tip, the conformality of the fill-up TEOS
layer is crucial. If for some reason the thickness of the fill-up layer on the in-
clined surfaces tincl is a factor X less, which in practice is not uncommon [20],
so the ratio between the thickness on the inclined surfaces with respect to the
flat surfaces is given by

tincl = X × tflat (3.2)

The minimum thickness of the fill-up layer tmin over the side length of the initial
bottom triangle a, for this specific geometry, is depicted in Figure 3.11 and
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FIGURE 3.10 – Scanning electron micrograph of a silicon nitride three-plane tip,
showing an overview of the tip at the top and a zoom in on the tip apex at the
bottom, showing a sharp tip, with a tip radius of less than 4 nm.

Equation (3.1) changes into Equation (3.3):

tmin =
p

6

9X −3
a (3.3)

As clearly observed in the SEM images, the tetrahedral shape of the tip is
only present in the last hundreds nanometers of the tip. The reason for this
lies in the fact that the KOH etching of the mold is only performed as short as
possible to keep the size of the bottom surface to a minimum, but long enough
to fully develop the {111} planes near the very bottom of the pit. As a result
of this, the {111} planes in the mold are not fully developed which results in a
stepped surface and a tapered shape of the mold. The additional advantage of
this is that the width of the tip is also kept to a minimum for an optimal aspect
ratio of the entire tip.

Typically, annealing of TEOS is used to densify TEOS layers [21]. In this case
that would however lead to undesired effect such as rounding of the TEOS layer
in the bottom of the pit, which would result in a rounded tip. Therefore we
instead use thermal oxidation of the TEOS-filled mold. As the TEOS initially is
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FIGURE 3.11 – The minimal thickness tmin that is required to completely fill the
mold relative to the side length of the original bottom surface a versus the ratio
between the thickness of the “conformally” grown fill up layers on the inclined
and flat surfaces X , as given by Equation (3.2).

not very dense, the oxidation process diffuses through the TEOS relatively easily
which results in thermal oxidation of the underlying silicon. For this process, a
relatively low temperature oxidation is performed to prevent viscous flow of the
oxide [22], however high enough to obtain a sufficiently thick oxide layer. Due
to the reduced oxidation rate in concave corners and edges in silicon [22], and
as the combined thickness of the TEOS fill-up layer in the edges and bottom
of the pit is higher, which further decreases the oxidation in the edges and the
bottom of the pit, the TEOS-filled mold is oxidation sharpened [23]. This in
turn results in a sharpened SiRN tip with an increased aspect ratio with respect
to the unoxidized mold. SEM images of the resulting SiRN tip are shown in
Figure 3.12. Apart from the very high aspect ratio of the tip, the tip radius of
the oxidation sharpened SiRN tetrahedral tip is, based on and again limited
by the SEM imaging, by fitting a circle to the apex of a zoomed-in SEM image,
estimated to be less than 3 nm.

When no conformal fill-up layer is deposited in the tetrahedral mold and the
mold is subsequently thermally oxidized, the shape of the resulting tip strongly
depends on the oxidation time and temperature with respect to the dimensions
of the pit. In both of the two following cases, oxidation was performed for
12 hours at 1050 ◦C.

In the first case the DRIE process and the KOH etching time were chosen
such that relatively big bottom surfaces of approximately 1.2µm result. As oxid-
ation of silicon for 12 hours at 1050 ◦C results in approximately 400 nm on flat
{111} planes, oxidation sharpening of the bottom surface takes place in such a
way that a mold with three small tips emerges. The resulting tripod tip therefore
also consists of 3 small tips in the same plane, as depicted in Figure 3.13 by SEM
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FIGURE 3.12 – Scanning electron micrograph of a SiRN tip which was molded in
a thermally oxidized TEOS mold which results in a oxidation sharpened tip with
a tip radius of less than 3 nm.

imaging.
In the second case, the DRIE process and the KOH etching were tuned to

minimize the bottom surface to less than 150 nm. Then, thermal oxidation for
12 hours at 1050 ◦C results in congregation of the sides of the mold, in which a
neck is formed in the mold that eventually results in a sharp tip. The SiRN tip
that forms by filling the mold is shown by SEM imaging in Figure 3.14. Based
on the SEM imaging, the tip radius for direct thermal oxidation is not as small
as in the above mentioned fabrication methods, and is estimated by fitting a
circle to a zoomed-in SEM image, to be 8 nm. The benefit of this tip however
lies in a simplified process flow, which does not rely on conformal deposition
methods by LPCVD, while still resulting in an oxidation sharpened high aspect
ratio molded tip with a very sharp apex.

3.4 Probe Fabrication

To make an actual AFM probe out of the tips described in the previous section,
some extra steps have to be made to develop a fully functional AFM probe. The
methodology and results thereof are described in this section.
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800 nm

FIGURE 3.13 – Scanning electron micrograph of a silicon nitride tip originating
from a silicon mold which was directly thermally oxidized at low temperature
for a relatively short amount of time, resulting in a tripod tip with three small,
sharp tips.

300 nm

FIGURE 3.14 – Scanning electron micrograph of a silicon nitride tip which was
fabricated from a directly thermally oxidized silicon mold, where oxidation was
performed for a relatively long time, resulting in a sharpened SiRN tip with a tip
radius of 8 nm.

3.4.1 Method

With the finished mold, filled with the SiRN device layer and the TEOS bond-
ing layer deposited on top from Figure 3.4(d), the last phase of the fabrication
process is schematically shown in Figure 3.15. Starting from the situation with
all required layers deposited (a), the cantilever and chip are lithographically
defined and etched in the TEOS and SiRN layers using RIE (b). Then the silicon
wafer is etched wafer-through using DRIE to promote complete removal of the
silicon wafer later in the process, by etching holes around the chip (c), as schem-
atically depicted in Figure 3.16. Next, a glass wafer is diced to form cavities and
breaking lines in the glass wafer, such that the cantilevers are not bonded to
the glass and such that the probes can be easily separated into individual chips
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Silicon NitrideTEOS Glass

FIGURE 3.15 – Fabrication process for the tetrahedral SiN tip and cantilever
probes, (a-d) are cross-sections. (a) Starting from the situation as depicted in
Figure 3.4(d), (b) the fill-up layer and the SiRN and TEOS layers are patterned to
define the cantilever. (c) The silicon wafer is patterned using DRIE as depicted in
Figure 3.16. (d) A glass wafer which is pre-processed by dicing, is bonded to the
TEOS layer and (e) the remaining silicon wafer and (f) the fill-up layer are
removed to obtain a probe with a sharp tetrahedral tip at the end of a cantilever.

later. This glass wafer is then anodically bonded via the TEOS bonding layer to
the SiRN layer (d). After bonding the glass wafer is diced for a second time, this
time from the opposite side to open up the cavity above the cantilever, such
that the cantilever is accessible for the laser beam in an AFM setup. The silicon
wafer is then completely removed by anisotropic etching using TMAH (e) and
finally the TEOS layers are etched away using BHF to expose the tip and finalize
the probe (f).

3.4.2 Results and Discussion

For this production process, a cantilever width, thickness and length of respect-
ively 30µm, 600 nm and 100µm have been chosen, such that the cantilever will
have a theoretical stiffness and resonance frequency of 0.5 N/m and 110 kHz [24,
p. 728]. This is in the range of typical AFM tapping mode probes and therefore
the dimensions have been chosen as such.

As mentioned before, the complete removal of the silicon wafer after bond-
ing to the glass carrier wafer requires extra attention as a (111) silicon wafer is
used.

The removal process in this case deviates from what is common, as in most
situations, as described in the introduction, the silicon wafer, which has to
be removed at some point to expose the tip, is a (001) wafer. A (001) wafer is
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Cantilever

Tip

Probe

DRIE holes

FIGURE 3.16 – Schematic image of the probe (not to scale), with the probe and
cantilever shown in green and the DRIE etched holes to improve the removal of
the silicon wafer shown in grey.

easily removed by etching for several hours in TMAH or KOH. The fact that we
have used a (111) wafer here means that the wafer surface etches extremely
slow during anisotropic etching and the complete removal of the silicon wafer
would take several weeks. Therefore, after defining the cantilever and chip in the
stack of deposited layers, another lithographic step is used to define rectangular
openings through which wafer-through DRIE is performed. These holes in and
completely through the wafer will expose the vertical planes in the (111) wafer,
which are not formed along slow etching directions, and can therefore be etched
much faster. In this way, the total etching time will be reduced to several hours,
which is common for this procedure.

After removal of the silicon wafer and the oxide layers, where applicable, the
tip and cantilever are exposed as shown in the SEM image in Figure 3.17. The
probes are then separated by breaking the glass into single probes through the
breaking grooves that have been diced, whereby the fabrication process of the
probes is successfully completed. Due to the geometry of the tip, the fabrication
thereof is very robust and the yield therefore is in the order of 90 %.

The sharpest tips based on the SEM analysis discussed before, being the
SiRN tips fabricated from a thermally oxidized TEOS mold, are used to per-
form AFM measurements. The measurements are performed on a (111) silicon
sample with atomic steps, in contact mode. Multiple tips are used to each
perform a number of AFM measurements. A typical topography image and a
typical line image of one of those measurements are shown in Figure 3.18.

In the topography image of the measurement, multiple atomic steps are
clearly observed, and the roughness of the sample is also visible. The line pro-
file confirms this observation and based on analysis of this measurement, and
based on the observed features, the tip radius is determined to be less than
4 nm in one direction, which is in good agreement with the SEM analysis.
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FIGURE 3.17 – Scanning electron micrograph of the silicon nitride cantilever
with the tip at the end of the cantilever.

FIGURE 3.18 – AFM measurements of a (111) silicon sample with atomic steps,
with the SiRN tip obtained from a mold with thermally oxidized TEOS inside.
The scalebar represents 400 nm. Underneath the topography image a line profile
is shown, as indicated by the white line in the topography image indicated by the
number 1.
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3.5 Conclusions

We successfully demonstrated a method for the fabrication of tetrahedral molds
with perfect {111} planes as side walls, which we controllably tune in depth and
bottom surface size, with bottom surfaces with side lengths as small as 50 nm.

Using such molds, several methods have been shown to fabricate a variety
of tip shapes ranging from flat tips, to tripod tips and ultrasharp single tips. The
choices made in the layers grown inside the mold play a crucial role here. In
this way, flat triangular tips with a side length ranging from 60 nm to 1µm are
fabricated, perfectly tetrahedral tips with a tip radius, based on SEM imaging,
of 4 nm are achieved, and by oxidation of the conformally filled mold those tips
are sharpened to achieve an extra high aspect ratio and a tip radius of less than
3 nm is achieved. Furthermore, direct low temperature oxidation of the mold
results in a tripod tip with three small sharp tips for relatively short oxidation
time and a sharpened single tip with a typical tip radius of 8 nm for a relatively
long oxidation time.

Given the successful development of methods to fabricate several different
types of molded tips a procedure to create a complete AFM probe has been
developed, which has successfully been used for AFM imaging which yield to-
pography images with both a high lateral and spatial resolution. Based on these
results, the tip radius is determined to be less than 4 nm.
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Chapter 4

Silicon tetrahedral tips

4.1 Introduction

Silicon tips are amongst the most widely used tips for especially Atomic Force
Microscopy (AFM). A big advantage of the silicon tips is the variety of shapes
that is possible and the excellent sharpness of the tips. These properties are
a result of the numerous possible fabrication techniques that can be directly
applied to the silicon substrates to shape the tip and of the crystalline properties
of the silicon substrates, which enable several anisotropic etching techniques
[1]. In this way, numerous different types of tips have been presented over the
past. From a commercial point of view, silicon tips are ideally made wafer-scale
using batch-fabrication techniques. The types of tips that have been fabricated
in such a way comprise of tips like rocket tips [2], isotropically etched tips [2–
4] and anisotropically etched tips [2, 5–7]. Such methods however suffer from
small variations in e.g. uniformity of etching during the fabrication process
that are inevitable at the nanometer scale, which results in asymmetric tips or
relatively low yields. It has also been recognized, that oxidation sharpening of
the silicon tip is a powerful method to further optimize the high aspect-ratio at
the apex of the tip [8, 9]. At the same time, to obtain an optimally sharp tip, the
formation of a tip at the intersection of three planes is from a theoretical point
of view a good method to obtain sharp single tips and this has also been shown
in practice [10, 11]. In these methods however, the tip consists of one or more
fast etching planes, such as {001} planes, which are etched by deep reactive ion
etching (DRIE), combined with anisotropic etching of one or two {111} planes.
This combination however suffers from both the different planes as well as the
two specific etching methods, which reduce the tip sharpness, the tip symmetry
and the structural properties of the tip.

An issue of silicon tips with respect to other tip materials such as the also
widely used silicon nitride, is the wear of the silicon tips. Silicon wears relatively
fast and therefore the low tip radius quickly increases, diminishing the resulting
imaging resolution [12]. To optimize the wear resistance of the silicon tips,
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the mechanical stability of the silicon tip should be optimized, which can be
done by matching the tip geometry with the crystal structure of the silicon [13].
Such an experiment was performed by Giessibl [13], by mechanically crushing
silicon and selecting the properly crushed pieces, which had a tip consisting of
intersecting {111} planes, resulting in atomic resolution AFM measurements in
a dedicated vacuum AFM.

The batch fabrication of such tips in (111) silicon is however, to our best
knowledge never demonstrated. Silicon tips have been fabricated in (111) sil-
icon [14] but due to the fabrication process used for those tips, the tips are
developed using thermal oxidation, to achieve in oxidation sharpening, which
results in a silicon tip that does not exhibit the desired crystalline structural
properties. Furthermore, two more approached to make silicon tetrahedral
particles have been developed [15, 16]. Both these methods however employ
thermal oxidation or LOCOS techniques [17], which again results in particles
that do no exhibit the desired perfect crystal structure. Next to that, only aniso-
tropic wet etching techniques are used, which leads to undesired side effects
due to the underetching that happens during wet etching. In our approach we
therefore confine ourselves to low pressure chemical vapour deposition (LP-
CVD) techniques for the application of structural or mask layers, in order not
to compromise the crystal structure at the interfaces. At the same time we em-
ploy a clever combination of DRIE and wet etching to optimize the required
etching time and minimize the required underetching. Therefore we demon-
strate a method to batch fabricate such tips, consisting of three intersecting
{111} crystal planes, resulting in perfectly tetrahedral silicon tips.

4.2 Fabrication

The fabrication process of the silicon tetrahedral tip and probe are schematic-
ally shown in Figure 4.1 and are described in more detail in Appendix D. The
process starts with silicon-on-insulator (SOI) wafers with a 20µm [111] device
layer, a 3µm buried oxide (BOX) layer and a [001] silicon handle layer. In the
first steps, a silicon rich nitride (SiRN) mask is applied using LPCVD (a) and
patterned using standard lithography and reactive ion etching (RIE) along the
(111) plane to determine the position of the first side of the silicon tip (b). Sub-
sequently another mask is lithographically patterned inside the mask opening
in the SiRN layer and DRIE etching is used to etch the silicon up to the BOX
layer (c). In this way, the height of the (111) sideplane, and thus of the tip is
already fully developed and in the next step only the lateral position of the (111)
plane is etched using anisotropic etching (d). With the first side of the tip com-
pleted, that side is protected by another layer of LPCVD SiRN (e), after which
the same procedure is repeated for the second side, so patterning and RIE of
the SiRN layers (f), lithographically patterning and DRIE etching the exposed
silicon inside the opening in the SiRN layers, up to the BOX layer (g) and etching
the second (111) sideplane (h). In this procedure, during the lithography, extra
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care however has to be taken of the step coverage due to the height difference
between the silicon device layer and the BOX layer. To this extend, an extra thick
photoresist has to be used to properly protect the steep sidewalls. The finalized
second side of the tip is then protected using LPCVD of SiRN (i).

The processing of the third (111) plane of the tip also involves the cantilever,
and the actual shaping of the tip. Therefore, a single mask is used to lithograph-
ically pattern and etch the SiRN layers (j) and perform a controlled DRIE etch of
the silicon, such that the remaining silicon device layer has the designated thick-
ness for the cantilever (k). The last (111) plane is then etched using anisotropic
etching (l). This hardly etches the cantilever and only makes the surface more
smooth as the cantilever surface is a (111) plane and the sides of the triangular
plane are still protected by the SiRN layers. To shape the tip, the anisotropic
etching is timed such that a controlled underetching of the silicon tip under-
neath the SiRN maks is performed. The tip is then completed and the next step
is to lithographically pattern the SiRN layers (m) and the shape of the cantilever
and the chip are etched in the device layer using DRIE (n). Subsequently the
handle wafer is etched by DRIE to form the individual chips with breaking struc-
tures (o). The probe with cantilever and tetrahedral tip is eventually obtained
by removing the SiRN and BOX layer around the tip and cantilever (p).

4.3 Results and Discussion

The main reason to fabricate the three sides of the silicon tip, is to ensure that
the edges between the planes are protected at all times, in order to maintain
the perfect crystalline {111} planes. This means that not only the sides but also
the edges and corners of the planes have to be well protected. Therefore, the
etching of each side is defined by two parameters, the first being the edge of
the mask opening in the SiRN mask layer and the second being the edge of the
silicon which is first etched using DRIE. This is done to minimize the etching
time required to fully develop the (111) plane side and as a result minimize
the under-etching of the silicon, in the anisotropic etching step. However, for
the etching of the second side, this poses a practical problem, which is simu-
lated and schematically shown in Figure 4.2. As can be seen on the left side
of this simulation, the assumption that the position of the (111) plane is fully
determined by the SiRN mask opening does not hold due to the inclined surface
of the first etched (111) plane. Therefore the convex edge of the {111} planes
is exposed which results in an increased etch rate of those {111} planes at the
convex edge. This inevitably results in an under-etching of the second (111)
silicon plane. This under-etching propagates along the (111) plane. Therefore,
more roughness is to be expected on the second side than on the first side. To
minimize the effect on the tip, careful timing of the etching of the second side
is therefore required.

The method described in the previous paragraph is however not applied to
the etching of the third (111) plane. The main reason for this lies in the fact
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FIGURE 4.2 – Side-by-side comparison of the etching of the second side, showing
the “ideal” case on the left, in which the (111) silicon side is determined by the
location of the SiRN mask, and the realistic case on the right, where the (111)
silicon side is determined by the underetching, as indicated by the dotted
dark-grey line, due to the intersection with the first (111) silicon side.

that the DRIE etching of this part of the probe also determines the thickness
of the silicon cantilever, and the fact that the under-etching in this step results
in the third (111) side plane of the tip and determines the size of the tip. As is
schematically depicted in Figure 4.3, the DRIE process is used to etch the silicon
to the right thickness to form the cantilever, which leaves a vertical sidewall, and
a flat bottom surface. During KOH etching, the bottom surface is hardly etched
as this is a (111) plane, and therefore KOH etching hardly etches the bottom
surface and only flattens and smoothens the bottom surface as any roughness
which is an inevitable result of the DRIE processing is reduced. The vertical
sidewalls are however, as they are not {111} planes, etched a lot faster to form
the third (111) side plane at the tip. This results in the quick development of the
third (111) plane side of the tip. Further etching will result in a relatively slow
further etching of the tip and the cantilever, which results in a thinner cantilever
and equally in a smaller tip. This provides a method to control the thickness of
the cantilever or the size of the tip with a high precision, with the drawback that
these two parameters are inevitably directly connected.

After the silicon tip and cantilever are completed, the mask layers have to
be removed. As at some points the total masking layer consists of 3 layers of
SiRN and has a total thickness of up to 450 nm, and as some parts of the tip
and cantilever are not at all protected by SiRN, the removal of SiRN has to be
performed with the highest possible selectivity. The selectivity has to not only
be towards the silicon, but also towards the silicon oxide BOX layer, as the BOX
layer provides the mechanical connection of the device layer with the cantilever
attached, to the handle layer. Therefore, from the two apparent options, being
H3PO4, at 180 ◦C in this case, and 50 % HF, phosphoric acid might seem the
most obvious one, as both etch the SiRN at approximately 6 nm/s, and 50 % HF
etches the BOX layer with one upto several nanometers per second, while the
etch rate of the BOX layer by phosphoric acid is nearly negligible. In practice
however, phosphoric acid turns out to have a significant effect on the silicon,
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FIGURE 4.3 – Schematic drawing of the processing of the third (111) side plane
of the tip and of the cantilever. The result of the DRIE etching is shown on the left
and the result of the KOH etching is shown on the right.

500 nm

FIGURE 4.4 – Top view electron micrograph of the silicon tetrahedral tip after
removing the SiRN mask layers using H3PO4, showing especially a lot of pits on
the left side plane, and strongly rounded edges and tip.

in the sense that it etches the silicon randomly and, based on SEM analysis, of
which a micrograph is shown in 4.4, anisotropically, as all pits are triangular
pits following the {111} planes of the silicon. This also results in roughened
and rounded edges and therefore also in a very rough and blunt tip. This effect
is not well known in literature, to the authors best knowledge, but it is known
from practical knowledge that this effect occurs for certain, not well defined,
situations. This means that phosporic acid is a suboptimal etchant for this
situation.

Therefore, the SiRN has to be removed by means of 50 % HF, which means
that the BOX layer will also be etched for 2 hours, which results in an underetch
of roughly 240µm from each side at most. As the chip is 3 mm by 1.6 mm in
size and given the thickness and width of the silicon device layer, this is not
considered to have a negative result on the behaviour of the probe in an AFM
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setup. Therefore, HF is used to remove the SiRN.
By removing the mask layers, the cantilever is released. The resulting tet-

rahedral tip at the end of the cantilever is imaged using Scanning Electron Mi-
croscopy (SEM), as depicted in Figure 4.5. The resulting tip clearly has a fully
tetrahedral shape and based on the SEM imaging, the tip radius is estimated to
be around 15 nm A quite high surface roughness can be seen on the tip. The
cause of this roughness is not well understood at this point, but it inevitably
also has a clear influence of the very apex of the tip, which looks slightly roun-
ded. One of the causes could be the masking layers. As LPCVD silicon nitride
is used in order to protect the atomically smooth {111} planes and these layers
are stacked on top of each other, this practically means that on the top of the
tip three layers of silicon nitride are stacked, on the first side plane two layers,
and on the second side plane one layer, while no silicon nitride is deposited on
the third plane and on the cantilever surface.

This has several effects on the outcome; the silicon tetrahedral tips. The
first effect is the interface between the LPCVD nitride and the silicon. Typically
a transition layer is formed there, which has an influence on both the silicon
nitride layer, as well as the silicon surface [18]. It is suggested that this transition
layer could be eliminated by nitridation of the silicon surface [19, 20], however,
this also has an influence on the silicon surface, which would as a result no
longer be a perfect (111) plane. This means that a trade-of would have to be
made, which is to be investigated further.

The second effect is the height difference of the total silicon nitride stack.
As said, this ranges from no silicon nitride on the third plane to three layers at
the apex of the tip. This means that the entire wafer is exposed to the appropri-
ate etchant long enough to etch the three silicon nitride layers, while at some
points no silicon nitride is present and thus the silicon is exposed to the etchant.
Especially as HF is used, defects, especially oxygen defects could play a major
role in the resulting roughness and thus sharpness of the tips [21].

The third effect is the multiple etching steps that are taking place to form
the sides of the tetrahedral tip one by one. For each side, RIE, DRIE and an-
isotropic etching steps are performed, which, especially in combination with
the lithographic processes and the thermal processes such as LPCVD, have a
detrimental effect on the masking layers, the silicon and the buried oxide layer,
especially at their interfaces. This, in combination with the other two effect, is
believed to lead to imperfections in the silicon tetrahedral tip.

AFM measurements are done using this tip on a (111) silicon sample with
atomic steps using the probes fabricated in this process, and are compared to
the widely used NanoSensorsTM PointProbe® Plus AFM probes [22]. The results
are shown in Figure 4.6.

Apart from the obvious differences due to a different stiffness and resonance
frequency of the cantilevers of each probe, and due to the different measure-
ment location, the commercial probe and the silicon tetrahedral probe show
comparable results, in which the silicon tetrahedral probe shows more clearly
distinguishable steps, and both tips have, based on the observable resolution,
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500 nm

15 μm

FIGURE 4.5 – Scanning electron micrograph of the silicon tetrahedral tip and
cantilever and tip on top, with a zoom in on the tip below. Based on the SEM
imaging, the tip radius is estimated to be around 15 nm.

a tip radius of approximately 7 nm to 12 nm. So despite the aforementioned
challenges and resulting rounding of the tip, still a good result is obtained using
the tetrahedral silicon tips. This means, that if further optimization of the fab-
rication process and thus the tip sharpness is executed, further improvements
of the tip resolution is to be expected.

4.4 Conclusions

We successfully demonstrated the development of a fabrication process for
tetrahedral (111) silicon tips on a cantilever, based on a SOI wafer with a (111)
device layer. This method does not depend on thermal oxidation and has a
minimized wet etching time to obtain tetrahedral tips that can be tuned in size
independent of for example the device layer thickness.

Although the fabrication process at this point suffers from multiple non-
ideal processes, AFM measurements reveal the tip to have a good resolution
in both the in-plane and out-of-plane directions with a spatial resolution of
around 10 nm. This is expected to improve further upon improvement of the
masking layers and the processing thereof, both in terms of protection of the
{111} crystal planes, as well as in terms of the removal of the masking layers.
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2.00
2.00

1.50

2.60 nm

1.00

0.00

0.50

FIGURE 4.6 – AFM measurements of the same (111) silicon sample with atomic
steps, with the NanoSensorsTM PointProbe® Plus AFM probe on the left and the
silicon tetrahedral tip described in this article on the right. Both images have the
same z-scale and the scalebar for both images is 500 nm. Underneath each
topography image a line profile is shown, as indicated by the white lines in each
topography image.
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Chapter 5

Complex tip structures

5.1 Introduction

For over a decade, research has been conducted to use advanced features of
standard micro-machining techniques such as corner lithography [1, 2] to fab-
ricate complex three dimensional structures in silicon, typically in combina-
tion with anisotropic etching [3] to create pyramidal molds. Corner lithography
takes advantage of the increased thickness of conformally deposited layers in
sharp corners. By controlled isotropic etching of such layers, the layer is re-
moved on the flat surfaces while in the concave edges and corners material is
still remaining. Using this methodology, several three dimensional structures
have been presented in the past. By directly applying corner lithography in
pyramidal pits, and by stopping the etching shortly after the layer is removed
on the flat surfaces, a pyramidal wire frame remains [1]. These structures have
found practical uses as temperature sensor and magnetic sensor at the very
tip of a probe by adding a metal layer on the wires [4, 5], and as confinement
structures or membranes for beads or biological cells [2]. By etching the con-
formally deposited layer even longer in pyramidal pits to also remove the wires,
only a small “dot” remains in the concave corner, which has an even sharper
angle and thus an even thicker layer, initially. Such dots have been mainly used
as masks in combination with local oxidation of silicon (LOCOS) techniques
[6] to form nano-shaped apertures [2, 7] which are employed for example for
complex fractal structures [8] and for tips with small fluidic openings which are
incorporated in fluidic probes [9].

The main problem that these probes however suffer from, is the fact that
they are made from a pyramidal pit as mold. Such a mold suffers from several
inevitable nanometer scale variations that typically result in a pyramidal pit that
does not intersect in a single point as would be desired, but rather ends in a knife
blade-like apex, thus a line. This means that the wire frame originating from
such molds typically also have a line segment in the apex rather than a single
point, which for example decreases the electrical performance of the probes

53
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mentioned before [10]. For the dots this means, that they become elongated in
one direction as well, resulting in the end in apertures with rectangular sizes,
and a significant variance in sizes, which is detrimental for their performance
[7].

Furthermore, the unfavourable aspect-ratio of the cross-sectional area of
the wires originating from the pyramidal pit, result in relatively poor mechanical
stability of the pyramidal wire frames, which easily leads to breaking of the wires
and to defective probes.

Based on the knowledge on the fabrication of tetrahedral shaped tips, as
presented in Chapter 3 and 4, here the fabrication of tetrahedral wire frames
and apertures is presented, both based on silicon tetrahedra as well as tetra-
hedral molds. As where it comes to the experimental tests, only two of the
four proposed processes are experimentally verified due to practical issues, not
related to the fabrication process itself but rather to external factors.

5.2 Design and Fabrication

The concept of corner lithography is explained in the introduction, and from a
more theoretical perspective, the resulting structures, either wires in the con-
cave edges or dots in the concave corners, are the result of the spherical etch
profile of isotropic etching. The etching at any point of the initial layer surface,
starts as a spherical etch profile that intersects with the triangular shape of the
corner. Therefore, the shape of the triangle, and thus the angle of the concave
corner determines the shape and size of the resulting structures depending on
the etch radius, the more because that same angle determines the initial layer
thickness in the concave corner. In regular tetrahedra, thus in tetrahedral pits
in silicon, the two relevant concave corner angles are the angle in the edges of
the tetrahedron, thus the intersection of two faces, being approximately 70.5°,
or exactly tan−1(2

p
2), and the angle in the vertices of the tetrahedron, thus the

intersection between an edge and a face, being approximately 54.7° or exactly
tan−1(

p
2).

Therefore it is easily derived that for the first case, the height of the wires
hwires and the width of the wires wwires of the cross-sectional area of the wires,
as depicted in Figure 5.1, relative to the initial layer thickness t and as a function
of the etch radius r , are governed by:

hwires(r )

t
=p

3− r

t
(5.1)

wwires(r )

t
= 2

√
2

3
− 2p

3

√( r

t

)2
−1 for

r

t
≥ 1 (5.2)

For the latter case it the same applies, there the height of the wires hdot and
the width of the wires wdot of the dot, relative to the initial layer thickness t and
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w

h

FIGURE 5.1 – A schematic depiction of the cross-sectional area of the structures
remaining in the concave corners, with an indication of the width w and the
height h of the structures, as used in Equation (5.1), (5.2), (5.3) and (5.4).

as a function of the etch radius r , are given by:

hdot(r )

t
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r

t
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These equations are also graphically shown in Figure 5.2. As can be seen
from Equation (5.2) and from Equation (5.4), this set of equations each has a
limited range which are the result of the physical system they are describing.
Until a ratio r /t of 1, the system still consists of a continuous layer, so the height
of the dot hdot and of the wire hwire are only “virtual” values for where the wire
and dot later will be. The wires will only manifest itself from a ratio r /t of 1, so
then the wires will have a physical width. As the etching progresses to a ratio r /t
of

p
3 ≈ 1.73, the wires are completely etched away, so then Equation (5.2) and

Equation (5.1) become negative and no longer have any physical meaning. At
the same moment, that is the first time that the dots are physically observed and
thus have a physical width. The more extended and not symmetric nature of
Equation (5.4) is a direct result of the fact that the dot is not symmetric either, as
it has a tetrahedral shape itself. Furthermore, it takes relatively long to remove
the dot, it requires a 300 % overetch, thus a ratio r /t of 3.0 to completely remove
the dot. This means that there is a quite large window in which the size of
the dot can be well controlled to optimize the size of the dot, or the aperture
originating from that dot.

To fabricate the structures discussed before, first a mold suitable for this
specific process is developed. The process is based on the mold fabrication
process from Chapter 3, with some important difference. Whereas in the earlier
process the emphasis was on tip sharpness and aspect ratio of the tip, here the
tip sharpness is still important, but rather than a high aspect ratio, a perfect
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FIGURE 5.2 – A diagram showing the width w and the height h relative to the
original layer thickness t as a function of the etched radius r relative to t . The
height is defined as the remaining layer thickness in the corner and the width is
defined as the width of the remaining wire or dot, thus orthogonal to the height.
In the first region, up to an r /t ratio of 1, the layer is still continuous, at a ratio of
1, the layer is removed on all flat surfaces and the remaining material manifests
as wires, which remain until r /t =p

3, then the wires are also completely
removed, and the only remaining material is the dot in the very bottom of the pit,
which remains until a 300 % overetch is achieved, only at that point all material
is removed.

tetrahedral shape of the mold is required. This originates from the corner litho-
graphy process, as any convex corners in the pit will break the continuity of the
wires and any concave corners result in extra wires or dots in the pit that might
hinder the performance of the tips.

Therefore, the mold fabrication process, as schematically depicted in Fig-
ure 5.3, starts with a (111) silicon wafer, on which a silicon nitride layer is de-
posited by means of low pressure chemical vapour deposition (LPCVD). In the
layer, a triangular mask opening is etched by means of standard lithography and
reactive ion etching (RIE) that is aligned to the inwardly oriented {111} planes of
the wafer (a). Next, another mask is lithographically patterned to act as a mask
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Silicon Silicon nitride TEOS

FIGURE 5.3 – Schematic view of the fabrication process for the fully tetrahedral
molds (b-d are cross-sections). (a) a silicon nitride layer is deposited on a (111)
silicon wafer and patterned with an equilateral triangular aligned to the
inwardly oriented {111} planes. The silicon is then etched with (b) a DRIE
process resulting in a conical pit, and subsequently (c) anisotropic etching to
obtain the tetrahedral shape formed by the {111} planes, which inevitably results
in a triangular bottom surface. Subsequently the silicon nitride mask is removed
and (d) a TEOS layer is deposited to finish the mold with a perfectly tetrahedral
shape.

for deep reactive ion etching (DRIE) of a conically shaped pit (b). This pit is sub-
sequently etched by anisotropic etching to create the tetrahedral shape of the
pit, with a minimal underetch, and thus with minimal outwardly oriented {111}
planes in the corners at the surface of the pit (c). After this the silicon nitride
mask is removed, and as the pit will inevitably have a truncated bottom surface,
a layer of tetraethyl orthosilicate (TEOS) is conformally deposited by means of
LPCVD to create a perfectly tetrahedrally shaped pit (d), therewith finishing the
mold fabrication.

Based on this mold, several routes are taken to create wire frame structures
or to use the nano-shaped dot. Firstly, the fabrication process to develop a
wire frame structure is depicted in Figure 5.4. Starting from the mold from
Figure 5.3(d), a layer of silicon nitride is deposited by LPCVD to form the layer
that will make up the wire frame structure (a). Then the wire frame is etched
by timed isotropically etching the silicon nitride by H3PO4 (b). If etching were
to be proceeded longer, the wire frame would be etched away and only a dot
would remain (c). However, in this case we stop with the wire frame from (b)
and continue with the fabrication process to make a physical connection of
the silicon nitride wire frame to a device layer, starting by deposition of a layer
of polysilicon (d). This layer is subsequently patterned using planarization
techniques with photoresist material to have the polysilicon remaining only
inside the pit (e). In this way, the ends of the wire frame extend out of the pit
and the rest of the wire frame is protected by the polysilicon to act as an etch
stop later. The connection to another silicon nitride layer that will act as a
device or holder layer is then made by depositing the layer by LPCVD (f). This
layer is thus deposited mainly on the TEOS fill layer and on the polysilicon layer,
and additionally, contacts the wire frame where the wire frame is not covered
by the polysilicon. This silicon nitride layer is then safely patterned by standard
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Silicon Silicon nitride Poly silicon TEOS

FIGURE 5.4 – Schematic view of the fabrication process for the free-standing
tetrahedral wire frame. All images except (h) are partial cross-sections, meaning
that that the wire frame at any time is shown in full. Starting from the mold as
shown in Figure 5.3(d), (a) a layer of silicon nitride is deposited by LPCVD. This
layer is subsequently (b) etched to leave silicon nitride wires in the edges of the
tetrahedral tip. (c) When etching longer, the wires will disappear and a silicon
nitride nano-dot will remain in the bottom of the pit. Continuing from (b), the
silicon nitride wires, (d) processing of the wire frame continues by depositing a
thin layer of poly silicon by LPCVD which is subsequently (e) patterned by
planarization of photoresist. Next, (f) a second layer of silicon nitride is
deposited by LPCVD which is (g) patterned by standard lithography. After
removing the silicon and TEOS mold and the poly silicon layer, the free-standing
wire frame tip is finished. (image is flipped with respect to the previous steps.)

lithography and RIE (g) as the wire frame is protected by the polysilicon. The
silicon wafer and the polysilicon are then removed together with the TEOS layer
to create a free standing tetrahedral wire frame (h).

Secondly, a fabrication process for apertures in silicon oxide tips is presen-
ted, as shown in Figure 5.5. Again starting from the mold depicted in Fig-
ure 5.3(d), the process now continues by LPCVD of a layer of polysilicon that
will act as a sacrificial layer later (a), followed by LPCVD of a layer of silicon
nitride, that will for the nano-shaped dot (b). The silicon nitride is isotropically
etched by means of H3PO4, long enough to have a nano-shaped silicon nitride
dot in the bottom of the pit, with the desired size (c). Subsequently the exposed
polysilicon layer is oxidized in a LOCOS process to only oxidize the polysilicon
that is not covered by the silicon nitride nano-shaped dot (d). The remaining
silicon nitride is then removed, again by H3PO4 to open the aperture (e). The
silicon oxide layer is then protected and respectively the silicon wafer, the TEOS
layer and the polysilicon layer are removed to expose the silicon oxide tip with
a small triangular aperture at the top (f).

Thirdly, a fabrication process is devised that is in essence a combination of
the first and second fabrication processes (Figure 5.4 and 5.5). The fabrication
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Silicon Silicon nitride Silicon oxidePoly silicon TEOS

FIGURE 5.5 – Schematic view of the fabrication process for the silicon oxide
tetrahedral tip with nano-aperture. All images except (f) are partial
cross-sections and the yellow rectangle in (b) represents the zoom in of (c-e).
Starting from the mold as shown in Figure 5.3(d), (a) a layer of poly silicon is
deposited by LPCVD, followed by (b) a silicon nitride layer deposition by LPCVD.
(c) The silicon nitride is then etched, long enough to only have a dot remaining
in the bottom of the pit. (d) Subsequently LOCOS is performed and afterwards,
(e) the dot is removed. The silicon wafer is then removed, followed by removal of
the TEOS layer and finally the poly silicon layer to finish the process with (f) a
silicon oxide tetrahedral tip with an aperture at the apex.

process is depicted in Figure 5.6 and especially in this case, the layer thickness
depicted are chosen such for visibility in the images, and in a practical situation
the ratio’s between the thickness of different layers is likely to differ significantly.
Again starting from the mold from Figure 5.3(d), a silicon nitride layer is depos-
ited by LPCVD that will form the device layer (a). On top of this, two mask layers
are deposited, a sacrifical polysilicon layer and a silicon nitride layer that will
form the nano-shaped dot masking layer. Both layers are deposited by means
of LPCVD (b). The top silicon nitride layer is then isotropically etched by H3PO4

in a controlled manner to leave a nano-shaped dot (c). Then a LOCOS process
of a very thin oxide layer is performed on the exposed polysilicon (d) and the
dot is removed by H3PO4 (e). Subsequently the polysilicon, now protected by
the silicon oxide, is etched by means of wet etched through the aperture in the
silicon oxide layer, thereby only locally removing the polysilicon, which in turn
exposes the silicon nitride device layer only in the very bottom of the pit (f).
Now that the silicon nitride device layer is locally exposed, controlled isotropic
etching is performed again to etch a small wire frame only at the very bottom
of the pit in the silicon nitrde, again by means of isotropic H3PO4 etching (g).
Finally, the device layer is exposed by removing the silicon oxide and polysil-
icon layer, followed by releasing the tip by removing the silicon wafer and the
TEOS layer, to end up with a silicon nitride tetrahedral tip with a sharp wire
frame tip and three apertures on the side of the tip at the very apex of the tip
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FIGURE 5.6 – Schematic view of the fabrication process for the free-standing
tetrahedral wire frame. All images except (h) are partial cross-sections and the
yellow rectangle in (b) represents the zoom in of (c-e). Starting from the mold as
shown in Figure 5.3(d), (a) a layer of silicon nitride is deposited by LPCVD,
followed by (b) stack of silicon nitride and poly silicon. (c) The top silicon nitride
layer is then etched to leave a dot at the bottom of the pit, followed by (d) thin
LOCOS of the poly silicon. (e) Subsequently, the silicon nitride dot is removed
and (f) the exposed poly silicon is etched, followed by (g) etching of the bottom
silicon nitride layer to obtain a wire frame structure. After removing the silicon
wafer, the TEOS layer, the poly silicon layer and the oxide layer, (h) this results in
a tip with a wire frame at the top, so with three apexes in top of the three sides
planes.

(h). The size of the aperture as well as the size of the wires in this process can
be in principle individually tuned by tuning the thickness of the layers and the
amount of overetch on the polysilicon and silicon nitride device layer, as well
as by tuning the size of the silicon nitride dot and the thickness of the silicon
oxide layer.

The fourth process described here is not based on the molds from Figure 5.3,
but as mentioned earlier, on the silicon tetrahedra from Chapter 4. The process
results in silicon oxide tetrahedral nano-apertures, just like the process depicted
in Figure 5.5, however, as is schematically shown in 5.7, quite differently looking
apertures. Starting from a silicon tetrahedron as described in Chapter 4, (a) the
silicon undergoes a thermal oxidation at a relatively low temperature such that
oxidation sharpening [11] occurs in the convex corners (b). This results in a
thinner silicon oxide at the tip, and by controled isotropic wet etching of the
silicon oxide, the now sharpened silicon tip is exposed (c). Subsequently the
exposed silicon is etched by wet etching (d) to create the tripod-shaped aperture
in the silicon oxide tip (e).
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Silicon Silicon oxide

FIGURE 5.7 – Schematic view of the fabrication process for the apertures based
on silicon tetrahedra. (a) Based on finished silicon tetrahedra, (b) the silicon
tetrahedra are thermally oxidized completely, although here only partially
shown for visual clarity. (c) The silicon oxide is then etched in a controlled
manner to expose the silicon tip, (d) which is then removed, resulting in an
aperture in the tip, (e) from a top view looking like a tripod. All effects, like the
curvature of the oxide sharpening and the extend of the silicon oxide etching,
thus also the aperture size are greatly exaggerated in this image for visual clarity.

5.3 Results and Discussion

As discussed before, the aim of the mold fabrication is to achieve a perfectly
tetrahadral mold. The first part of that is the tuning of the depth and the res-
ulting bottom surface, as discussed in Chapter 4. As the DRIE process and the
methodology behind it remains the same, this will not be further discussed here.
What is however different is the combination of the mask opening and the an-
isotropic etching. Like in previous chapters we use KOH for anisotropic etching
to obtain the optimal ratio between the {111} planes and all other crystal direc-
tions. At the same time we now are not so much interested in very slow etching,
as we have to develop the complete tetrahedral shape, but our interest is more
towards the etch ratio of the inwardly oriented {111} planes, which we require to
form the tetrahedral shape, compared to the what we call inverted {111} planes,
thus the outwardly oriented planes, as depicted in Figure 5.8. As we would like
the inverted planes to disappear, the etch rate of said planes should ideally be
relatively high with respect to the etch rate of the desired {111} planes. From
practical past experience we know that the “standard” KOH solution, which
is 25 wt% KOH at 75 ◦C, has a ratio between inverted and desired {111} planes
of approximately rinv : r{111} ≈ 1.5. Therefore we compared the shapes of the
etched structures for 50, 55, 60 and 65 wt% KOH solutions, all at the same tem-
perature of 75 ◦C and determined the ratio between the inverted and inward
{111} planes. Typical results are shown in Figure 5.9 and the obtained ratios are
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inverted

invertedinverted

inward

FIGURE 5.8 – A schematic drawing of a tetrahedral pit in (111) silicon, showing
a top-view on the left and a cross-section, as indicated by the black line, on the
right, in which the desired inwardly oriented {111} planes and the undesired
inverted {111} planes are indicated. The inverted {111} planes thus are the {111}
planes that diverge into the wafer, and the inward {111} planes are the planes
that converge, thus intersect inside the wafer.

5 m 2 m 4 m 5 m
50% 60% 65%55%

FIGURE 5.9 – Typical results of the tests performed on the anisotropic etching of
(111) silicon wafers with different concentrations of KOH solution. From left to
right: 494 min in 50 wt%, 130 min in 55 wt%, 215 min in 60 wt% 634 min in
65 wt%. The images are each scaled individually and the respective scalebar is
shown on each image, as well as the KOH concentration.

given in Table 5.1.

From this we conclude that a KOH concentration of 55 wt% to 60 wt% results
in an optimal etch ratio, thus relatively faster etching inverted planes. Further-
more this proves to give good results in the first tests. We believe the reason for
the speed reduction for 65 wt% is related to the high concentration, which is
around the maximum solubility of KOH in water at that temperature, so locally
this results in crystalization of the KOH, which we have observed under the
optical microscope on several occasions. This in essence limits the diffusion of
reaction products thereby limiting the etching for the inverted planes relatively
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TABLE 5.1 – The resulting average etch ratios for the inverted and inward {111}
planes for the tested KOH concentrations

Concentration Etch ratio
(wt%) inv : {111}
25 ∼1.5
50 1.44
55 2.69
60 2.72
65 2.17

1 m 1 m

FIGURE 5.10 – SEM images of the silicon nitride wire frame with the handle
layer of unpatterned silicon nitride below. On the left a top view is shown,
showing all the three legs of the wire frame, which are all attached to the handle
layer. On the right a side view is shown, showing the separation between the wire
frame and the handle layer. Both scale-bars represent 1µm.

more than the inward planes.

As discussed before, only two of the proposed four tip types have been fab-
ricated. The first one is the full wire frame probe. This version of the wire
frame probe was fabricated without patterning of the silicon nitride handle
layer, as shown in Figure 5.4(f-g), due to practical reasons. The wire frames
have nonetheless been successfully fabricated and released, as can be seen
from scanning electron microscopy (SEM) inspection, as shown in Figure 5.10.
The wire frame was etched from a 250 nm thick silicon rich nitride (SiRN) layer
with an etch ratio r /t of ∼1.3, resulting in approximately 170 nm wide wires.
The separation between the silicon nitride wire frame and the silicon nitride
handle layer can clearly be seen in the SEM images. The bending of the wires
towards the handle layer in the center is a result of capillary pressure on the
wires due to the liquids that the tips have been exposed to, thereby pulling the
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4 m 150 nm

FIGURE 5.11 – SEM images of the silicon oxide aperture made from a silicon
tetrahedral tip. On the left an overview is shown, showing the tetrahedral shape
and the different color on the edged, with a scalebar of 1µm. On the right a
zoom in on the actual apex with the aperture is shown, with a scale bar of
150 nm. The aperture has an inner diameter of 13.0 nm.

wires permanently into the handle layer. The rough steps that can be observed
at the base of the tip are a result of the SiRN deposition on top of the planarized
polysilicon layer, which is a rather rough and inhomogeneously etched layer
in general. Furthermore the SEM images are showing the result of the inverted
{111} planes, which in this case was not yet optimized for, and which meant ex-
tra deep planarization of the polysilicon had to be performed to make a physical
connection between the two silicon nitride layers.

The second tip type that is fabricated is the silicon oxide tip with an aper-
ture at the apex, originating from the silicon tetrahedral tip. The results of the
process are shown by the SEM images in Figure 5.11. The overview SEM image
on the left clearly shows the tip with the edges accentuated. This is the result
of the oxidation sharpening, which does not only occur at the tip, but also at
the edges. And as the tetrahedral tip has rather sharp edges with an angle of
70.53 degree, the silicon oxide is also considerably thinner on the edges. That is
also the main challenge with this type of aperture, to prevent the three silicon
oxide sides to separate completely upon controlled etching of the silicon oxide.
In principle this can be optimized by tuning parameters like oxidation temper-
ature, silicon oxide thickness and controlled silicon oxide etching time. It is
nonetheless possible, as shown, and that is especially well observed in the right
image of Figure 5.11. The sidewalls are still connected and the dark spot at the
center clearly shows that an aperture is present there, with an inner diameter,
of the inscribed circle, of 13 nm and an outer diameter, of the circumscribed
circle, of 56 nm.



5.4 – Conclusions 65

5.4 Conclusions

We have developed a model to predict and explain the behaviour of corner
lithography in tetrahedral pits, and used the knowledge of that behaviour to
devise several designs and fabrication processes to manufacture four distinct
tip types with complex three dimensional structures.

We have optimized the anisotropic etching process to obtain the most per-
fectly tetrahedral pits possible. We have tested the fabrication process for two of
these tips. The silicon nitride wire frame tip was successfully fabricated showing
the viability of the pursued methodology to keep the wire rame connected to
the outside world. And finally we fabricated silicon oxide tips with nanometer
scale apertures at the apex of the tips, based on silicon tetrahedral tips. The
smallest obtained diameter of the aperture was measured to be 13 nm.
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Chapter 6

Advanced AFM probes

6.1 Introduction

In this chapter, two AFM probe types are presented that are not directly related
to the previous chapters, but are an extension of the methods and applications
that have been extensively discussed before.

Whereas Chapter 2, 3 and 4 the focus of the AFM probes was on the spa-
tial resolution, Section 6.2 focusses on the time resolution of the AFM probe,
thus the scanning speed that can be achieved. Therefore, an electrostatically
actuated AFM probe is presented there.

In Chapter 2 the knife blade-like apex of pyramidal pits was extensively
discussed and methods for optimization were analysed, and in Chapter 3 and
4 this issue was completely circumvented. However, in Section 6.3 this effect
is actually used to make a probe with two integrated tips, in order to create a
double tip AFM probe for parallel scanning with two tips.

6.2 Electrostatically actuated AFM probe

6.2.1 Introduction

High-speed Atomic Force Microscopy (AFM) will enable further study and im-
prove our understanding of various dynamic processes such as biomolecular
motors, surface diffusion, film growth or catalytic surface reactions [1, 2]. One
of the speed limiting factors in the conventional AFM systems is a piezoelec-
tric element that tracks the tip-sample interaction. Higher scanning rates can
be obtained by substituting the external piezoelectric actuation with an active
scanning probe with an integrated electrostatic microactuator [3–8]. Typically,
these probes use a complex structure or a modified AFM setup with for example
a table that is moving in-plane at high speed, instead of the cantilever, which
means that such a probe can not be employed in commercial AFM systems and
can not take advantage of the optical deflection detection of the AFM system.

67
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25 µm

FIGURE 6.1 – Design of the double cantilever AFM probe, showing the large
cantilever in dark blue and the small cantilever with the pyramidal tip in light
blue.

In this chapter we have devised, fabricated and experimentally character-
ized a novel electrostatically actuated AFM probe. Our probe has a double-
cantilever configuration in which a small, soft cantilever with a sharp tip is
monolithically integrated at the end of a long, stiff cantilever. The probe has
an integrated electrostatic gap-closing actuator that allows a deflection of the
small cantilever and consequently a vertical displacement of the probe tip. A
small and fast cantilever combined with an integrated electrostatic actuator
with a relatively large displacement range allows for high frequency operation
and high speed imaging. Furthermore, the unique probe configuration that
combines electrostatic actuation with a optical detection of the deflection of
the small cantilever, allows a straightforward incorporation in a commercially
available atomic force microscope with optical deflection detection.

6.2.2 Design and Modelling

The probe design is depicted in Figure 6.1, showing the large cantilever in dark
blue and the small cantilever in a lighter blue color. The large, stiff cantilever is
designed with a stiffness of over 400 N/m, and consists of two layers of silicon
nitride and a thick layer of polysilicon in between those layers for high rigidity of
the cantilever. The large cantilever has a trapezoidal shape, the small cantilever
is situated inside the trapezoid, at the end of the large cantilever. To keep the
backside of the small cantilever accessible with a laser spot for detection of the
cantilever deflection, an opening is designed in the large cantilever, as is clearly
seen in Figure 6.1 directly above the small cantilever. The small cantilever is
actuated electrostatically by electrodes on the small cantilever and on the ridges
on the large cantilever, which are situated at a different height in the probe, see
Figure 6.2. By applying a voltage U on the electrodes, the small cantilever is
deflected towards the electrodes on the large electrode to actuate the small
cantilever.

To model the expected behaviour of the cantilever, finite element method
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FIGURE 6.2 – Working principle of the electrostatically actuated double
cantilever AFM probe. By applying a voltage to the large (upper) cantilever,
electrostatic forces deflect the small cantilever towards the large cantilever.

(FEM) modelling is performed using COMSOL® by means of eigenfrequency
analysis and quasi-static analysis to determine the expected stiffness and res-
onance frequency for given length, width and thickness of the small cantilever.
Furthermore the expected tip deflection as a function of the actuation voltage,
for different lengths is modelled using FEM as well, by means of stationary ana-
lysis. Based on these models, and based on the boundary conditions such as a
wide and long enough small cantilever to perform optical deflection detection
and a stiffness smaller than 10 N/m, a range of optimal combinations of layer
thickness and size of the cantilever are determined, in which a trade-of has to be
made with respect to the resonance frequency of the cantilever on one side and
the stiffness and deflection, and thus the optical detectability of the cantilever
deflection, on the other side. This is used as input for the fabrication process
later.

The stiffness of the cantilever is modelled as a function of the length of
the cantilever, for a thickness of the small cantilever of 360 nm and a width for
the small cantilever of 14µm, which is the minimal required width based on
the requirements of optical deflection detection. Further material properties
are given in Table 6.1. The results of the modelling are shown in Figure 6.3.
Using the same parameters, the resonance frequency of the small cantilever is
modelled as a function of the length of the small cantilever. The result thereof
is shown in Figure 6.4, where additionally, a deviation in the thickness of ±10 %
is shown by the grey band.

As can be seen from Figure 6.3, the stiffness of the cantilever has a 1/L4

dependency on the length of the cantilever, and has suitable stiffness values,
thus well below 10 N/m roughly in the length range of 25µm to 35µm. Therefore
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FIGURE 6.3 – The result of FEM simulations of the stiffness of the small
cantilever versus the length of the small cantilever.
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FIGURE 6.4 – The result of the FEM simulations of the resonance frequency as a
function of the cantilever length. The grey band represents the influence of a
±10 % fluctuation of the thickness on the resonance frequency.

that range is further modelled. From Figure 6.4 it can be seen that for this
range, resonance frequencies in the range of roughly 0.9 MHz to 0.5 MHz are
calculated, which has a 1/L2 dependency on the cantilever length.

Furthermore the cantilever deflection is modelled as a function of the actu-
ation voltage, with the same parameters as before, for cantilever lengths of 25,
30 and 35µm, as depicted in Figure 6.5. The deflection as a function of the ac-
tuation voltage exhibits a parabolic behaviour as expected, as the electrostatic
force depends on the actuation voltage squared, and the deflection is linearly
depending on the electrostatic force in this regime. This gives a good indication
on the expected behaviour of the electrostatically actuated cantilevers later and
is used as input for the fabrication process.
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FIGURE 6.5 – The result of the FEM modelling of the tip displacement of the
small cantilever as a function of the applied actuation voltage, for 25µm in
yellow, 30µm in blue and 35µm in green.

6.2.3 Fabrication

The fabrication process, schematically shown in Figure 6.6 and described in
more detail in Appendix A.3, is based on a (100) silicon wafer. A pyramidal pit is
etched using anisotropic potassium hydroxide (KOH) etching to form the tem-
plate for the AFM tip. After the pit is etched, low pressure vapour deposition
(LPCVD) and patterning of a 360 nm thick silicon nitride is performed, to define
the small cantilever and the pyramidal tip (a). Next, a 1.5µm thick layer of poly-
silicon is deposited using LPCVD and the layer is patterned (b). This layer acts
both as a sacrificial layer between the small cantilever and the large cantilever
and to give extra stiffness to the large cantilever, and thereby determines the
gap between the small cantilever and the surronding structures. Subsequently,
a 1.0µm thick layer of silicon nitride is deposited using LPCVD which is then
patterned to define the large cantilever and the hole therein to free the small
cantilever (c). After bonding the cantilever to a handle wafer, both cantilevers
are released by tetramethylammonium hydroxide (TMAH) etching of the sil-
icon wafer and the polysilicon sacrificial layer (d). In the final step, a thin gold
layer of typically 30 nm is sputtered on both cantilevers to provide electrical
connections to actuate the cantilever (e). Because of the height differences in
the cantilever, the different electrical paths are insulated from each other and
no further patterning of the gold layer is required (f).

6.2.4 Results and Discussion

Figure 6.7 shows a micrograph of the fabricated double cantilever AFM probe.
The small cantilever with the pyramidal tip is clearly visible in the centre with
the large cantilever above and on the sides. Figure 6.7a clearly shows the height
difference between the small cantilever and the “electrical tracks” next to the
cantilever. A proper electrical insulation is achieved by this height difference,



72 Chapter 6 – Advanced AFM probes

(Poly) silicon Silicon nitride Gold

FIGURE 6.6 – Fabrication process for the double cantilever probe. (a) Anistropic
etching of a pyramidal pit and subsequent LPCVD deposition and etching of SiN
to define the small cantilever. (b) Deposition and patterning of the polysilicon
layer to define the actuator gap. (c) Deposition and patterning of a thick silicon
nitride layer for the large cantilever. (d) Removal of the polysilicon and the
silicon wafer to release the cantilevers. (e) Sputtering of a gold layer to provide
electrical connections. (f) Top view of the finished probe, showing the shadow
effect to isolate the electrical paths from each other.

as well as the directional nature of the metallization process. In Figure 6.7b the
mechanical connection between the small cantilever and the large cantilever is
indicated by the red circle. In this way a short cantilever is realized at the end of
the large cantilever.

The probes have been fabricated with a stack of three layers, resulting in a
thickness for the large cantilever of 2.9µm. The large cantilever has a length of
52µm, a width of 150µm at the connection to the chip, and a width of 46µm
at the top, where the small cantilever is situated. The small, flexible cantilever
is designed with a width of 14µm, a thickness of 360 nm, and three different
lengths, as summarized in Table 6.1. The calculated stiffness and resonance
frequency of the small cantilevers is determined by the aforementioned FEM
simulations.

The probes have been characterized using a Polytec MSA-400 laser Dop-
pler vibrometer system [9] to measure the frequency response of the cantilever.
The small cantilever is actuated electrostatically with a 2 Vpp AC and 2 V DC
signal. As in electrostatic actuation with pure periodic signals, frequency doub-
ling occurs, a combination of AC and DC actuation is chosen, resulting in a
frequency component in the electrostatic force that is not doubled but has the
same period as the driving voltage. This greatly simplifies the measurement
and analysis of the frequency response of the cantilevers. For probes with a
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(a)

(b)

FIGURE 6.7 – Scanning electron micrographs of (a) the top and (b) the bottom of
the small cantilever in the centre and the large cantilever on the sides. (a) shows
the height difference between the electrical actuators, next to the small
cantilever. The ellipse in (b) indicates the connection between the small and
large cantilever.

TABLE 6.1 – The relevant dimensions and mechanical properties of the probes,
fabricated with three different lengths of the small cantilever.

Type C1 C2 C3

Density 3100 kg/m3

Young’s Modulus 310 GPa
Poisson’s ratio 0.23
Width 14µm
Thickness 360 nm

Length 25µm 30µm 35µm
Stiffness (calculated) 6.13 N/m 3.17 N/m 1.85 N/m
Resonance frequency (calculated ) 918 kHz 640 kHz 471 kHz

Resonance frequency (measured) 643 kHz 432 kHz 321 kHz
Quality factor 159 81 78
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FIGURE 6.8 – Frequency spectrum of the small cantilever with a length of 25µm.
The first resonance is observed at 643 kHz with a quality factor of 159, obtained
by electrostatic actuation with a 2 Vpp AC plus 2 V DC signal.

small cantilever with a length of 25µm, the frequency spectrum is shown in
Figure 6.8, showing the first resonance peak at 643 kHz with a quality factor of
159. The resonance frequencies and quality factors of all small cantilever types
are displayed in Table 6.1. The quality factor is determined using a physical
model based on the width of the resonance peak of the frequency response.
Although the values for the resonance frequency are not as high as one could
expect from the initial design, these deviations in the resonance frequencies
can be explained from deviations in the dimensions of the small cantilever of
10 % and less. Furthermore, the differences in the quality factors of the different
cantilever types can be explained from geometry of the probe and the complex
damping of the cantilever movement due to this geometry, which is related to
the clamping of the end of the small cantilever. The sides of the small cantilever
are not clamped, which combined with the structure surrounding the small
cantilever results in a complex damping of the cantilevers [10].

The deflection of the small cantilevers is measured for probes with small
cantilevers with a length of 25, 30 and 35µm as a function of the peak-to-peak
actuation voltage at 100 kHz, so far below resonance, as shown in Figure 6.9. For
peak-to-peak actuation voltages of 10 Vpp, the deflection of the small cantilever
ranges from 0.4 nm for the 25µm long cantilever, 0.9 nm for the 30µm long
cantilever, up to 2.1 nm for the 35µm long cantilever. These values are within
10 % of the the expected values based on Figure 6.5, deviations are likely to be
due to deviations in the dimensions of the small cantilever, as explained before.

The AFM probes have been successfully used for electrostatic tapping mode
AFM imaging using a modified Bruker Dimension AFM system, where the elec-
trostatic actuation of a small cantilever of 30µm long is used for tapping at
432 kHz. The substrate, an Argon plasma roughened silicon nitride layer, is
imaged and depicted in Figure 6.10. We demonstrated electrostatically driven
tapping mode at a resonance frequency of 432 kHz, with 8 scan lines per second,
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FIGURE 6.9 – Deflection of the small cantilever, versus the peak-to-peak
actuation voltage at 100 kHz, for small cantilevers with a length of 25µm
(squares), 30µm (triangles) and 35µm (circles). The black lines are the results
from the FEM model for the corresponding length of the small cantilever,
adapted for small deviations in the layer thickness, cantilever length and
cantilever width, by applying a linear fit factor within ±10 % or less from the
modelled value.

FIGURE 6.10 – Electrostatic tapping mode image of a roughened silicon nitride
surface. The measurement is performed with a probe with a small cantilever
with a length of 30µm at its resonance frequency of 432 kHz, and a scan rate of
8 lines/s.

for a 512 by 512 pixels AFM image. Here, the in-plane speed of imaging is limited
by the AFM apparatus used in the experiments. The resolution of the images
obtained in these measurements is better than 15 nm.

6.2.5 Conclusion

We realized a novel double cantilever AFM probe with integrated electrostatic
actuator by means of surface micromachining. The probe is actuated electro-
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statically at high frequencies for high speed AFM imaging. The probe consists
of a large cantilever with a stiffness of over 400 N/m onto which a small, soft
cantilever if monolithically integrated. The small cantilever is actuated at high
frequencies by electrostatic actuation for high speed imaging. The fabrication
process of the double cantilever probes is successfully demonstrated and the
probes have been characterized using a laser Doppler vibrometer system.

The small cantilevers are characterized to have a resonance frequency of up
to 643 kHz for a cantilever length of 25µm. The deflection of the small canti-
lever is found to be up to 2.1 nm when actuating with a peak-to-peak actuation
voltage of 10 Vpp, for a cantilever length of 35µm.

We demonstrated electrostatic tapping mode scanning with the probe ac-
tuated at its resonance frequency of 432 kHz, at 8 scan lines per second, with a
resolution of better than 15 nm.

6.3 Double tip AFM probe

6.3.1 Introduction

A standard atomic force microscopy (AFM) probe consists of a flexible cantilever
with a sharp tip at its end. The scanning resolution of an AFM probe depends
on the tip sharpness. Tip molding is a well-known microfabrication method for
obtaining sharp tip probes. The method is based on wet anisotropic etching
of pyramidal molds in single crystal silicon followed by oxidation sharpening
and silicon nitride deposition to form the tip [11, 12]. Although tip radii in the
nanometer range can be obtained by tip molding, due to the pyramidal shape of
the mold, in combination with small nanometer scale imperfections which are
inevitable at this scale, commonly double-tip probes are obtained due to mask
imperfection [13, 14]. Quite some effort has been made to reduce this effect
[15], but in practice, it is hard to circumvent this phenomenon. The double-tip
probes are generally considered unusable for AFM imaging and large efforts
have been made to obtain single-tip probes [16, 17].

At the same time, several efforts have been made to use multiple cantilevers
in a parallel design to perform simultaneous measurements, like side by side
AFM measurements, or parallel readout of probe-based data storage [18–20]. As
said, these techniques use multiple cantilever which leads to a higher complex-
ity in reading out the cantilever deflection and thus the sample that is measured.

To take advantage of the double-tip, the use of a double-tip probe for par-
allel AFM scanning is demonstrated here. To that extend, several models are
numerically analysed to find an optimal design, and a relatively more simple
design is experimentally tested as a proof of principle.

6.3.2 Design and Modelling

The probe consists of a cantilever connected by a small hinge to the probe base.
The hinge promotes both deflection and torsion of the cantilever. At the end
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FIGURE 6.11 – A schematic overview of the method used to measure with two
tips, showing the cantilever with the two tips in red, the substrate in orange and
the photo detector above. Starting from the left image, both tips are in contact
and the cantilever is not twisted. When one tip is in a hole in the substrate, the
cantilever twists, which is observed on the photo detector as a signal in the
lateral direction, and a small height difference is observed. When both tips are in
holes in the substrate, a change in height and no twist are observed.

of the cantilever a sharp double-tip is fabricated by tip molding. The working
principle is based on simultaneously measurements of bending and torsion of
the double-tip cantilever when both tips are in contact with the sample surface
(see Figure 6.11). The measurements are performed with the four-quadrant
photodiode employed in a standard AFM system. Using the measured bending
and torsion of the cantilever and knowing the distance between the tips we are
able to reconstruct the surface profiles underneath both tips.

To analyse the expected behaviour of the cantilever, both the bending of the
cantilever and the torsion of the cantilever have to be analysed. In an ideal case,
the cantilever is developed such, that the cantilever first twists when the first
tip is lowered onto the surface, and only starts to bend when the second tip is
also in contact with the surface. Due to the complexity of such a probe, and the
practical challenges of fabricating such a probe, this ideal solution will however
be hard to achieve, and therefore a situation is created in which the twisting
compliance is at least bigger than the bending compliance. At the same time,
the bending stiffness of the cantilevers should not significantly increase with
respect to typical values for the bending stiffness of AFM cantilevers, which are
typically in the order of 0.1 N/m to 1.0 N/m, in order to be well usable in normal
AFM systems. Furthermore, the in-plane bending stiffness of the cantilever
should remain at a relatively high value, to prevent movement in the in-plane
direction in the situation where the tip touches a steep side wall.

As a measure to calculate the twisting of the cantilever, the angle of twist θ,
as described by Equation (6.1), is used:

θ = T L

JG
(6.1)

in which T is the internal torque in the cantilever, which is induced by the
relative reaction forces on the tips, L is the effective length of the cantilever, so
from the base of the cantilever to the tip, J is the polar moment of inertia of the
cantilever and G is the shear modulus of elasticity of the cantilever material [21,
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pp. 470–474]. To quantify the bending of the cantilever, the cantilever deflection
δ is described by Equation (6.2):

δ= F L3

2E I
(6.2)

in which F is the effective force working on the cantilever, L is the effective
length of the cantilever, E is the modulus of elasticity of the cantilever material,
and I is the moment of inertia of the cantilever [21, p. 728].

The moment of inertia of the cantilever I and especially the polar moment
of inertia J can, for the complex structures that are under investigation here,
however only be obtained numerically. Therefore, the twist and the deflection
of the cantilever are analysed using finite element methods (FEM).

The methodology for the FEM experiments is to compare the difference
in tip displacement of the two tips, which is a measure for the twisting of the
cantilever, with the average tip displacement of the two tips, which is in essence
related to the bending of the cantilever, in a situation where a force is applied
to one of the tips. This would thus in reality be the situation where one tip is
in contact with the surface, and therefore a reaction force is applied on this
tip. As this is a modelling of a realistic situation for the behaviour of the probe,
this is preferred over a purely theoretical value for the bending stiffness and the
torsional stiffness.

The most basic and simple design, also from a fabrication point-of-view, is
schematically depicted in Figure 6.12. This design consists of a standard can-
tilever which contains a section, a hinge, where the width of the cantilever is
reduced to a minimum to promote the twisting of the cantilever. From Fig-
ure 6.12 one can already identify the slight twist of the cantilever when a force
is applied to the location where one of the tips would be located.

The parameters used in the modelling, also for the designs discussed later,
are based on a silicon nitride device, and are shown in Table 6.2. The optimal
values found for this design, while also being realistic values in terms of the
fabrication process, are also shown. The resulting relevant displacements and
the torsion to bending ratio, which should be as high as possible, but at least
higher than 1, are also shown in Table 6.2. Finally the in-plane bending stiffness
is modelled and shown in the same table.

As the torsion to bending ratio for this design is not sufficient, a more com-
plex design is devised based on a V-groove shaped hinge in {001} silicon [22].
The design is such that the hinge has a much more favourable width to height
ratio, that is, much more towards the most optimal cylindrical shape when com-
pared with the previously discussed design. The resulting design is depicted
in Figure 6.13, which already shows a lot more twist compared to the bending
of the cantilever, when compared with the first design. For the same paramet-
ers as mentioned in Table 6.2, with exception of the beam width, the modelled
properties of this design are given in Table 6.3.

As can already be seen from these results, the twisting of the cantilever is
much more prominent than in the previous design, however, the in-plane bend-
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FIGURE 6.12 – FEM simulation of the twisting and bending of a simple
cantilever with a small beam halfway through the length of the total cantilever,
to promote the twisting of the cantilever. The color scale (in arbitrary units) and
displacement (not to scale) in the figure show the total displacement of the
cantilever, where red shows maximum displacement and dark blue shows no
displacement, with respect to the initial position, depicted by the wireframe
representation of the cantilever.

TABLE 6.2 – The geometry properties and resulting outcome for the cantilever
properties of the design shown in Figure 6.12.

Property Variable Value

Density ρ 3100 kg/m3

Young’s Modulus E 310 GPa
Poisson’s ratio ν 0.23

Width of the square cantilever W 30µm
Length of the square cantilever L 30µm
Width of the small beam w 2µm
Length of the small beam l 4µm
Layer thickness t 400 nm
Applied force (to 1 tip) Fz 100 nN

Tip displacement difference 35 nm
Average tip displacement 168 nm
Torsion to bending ratio 0.21 : 1
In-plane bending stiffness 19 N/m
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FIGURE 6.13 – FEM simulation of the twisting and bending of a cantilever with
a small beam with a V-shaped cross-sectional area, where the V-shaped beam is
visible between the square part of the cantilever and the base of the cantilever.
The color scale (in arbitrary units) and displacement (not to scale) in the figure
show the total displacement of the cantilever, where red shows maximum
displacement and dark blue shows no displacement, with respect to the initial
position, depicted by the wireframe representation of the cantilever.

TABLE 6.3 – The properties of the cantilever design shown in Figure 6.13 with the
same geometrical and material properties as given in Table 6.2.

Property Variable Value

Etched hinge width ew 600 nm

Tip displacement difference 169 nm
Average tip displacement 137 nm
Torsion to bending ratio 1.24 : 1
In-plane bending stiffness 0.77 N/m

ing stiffness is also significantly reduced due to the thin hinge. This would, as
discussed before, be a problem in an AFM measurement setup. To overcome
this, even more complex designs are devised, of which one is shown in Fig-
ure 6.14. The first design consists of a frame around the main square cantilever
part, in which the square cantilever is suspended by means of two V-shaped
hinges on opposite sides. The envisioned purpose of this design is to decouple
the bending and the torsion of the cantilever as a whole as much as possible.
The resulting torsion, bending, the ratio thereof and the in-plane stiffness of
this design are shown in Table 6.4 for the geometrical parameters shown in the
same table.

The torsion to bending ratio of this cantilever design is in the desired range
and the in-plane bending stiffness is relatively high, as expected. The practical
challenge with this probe design is however the frame itself. In a typical AFM
setup, the probe is placed in a holder at an angle of 10 to 15°. This means, that
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FIGURE 6.14 – FEM simulation of the cantilever design with a frame
surrounding the twisting cantilever section, with that section suspended
between two hinges on opposite sides in the frame. The color scale (in arbitrary
units) and displacement (not to scale) in the figure show the total displacement
of the cantilever, where red shows maximum displacement and dark blue shows
no displacement, with respect to the initial position, depicted by the wireframe
representation of the cantilever.

TABLE 6.4 – The properties of the cantilever design shown in Figure 6.14.

Property Variable Value

Width of the square cantilever W 30µm
Length of the square cantilever L 30µm
Length of the hinges l 4µm
Etched hinge width ew 400 nm
Frame width f w 5µm
Layer thickness t 400 nm
Applied force (to 1 tip) Fz 100 nN

Tip displacement difference 157 nm
Average tip displacement 48 nm
Torsion to bending ratio 3.27 : 1
In-plane bending stiffness 10.9 N/m

if the probe is placed in the holder under a small angle, the outer corner of the
frame is likely to touch the sample that is to be measured, before the first tip
does, thereby inhibiting the proper operation of the cantilever.

Therefore one more alternative design is presented and shown in Figure 6.15.
This design, like the previous design, contains two hinges in-line, but in this
case at the same side of the cantilever, connected by a frame of L-shaped beams.
Therefore, the twisting and bending of the cantilever are not decoupled like in
the previous design, this design is based on the simple V-groove design as shown
in Figure 6.13, but with an extra hinge to increase the in-plane bending stiffness.
A new optimization by FEM modelling is performed to find the optimal geo-
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FIGURE 6.15 – FEM simulation of the cantilever design with two hinges at the
same side, connected by a frame of two L-shaped beams. The color scale (in
arbitrary units) and displacement (not to scale) in the figure show the total
displacement of the cantilever, where red shows maximum displacement and
dark blue shows no displacement, with respect to the initial position, depicted by
the wireframe representation of the cantilever.

TABLE 6.5 – The properties of the cantilever design shown in Figure 6.15.

Property Variable Value

Width of the square cantilever W 30µm
Length of the square cantilever L 30µm
Length of the hinges l 4µm
Etched hinge width ew 200 nm
Frame width f w 8µm
Layer thickness t 500 nm
Applied force (to 1 tip) Fz 100 nN

Tip displacement difference 150 nm
Average tip displacement 439 nm
Torsion to bending ratio 1.47 : 1
In-plane bending stiffness 1.93 N/m

metry of the cantilever, the resulting properties of this design are summarized
in Table 6.5.

This design has a slightly higher torsion to bending ratio and in-plane bend-
ing stiffness than the design with the single V-shaped hinge, so potentially has
sufficient properties for the envisioned purpose.

6.3.3 Fabrication

For the first fabrication tests however, and to prove the principle behind this
probe, the first two more simple designs are fabricated.

The fabrication of the probes is depicted in Figure 6.16 and described in
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FIGURE 6.16 – A schematic overview of the fabrication process (b-e are
cross-sections): (a) a thermal oxide layer is patterned with a rectangular mask
opening, (b) the silicon is anisotropically etched using KOH to create a V-groove.
(c) The oxide mask is removed and oxidation sharpening is performed. (d) The
silicon nitride device layer is deposited (e), followed by a thin layer of TEOS (not
shown), and these layers are patterned to form the cantilever. (f) The probes are
further processed to fabricate probes and release the cantilevers.

more detail in Appendix A.2, and starts by applying a silicon oxide mask on
a (001) silicon wafer. The oxide mask is then patterned with 6µm by 26µm
rectangular openings oriented along the [110] direction to form the tips later
(a). Next, silicon is anisotropically etched using KOH, resulting in V-groove
pits (b). After removing the silicon oxide mask, the V-grooves are sharpened
using thermal oxidation (c). During oxidation, two small distinct pits emerge
at the ends of the bottom of each V-groove. An LPCVD silicon nitride layer
is then deposited in the molds to act as the device layer (d). The deposited
layer is patterned using standard lithography and reactive ion etching to form
the cantilevers with a hinge (e). Subsequently, a pre-patterned glass wafer is
anodically bonded to form the probe holders. After bonding, the silicon wafer
is completely removed in KOH. Finally the silicon oxide is removed using BHF
and the probes are broken out of the glass wafer to form the finalized probe (f).

The only deviation between the first design with the flat cantilever and the
second design with the hinge, is the extra V-groove that is etched in step (b)
to form the hinge in step (f) by corner lithography [23] in the lithography step,
such that a V-shaped hinge is created, as depicted in Figure 6.17.

6.3.4 Results and Discussion

As discussed before, two types of designs have been fabricated. Scanning elec-
tron microscopy (SEM) imaging results of the simple flat design are shown in



84 Chapter 6 – Advanced AFM probes

FIGURE 6.17 – A schematic top-view of the silicon nitride cantilever with the
V-shaped hinge.

5 m

 

 

FIGURE 6.18 – A SEM image of the silicon nitride cantilever (bottom-front view),
showing the big tip with the two tips at the ends of the knife-blade like apex, and
the hinge in the cantilever.

Figure 6.18 and Figure 6.19. In the first figure, the 20µm knife blade-like apex
with the two small tips at the ends is clearly visible. The small hinge is also
visible behind, so in the image just below, the V-shaped ridge.

The only difference of the second design with the single V-shaped hinge is
the hinge, which is shown in 6.20. The big advantage of using this method is
that the hinge is not lithographically determined by a mask, which would have
to be exactly aligned to the V-groove that is already present. Instead, corner
lithography is used to determine the position of the hinge, which is therefore
always exactly centered in the bottom of the V-groove, as depicted in Figure 6.21.
Furthermore, as both V-grooves are etched in the same lithographic step, the
hinge is perfectly aligned with the tips in the big V-groove. In this way, a self
aligning process is developed.

As a proof of principle, the flat cantilever design is used to perform AFM
measurements in a Bruker Dimension AFM system. Several AFM measure-
ments have been performed using a conventional AFM system without any
specific modifications. The scanning sample consists of a 25 nm thick silicon ox-
ide layer on a silicon wafer, patterned with 5µm diameter holes in a hexagonal
pattern with a 15µm period. The samples are measured in contact mode to
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500 nm

FIGURE 6.19 – A SEM image of one of the protruding tips at the end of the knife
blade-like apex.

10 m

FIGURE 6.20 – A SEM image of the cantilever with the V-shaped hinge, as seen
from the tip-side.

10 m

FIGURE 6.21 – A SEM image of the patterned silicon nitride layer on the silicon
wafer, with the V-shaped hinge in the anisotropically etched V-groove.
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FIGURE 6.22 – 30 by 30µm2 AFM images. The left image shows the height in nm,
and the right image shows the lateral signal of the detector in Volts, which is a
measure for the twisting angle of the cantilever. In the right image, some holes
make the cantilever twist in the positive direction and other holes in the negative
direction.

keep both tips in contact at all time. The direct results of one of the AFM meas-
urements, thus the height signal and the lateral signal, which are the measures
for bending and torsion of the cantilever, are shown in Figure 6.22.

Using a calibration procedure based on the sample topography, a first-order
model is used to calculate the angle of twist of the cantilever. Based on that,
the height difference between the tips is calculated. With that information, the
height image and the lateral image are post-processed to calculate the topo-
graphy image that was scanned by each tip. The results of this procedure are
shown in in Figure 6.23, showing the height profile image of each tip. This shows
that the bending and twisting information obtained by the AFM is successfully
used to determine the height profile information of each tip of the double-tip
AFM probe.

Upon closer inspection of the calculated height profiles in Figure 6.23, not
only the dark grey circular holes in the hexagonal pattern are visible in each
height image, but also some “shadows” of the holes that belong to the other tip.
These artefacts are a result of a number of nonideal factors that are inherently
present in this configuration. First of all, both the height and the twisting de-
tection of the AFM depend on the exact location of the laser spot of the AFM
on the small cantilever. If the laser spot is not exactly on the middle line of the
cantilever, a pure torque of the cantilever would result in the detection of both
torsion and bending of the cantilever. Furthermore, specifically for the design
that was used in this case to perform the AFM measurement, the same happens
if the alignment of hinge is not exactly in the middle of the tips. Finally, if the
tips and the sample are tilted with respect to each other, an offset torsion will
be measured even if a flat surface is measured.

All these factors can be compensated for and can be part of a calibration
procedure, however, they have to be accounted for to use this system reliably.
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FIGURE 6.23 – Calculated topography images of the left tip on the left and the
right tip on the right, based on the measurements as shown in Figure 6.22.

6.3.5 Conclusion

We have successfully designed and modelled several different types of double-
tip AFM probes which are designed such that both tips are used at the same
time to scan in parallel, taking full advantage of the four quadrant photo-diode
that is employed in standard AFM systems. All designs have specific features to
significantly promote the torsion of the cantilever with respect to the bending
of the cantilever, to optimally take advantage of the double-tip configuration,
while at the same time minimizing the side effects such as in-plane flexibility of
the cantilevers.

A fabrication process was developed for two of the designs which proves the
design concepts work in terms of manufacturability. SEM inspection shows that
the corner lithography method works well on the photo resist used during the
definition of the cantilever, which results in a self-aligned hinge with respect to
the center of the cantilever.

As a proof of principle one cantilever design is used to measure two topo-
graphy images in parallel on the same substrate, resulting in a height image and
torsion image from which the topography images are derived using a first-order
model, which successfully shows the underlying principle.
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Chapter 7

Conclusion and Outlook

7.1 Conclusions

The aim of the research presented in this thesis focusses on the wafer-scale
batch fabrication of tetrahedral tips in (111) silicon, which have applications
e.g. in scanning probe methods like AFM. Part of the justification for the invest-
igation into fabrication methods for tetrahedral tips comes from the inherent
flaws that pyramidal pits, which are commonly use as molds for all kinds of tips,
exhibit. Due to small imperfections which are inevitable at the nanometer scale,
pyramidal pits typically end in a knife blade-like apex, rather than in the optimal
single point. In Chapter 2 this issue is addressed by firstly modelling the effect
of rotation of the photolithographic mask used in the anisotropic etching step,
which is confirmed to theoretically result in a minimization of the apex length,
when a rectangular mask pattern is rotated by 45 degree with respect to the crys-
tal structure. Furthermore the expected causes for deviations and for factors
that can not be controlled are identified and modelled. Secondly, the models
and hypotheses are experimentally verified and indeed show a minimization
of the apex length at a rotation of 45 degree. However, the manifestation of the
modelled systematic errors is also significantly influencing the results, which
results in an “optimal” mean apex length of 25 nm. This shows the physical
limits of the sharpness of the pyramidal pits often used in molded tip fabrica-
tion but also gives approaches to investigate in case one were to insist on using
pyramidal pits for their fabrication processes.

To overcome this physical limit, the obvious route is to make three plane
tips as three planes always intersect in a single point. Here two approaches
have been taken, the first being the indirect fabrication presented in Chapter
3 by first making molds, just like for the pyramidal pits, and then creating tips
from those molds. The second approach is the direct fabrication by shaping
the silicon to form three plane tips, which is presented in Chapter 4. For both
approaches, (111) silicon wafers are used to take optimal advantage of the tet-
rahedral structure of the {111} planes in (111) wafers, which using anisotropic
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etching techniques results in atomically smooth tips or mold surfaces.
Concerning the indirect route presented in Chapter 4, molds have been

made with the inevitable triangular bottom surface as small as 50 nm, in which
subsequently a conformal layer is deposited to get perfectly sharp molds. With
such molds, a variety of tips has been fabricated. Tetrahedral tips are made
with and without oxidation sharpening of the conformally filled silicon mold,
resulting in high aspect-ratio tips with tip radii as small as 3 nm. As an altern-
ative route, instead of conformal deposition in the silicon mold, direct thermal
oxidation of the silicon is performed to form tripod shaped tips with three tips
in the same plane for a relatively short oxidation time and with a single tip with
tip radii as small as 8 nm for a relatively long oxidation time. Without filling
the silicon molds with a conformal layer, tips with a well controlled perfectly
smooth triangular top surface have been fabricated, with a precise size control
via the mold fabrication process. Multiple of these tip types have been further
developed into working AFM probes which resulted in successful AFM meas-
urements with tips originating from the oxidation sharpened conformally filled
mold, with a high spatial resolution confirming the SEM analysis in terms of the
tip radius of the tips.

Whereas all the {111} planes in the mold are developed in the same aniso-
tropic etching step, for the directly fabricated silicon tetrahedral tips in Chapter
4, the convex corners between the respective {111} planes require an approach
in which one side of the tetrahedral tip is etched at the time. A process is de-
veloped that does not require any thermal oxidation steps that would comprom-
ise the {111} crystal planes that form the sides of the tip, and that is optimized
by using a combination of DRIE and wet anisotropic etching to minimize the
over-etching of the silicon {111} planes. Although several practical issues during
fabrication, such as the underetching of the second (111) plane and the effects
of the masking layers and the removal thereof, result in roughness of the tip and
apparent rounding of the tip, probes with a cantilever with a symmetric tetra-
hedral tip at the very end of the cantilever have been fabricated and successfully
used in AFM measurements which leads to a tip radius around 10 nm.

Using the tips and fabrication processes developed in Chapter 3 and 4, more
advanced tip types are devised and proofs of principle have been fabricated,
showing the capabilities of making complex probes such as probes with wire
frame structures as tips. Such wire frames consist, due to their geometry, of
three wires which intersect in a single point at the very apex of the tip. Further-
more silicon oxide tips have been fabricated with apertures at the apex of the tip
with inner diameters as small as 13 nm and with a perfect three fold symmetry.

Apart from developing tips with a high spatial resolution, AFM probes have
been developed with a high time resolution, thus probes with a high reson-
ance frequency, by devising electrostatically actuated probes which have been
designed such that standard optical deflection detection can be used for detec-
tion of the tip movement. Several probes have been modelled and fabricated,
showing high resonance frequencies up to 643 kHz. Models confirmed the ex-
pected room for further improvement and by performing AFM measurements
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by means of electrostatic actuation of the probe at 432 kHz and at a scan speed
of 8 lines per second, being limited only by the x-y stage of the AFM system,
resulting in a imaging resolution better than 15 nm, the working principle and
read-out method are successfully confirmed.

Another approach to the original problem of pyramidal pits, as described
in Chapter 2, is to take advantage of the knife blade-like apex by elongation
of the pyramidal pit to form a V-groove, which after low temperature thermal
oxidation is sharpened such that two distict pits form at the ends of the V-groove,
which after using the pit as a mold, results in a long V-shaped tip with two small
tips at the ends of the V-shaped tip. Such a tip is used in combination with a
special cantilever which is optimized to twist, such that both tip displacements
are measured in parallel. Several designs have been modelled and optimized
to fulfil the boundary condition of a lower torsional stiffness compared to the
bending stiffness, while having a high in-plane bending stiffness and an out-
of-plane bending stiffness comparable to the bending stiffness of conventional
AFM cantilevers. A proof of principle AFM measurements shows the successful
combination of the bending information and the twisting information obtained
from the standard four quadrant photodiode detector present in commercial
AFM systems to determine the topography measured by each individual tip.

7.2 Outlook

With the results of Chapter 2, the fabrication of any structure comprising an
anisotropically etched pyramidal pit at any phase in the fabrication process can
be optimized to tune the mask pattern to minimize the apex length of the pyr-
amidal pit and thus of the eventual structure originating from such a pit. This
could in principle be further optimized depending on the requirements, as in-
dicated in the same chapter. This in principle means that any kind of structure
that has been made or is currently using such a fabrication procedure could be
made much more symmetric and closer to the physical limits of the entire fab-
rication process, which should translate into higher yields for such structures.
This could be a subject for future investigations. Furthermore, more diverse
experiments and statistical analysis would result in a better understanding of
some of the physical boundaries that have now been encountered.

For several fabrication processes, such as described in Chapter 4 and 6, the
fabricated tips and probes are not fully optimized. New knowledge obtained
during the fabrication processes has led to new insights, specifically in the case
of the silicon tetrahedral tips. Furthermore, especially for the probes discussed
in Chapter 6, the probes were not optimized for their envisioned purpose but
were fabricated as a proof-of-principle, to show the working principle. Further
optimization would result in a much more torsion compliant probe in the case
of the probe discussed in Section 6.3, as the models suggest. Concerning the
probe discussed in Section 6.2, even higher resonance frequencies could be ob-
tained by electrostatic actuation and by employing such probes in a dedicated
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AFM that can achieve higher scanning speeds, true electrostatic tapping mode
video-rate AFM should in principle be possible.

Using the methods and fabrication processes developed in Chapter 5, which
resulted in a number of tips without functionality, several types of functional
probes, membranes or other complex three dimensional structures can be
made. The benefits of using tetrahedral tips in general has been discussed
thoroughly and therefore the structures discussed in Chapter 5 could very well
be direct replacements of the pyramidal versions that can be found in literature
and that are commercially available. More added functionality is possible by
extra patterning, deposition or metallization steps to form electrical, thermal,
magnetic or mechanical sensors, which could be either in a probe format or any
other format as the fabrication process is fully compatible with conventional
methods for fabrication of such devices.
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Appendix A

Pyramidal pit structures process
flow

In Chapter 2 and 6 several structures with pyramidal pits are discussed. The process
flows for these structures happen to have a great deal of overlap and follow up on each
other. Therefore, the process steps for the formation of a pyramidal pit are first described,
as discussed in Chapter 2. Subsequently the process steps for a relatively simple tip-and-
cantilever structure, made using a pyramidal pit is described, as discussed in Section 6.3.
Finally, the additional process steps for a more complex cantilever structure around the
simple cantilever is described, as discussed in Section 6.2.

A.1 Pyramidal pits process steps

Step Process Comment

1 Silicon substrate selection
Orientation: (111)
Diameter: 100 mm
Thickness: 525µm
Polished: one side polished (OSP)
Resistivity: 5–10Ω cm
Type: P/Boron

2 Pre-furnace cleaning
• Cleaning in 99 % HNO3, 2×5 min
• Quick Dump Rinse (QDR)
• Cleaning in 69 % HNO3 at 95 ◦C, 10 min
• Quick Dump Rinse (QDR)
• Etching in 1 % HF, 1 min
• Quick Dump Rinse (QDR)
• Substrate drying

Continued on next page
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Table A.1 Pyramidal pits process steps (continued)

Step Process Comment

3 Wet oxidation of silicon at 900 ◦C
• Temp.: 900 ◦C
• Gas: H2O + N2 (Bubbler)
• Time: 30 min

∼110 nm on
{111}

4 Lithography of Olin OiR 907-17 - Pit definition
• Dehydration bake on hotplate, 5 min @ 120 ◦C
• Priming HMDS (liquid), spinning 30 s @ 4000 rpm
• Coating of Olin OiR 907-17, spinning 30 s @

4000 rpm
• Pre-bake on hotplate, 90 s @ 95 ◦C
• Alignment & exposure of Olin OiR 907-17, 4 s
• After-exposure bake on hotplate, 60 s @ 120 ◦C
• Development of Olin OiR resists, 2×30 s in

OPD4262
• Quick Dump Rinse (QDR)
• Substrate drying
• Post-bake of Olin OiR resists on hotplate, 10 min

@ 120 ◦C

Pyramidal pit
mask

5 Surface modication by Ozon UV PRS 100 reactor
• Time = 300 s

6 Etching in BHF
• Temp.: Room temperature
• Time: ∼150 s
• Quick Dump Rinse (QDR)
• Substrate drying

Hydrophobic
backside

7 Stripping of resists
• Resist stripping in 99 % HNO3, >10 min
• Quick Dump Rinse (QDR)
• Substrate drying

8 Anisotropic etching in KOH
• Etching in 1 % HF, 1 min
• Quick Dump Rinse (QDR)
• KOH etching, ∼10 min in 25 wt% @ 75 ◦C
• Quick Dump Rinse (QDR)
• RCA-2 cleaning, 10 min at 70 ◦C
• Quick Dump Rinse (QDR)
• Substrate drying

KOH to fully de-
velop pyramidal
pit or V-groove

9 SEM inspection
HR-SEM to determine apex length.
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A.2 Molded tip and cantilever process steps

Step Process Comment

10 Etching the silicon oxide mask
• Etching in BHF (1:7) at room temperature, for ∼

150 s to remove all oxide
• Quick Dump Rinse (QDR)
• Substrate drying

12 Pre-furnace cleaning

13 Wet oxidation of silicon at 900 ◦C
• Temp.: 900 ◦C
• Gas: H2O + N2 (Bubbler)
• Time: 30 min

For oxidation
sharpening,
might be op-
tional depending
on the process
and desired res-
ult.

14 LPCVD of low-stress SiRN
• SiH2Cl2 flow: 77.5 sccm
• NH3 flow: 20 sccm
• temperature: 850 ◦C
• pressure: 150 mtorr
• N2 low: 250 sccm
• deposition rate: ±4 nm/min
• N f : ±2.18
• Residual stress: ±50 MPa
• Thickness: 360 nm

Include dummy
for thickness
measurement
and etch rate
determination.

15 Lithography of Olin OiR 907-17 - Cantilever defini-
tion

Cantilever mask

16 RIE of SiRN and SiO2 - Cantilever etching
• Pressure: 10 mtorr
• CHF3 gasflow: 25 sccm
• O2 gasflow: 5 sccm
• Power: 60 W
• Electrode temp: 10 ◦C

Etch through
SiRN and silicon
oxide layers

17 Stripping of resists
• Resist stripping in 99 % HNO3, >10 min
• Quick Dump Rinse (QDR)
• Substrate drying

With this, the cantilever is finished and ready for bonding to the glass carrier wafer later,
or for the more complex probe processing for Section 6.2, as described below.
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A.3 Double cantilever process steps

Step Process Comment

18 Pre-furnace cleaning

19 LPCVD of poly-silicon
• SiH4 flow: 50 sccm
• Temperature: 610 ◦C
• Pressure: 250 mtorr
• Thickness: 1000 nm

20 Lithography of Olin OiR 907-17 - Sacrificial and
support layer definition

Poly mask

21 RIE of poly-silicon - Sacrificial layer etching
• Pressure: 100 mtorr
• SF6 gasflow: 30 sccm
• CHF3 gasflow: 7 sccm
• O2 gasflow: 11 sccm
• Power: 60 W
• Electrode temp: 10 ◦C

22 Stripping of resists

23 Pre-furnace cleaning

24 LPCVD of low-stress SiRN
• Thickness: 1000 nm

25 Lithography of Olin OiR 907-17 - Big cantilever
definition

Big cantilever
mask

26 RIE of SiRN - Big cantilever etching Etch through
both SiRN layers

After this process, the cantilevers are finished and further processing consists of anodic
bonding to a pre-processed glass handle wafer that will form the probe base, and removal
of the silicon, followed by optional metalization where needed. This is however not
further discussed here, but a similar process is described in Appendix C, specifically in
Section C.3.



Appendix B

Models of pyramidal pits

In Chapter 2 several analytic formulas are presented to describe the influence of effects
that play a role in the apex length of pyramidal pits. These models are further described
here.

This Appendix is based on the Master Thesis of Dimitris Nikoloutsopoulos, titled "Devel-
opment of ultra-sharp pyramidal pits in silicon substrates".

B.1 Model of the rotation of a perfect rectangle

We consider a rectangle of sides a and b, where b = a − ε0. Rotation of this rectangle
results in a pyramidal pit of size c by d , where c and d are given by:

c = a cos(θ)+b sin(θ)

d = b cos(θ)+a sin(θ)

This results in an apex length ε(θ) given by:

ε(θ) = c −d

= a cos(θ)+b sin(θ)−b cos(θ)+a sin(θ)

= a [cos(θ)− sin(θ)]−b [cos(θ)− sin(θ)]

= a [cos(θ)− sin(θ)]− (a −ε0) [cos(θ)− sin(θ)]

Thus:
ε(θ) = ε0 [cos(θ)− sin(θ)]

This means that ε(θ) = 0 for θ = 45°+n ×90°, n = 1,2,3. For small angular deviations α
from this situation, ε can be written as:

ε(α) = ε0

[
cos(

π

4
+α)− sin(

π

4
+α)

]
ε(α) = ε0

[(p
2

2
cos(α)−

p
2

2
sin(α)

)
−

(p
2

2
cos(α)+

p
2

2
sin(α)

)]
Resulting in:

ε(α) =−ε0
p

2sinα
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B.2 Asymmetric rounding model
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FIGURE B.1 – a) Square mask opening with one diagonal shortened by a distance
d = (HB). b) The effect on a pyramidal pit in blue after rotating the square opening by an
angle θ.

This model describes the effect of a square mask opening with asymmetric rounding
of the corner, thus effectively having one diagonal shorter, symmetrically towards the
center of the square, by a length d , as depictend in Figure B.1.

Given a square with side length a, (ABΓ∆) with diagonal (AΓ) =p
2 a. Let one diagonal

be shorter by d = (HB), so diagonal (∆H) = (AΓ)−d =p
2 a −d . This results in an angle

φ between the “normal” location of the right side (BΓ) and the “rotated” location of the
right side (HΓ):

φ= sin−1
(

(H Z )

(HΓ)

)

With:

(H Z ) = dp
2

(HΓ) =
√

(KΓ)2 + (K H)2

=
√(

(AΓ)

2

)2
+

(
(AΓ)

2
−d

)2

=
√√√√(p

2 a

2

)2

+
(p

2 a

2
−d

)2

Resulting in:

φ= sin−1


dp

2√(
ap
2

)2 +
(

ap
2
−d

)2

= sin−1

 d

p
2

√
a2

2 +
(

ap
2
−d

)2



For a such a deformed square mask opening, when rotated, the apex length is given by:

ε= (P M)− (MG)

= (P∆)+ (∆M)− (ΓM)− (ΓG)
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With:

α= 90°−θ
(P∆) = (A∆)cos(α) = a sin(θ)

(∆M) = (∆Γ)cos(θ) = a cos(θ)

(ΓM) = (∆Γ)sin(θ) = a sin(θ)

(ΓG) = (HΓ)cos(φ+θ)

Thus the length of the blade-apex is given by:

ε(d ,θ) = a sin(θ)+a cos(θ)−a sin(θ)− (HΓ)cos(φ+θ)

= a cos(θ)− (HΓ)cos(φ+θ)

ε(d ,θ) = a cos(θ)−
√

a2

2
+

(
ap
2
−d

)2
cos(θ+φ)

B.3 Influences of orientation inaccuracy of a silicon wafer

We have a (001) Si wafer with an orientation inaccuracy (tilt) λ, assuming the simple
case of only a tilt λ of the {001} planes, around an axis parallel to the [011] direction. To
compensate for the inaccuracy and obtain a perfect Si pit the square mask with sides
(AB) = (AT ) would have to be shaped as an isosceles trapezoid. A sketch of the full
geometrical situation is shown in Figure B.2. The isosceles trapezoid (AΓK B) is given by:

(BF )

sin(λ)
= (AT )

sin(F̂ )
= (AB)

sin(F̂ )
= (AF )

si n(B̂)
⇒

(BF ) = sin(λ)

sin(F̂ )
(AB)

= sin(λ)

sin(125.3°−λ)
(AB)

(MF ) = (BF )sin(B̂)

= sin(λ)

sin(125.3°−λ)
(AB)sin(B̂)

= sin(λ)sin(54.7°))

sin(125.3°−λ)
(AB)

Furthermore,

(ΓF ) = (MF )

tan(54.7°)

= sin(λ)cos(54.7°)

sin(125.3°−λ)
(AB)
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FIGURE B.2 – Schematic sketch of the geometrical situation of a tilted crystal orientation.
a) The (001) plane (along the line (AT )) is tilted with respect to the wafer surface (the grey
line) by angle λ (side view). b) cross-section of the extrapolated pyramid above the surface
of the wafer (front view), the wafer surface is again indicated by the grey line. c)
Cross-section of the extrapolated pyramid above the surface of the wafer (side view). d)
Triangle of the part of the pyramid that extends above the wafer surface (both Γ and A are
on the wafer surface), tangential to the (111) side plane. e) Trapezoidal mask
compensating for the tilt in black, the actual square mask (red), and the pyramidal pit
(blue) resulting from the square mask. f) Trapezoidal mask compensating for the tilt in
black, square mask in red rotated by 45° with respect to the [011] direction, and the
pyramidal pit in blue resulting from the the square mask rotated by 45°.

For simplicity this fraction is defined as k:

k = sin(λ)cos(54.7°)

sin(125.3°−λ)

= 1

1+p
3cot(λ)

(ΓF ) = (E M) = (H Z )

(KΓ) = (AB)−2(E M)

= (AB)−2k(AB)

= (AB)(1−2k)
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(TΓ) = (AB)− (GΓ)

= (AB)− (KΓ)

= (AB)− (AB)(1−2k)

= 2k(AB)

(AΓ)2 = (TΓ)2 + (AT )2 −2(TΓ)(AT )cos(�ATΓ) ⇒
(AΓ) = (AB)∗

√
4k2 −2k +1

The length of the blade-apex that will result if a square mask is used, aligned with the
primary flat of the wafer, is equal to (T P ):

tan(β) = (T P )

(AT )
= (T P )

(AB)
,

β= 90°−ω

ω is calculated by:

(AL) = 1

2
((AB)− (KΓ)) = k(AB)

(ΓL) =
√

(AΓ)2 − (AL)2

=
√

(AΓ)2 − 1

4
((AB)− (ΓK ))2

= (AB)∗
p

k +1

ω= tan−1
(

(ΓL)

(AL)

)
= tan−1

(p
(k +1)

k

)
Thus, for no rotation, the apex length is given by:

ε(k) = (AB)∗ kp
k +1

To calculate the situation when the square mask is rotated by 45°, the ratio of the height
of the (AΓK B) trapezoid over the segment (W Y ), which connects the mid-points of the
two sides of the trapezoid (AΓ) and (BK ), is calculated:

(W Y ) = (W J )+ (J X )+ (X Y )

= 2(W J )+ (KΓ)

= 2(W Γ)cos(ω)+ (KΓ)

= 2
(AΓ)

2
∗cos(ω)+ (KΓ)

= (AΓ)∗cos(ω)+ (KΓ)

= (AB)∗
√

4k2 −2k +1∗cos(ω)+ (AB)∗ (1−2k)

= (AB)∗
(√

4k2 −2k +1∗cos(ω)−2k +1
)
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(ΓL)

(W Y )
=

p
k +1√

4k2 −2k +1∗cos(ω)−2k +1
⇒

(W Y ) =
(√

4k2 −2k +1∗cos(ω)−2k +1p
k +1

)
(ΓL)

=

√
4k2 −2k +1

/√
k +1

k2
+1−2k +1

p
k +1

(ΓL)

To obtain a perfect pit after rotating the square (K ′W ′P ′Y ′) by 45° with respect to the
primary flat of the wafer, the following condition must be full filled:

(W ′Y ′) =

√
4k2 −2k +1

/√
k +1

k2
+1−2k +1

p
k +1

(K ′P ′)

However (W ′Y ′) = (K ′P ′) (square mask opening). In that case the pit will result in a
bottom apex length given by:

ε(k) = (W ′Y ′)−

√
4k2 −2k +1

/√
k +1

k2
+1−2k +1

p
k +1

(K ′P ′) ⇒

=p
2 (AB)

1−

√
4k2 −2k +1

/√
k +1

k2
+1−2k +1

p
k +1





Appendix C

Molded tips & probes process flow

Molded SiRN probes have been fabricated with several approaches. The following pro-
cess flow describes the full process including the structuring of the glass handle wafer,
and thus the fabrication of the complete AFM probe. In Chapter 3 several approaches to
make different types of tips are described. These types are easily made by adapting step
13 and 14 in the process below in the ways described in Chapter 3.

C.1 Silicon wafer process steps

Step Process Comment

1 Silicon substrate selection
Orientation: (111)
Diameter: 100 mm
Thickness: 525µm
Polished: one side polished (OSP)
Resistivity: 5–10Ω cm
Type: P/Boron

2 Pre-furnace cleaning
• Cleaning in 99 % HNO3, 2×5 min
• Quick Dump Rinse (QDR)
• Cleaning in 69 % HNO3 at 95 ◦C, 10 min
• Quick Dump Rinse (QDR)
• Etching in 1 % HF, 1 min
• Quick Dump Rinse (QDR)
• Substrate drying

3 Wet oxidation of silicon at 900 ◦C
• Temp.: 900 ◦C
• Gas: H2O + N2 (Bubbler)
• Time: 30 min

∼110 nm on
{111}

Continued on next page

107



108 Appendix C – Molded tips & probes process flow

Table C.1 Silicon wafer process steps (continued)

Step Process Comment

4 Lithography of Olin OiR 907-17 - Hole definition
• Dehydration bake on hotplate, 5 min @ 120 ◦C
• Priming HMDS (liquid), spinning 30 s @ 4000 rpm
• Coating of Olin OiR 907-17, spinning 30 s @

4000 rpm
• Pre-bake on hotplate, 90 s @ 95 ◦C
• Alignment & exposure of Olin OiR 907-17, 4 s
• After-exposure bake on hotplate, 60 s @ 120 ◦C
• Development of Olin OiR resists, 2×30 s in

OPD4262
• Quick Dump Rinse (QDR)
• Substrate drying
• Post-bake of Olin OiR resists on hotplate, 10 min

@ 120 ◦C

Hole mask

5 Surface modication by Ozon UV PRS 100 reactor
• Time = 300 s

6 Etching in BHF
• Temp.: Room temperature
• Time: ∼150 s
• Quick Dump Rinse (QDR)
• Substrate drying

Hydrophobic
backside

7 DRIE of Silicon tapered structures
Machine: Adixen SE
• Temp.: −40 ◦C
• Substrate holder: 200 mm
• He cooling pressure: 10 mbar

Parameters Etch Deposition

Gas SF6 C4F8
Flow [sccm] 150 175
Time [sec] 1.0 0.5
Priority 2 1
ICP [Watt] 1500 1500
CCP LF [Watt] 60 60
Pulsed LF[msec] 10/90 10/90
APC [%] 100 100

Etch 40 min

8 Removal of fluorocarbon and resist
• Remove fluorocarbon and resist after DRIE/RIE in

O2 Plasma
• Resist stripping in 99 % HNO3, >10 min
• Quick Dump Rinse (QDR)
• Substrate drying

Continued on next page
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Table C.1 Silicon wafer process steps (continued)

Step Process Comment

9 Anisotropic etching in KOH
• Etching in 1 % HF, 1 min
• Quick Dump Rinse (QDR)
• KOH etching, 1 h in 60 wt% @ 25 ◦C
• Quick Dump Rinse (QDR)
• RCA-2 cleaning, 10 min at 70 ◦C
• Quick Dump Rinse (QDR)
• Substrate drying

10 SEM inspection
HR-SEM with in-lens detection to determine triangu-
lar bottom surface size.

11 Etching the silicon oxide mask
• Etching in BHF (1:7) at room temperature, for ∼

150 s to remove all oxide
• Quick Dump Rinse (QDR)
• Substrate drying

12 Pre-furnace cleaning

13 LPCVD of TEOS SiO2
• TEOS flow: 40 sccm
• Bubbler N2 : 30 sccm
• Temperature: 725 ◦C
• Pressure: 400 mtorr
• Deposition rate: ∼10 nm/min
• Wafer non-uniformity: 3.6 %
• Boat non-uniformity: 1.0 %
• N f : 1.434

Thickness de-
pending on size
of bottom sur-
face. Min thick-
ness = 0.41 * side
triangles. In-
clude dummy to
check thickness
and to determine
etch rate later.

14 LPCVD of low-stress SiRN
• SiH2Cl2 flow: 77.5 sccm
• NH3 flow: 20 sccm
• temperature: 850 ◦C
• pressure: 150 mtorr
• N2 low: 250 sccm
• deposition rate: ±4 nm/min
• N f : ±2.18
• Residual stress: ±50 MPa
• Thickness: 600 nm

Include dummy
for thickness
measurement
and etch rate
determination.

15 LPCVD of TEOS SiO2 10 nm for im-
proved bonding
later

Continued on next page
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Table C.1 Silicon wafer process steps (continued)

Step Process Comment

16 Lithography of Olin OiR 907-17 - Cantilever defini-
tion

SiRN mask

17 RIE of SiRN and TEOS - Cantilever etching
• Pressure: 10 mtorr
• CHF3 gasflow: 25 sccm
• O2 gasflow: 5 sccm
• Power: 60 W
• Electrode temp: 10 ◦C

Etch through all
TEOS and SiRN
layers

18 Stripping of resists
• Resist stripping in 99 % HNO3, >10 min
• Quick Dump Rinse (QDR)
• Substrate drying

19 Lithography of Olin OiR 908-35 - Through wafer
holes
• Dehydration bake on hotplate, 5 min @ 120 ◦C
• Priming HMDS (liquid), spinning 30 s @ 4000 rpm
• Coating of Olin OiR 908-35, spinning 30 s @

4000 rpm
• Pre-bake on hotplate, 90 s @ 95 ◦C
• Alignment & exposure of Olin OiR 908-35, 9 s
• After-exposure bake on hotplate, 60 s @ 120 ◦C
• Development of Olin OiR resists, 2×30 s in

OPD4262
• Quick Dump Rinse (QDR)
• Substrate drying
• Post-bake of Olin OiR resists on hotplate, 10 min

@ 120 ◦C
• Hard-bake of Olin OiR resists on hotplate, 60 min

@ 150 ◦C

Backside DRIE
mask. On front-
side!

Continued on next page
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Table C.1 Silicon wafer process steps (continued)

Step Process Comment

20 DRIE of silicon: Pulsed C4F8, wafer through
Machine: Adixen AMS 100 SE
• Temp.: −40 ◦C
• Substrate holder: 110 mm
• He cooling pressure: 10 mbar

Parameters Etch Deposition

Gas SF6 C4F8
Flow (sccm) 500 175
Time (sec) 4 0.5
Priority 2 1
APC % 15 15
ICP (Watt) 2500 2500
CCP (Watt) 20 20
Pulsed (msec) 20/80 20/80

Wafer through
∼525µm, stops
on TEOS/SiRN
stack on back-
side.

21 Lithography of Olin OiR 907-17 - Backside silicon
support frame definition

On backside, Si
Frame mask

22 RIE of SiRN and TEOS - Backside etching Etch through all
TEOS and SiRN
layers

23 Removal of fluorocarbon and resist Both on front-
and backside

24 Pre-furnace cleaning Perform cleaning
shortly before
anodic bonding
process

C.2 Glass wafer process steps

Step Process Comment

25 Glass substrate selection
Type: Borofloat 33
Diameter: (100.0±0.3) mm
Thickness: (500±25)µm

26 In-line cleaning of glass substrates
• Cleaning in 99 % HNO3, 2×5 min
• Quick Dump Rinse (QDR)
• Substrate drying

Continued on next page
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Table C.2 Glass wafer process steps (continued)

Step Process Comment

27 Lithography of Olin OiR 907-17 - Pattern for dicing
top side

Glass mask, top
side

28 Dicing of glass wafer
• Application of Nitto SWT 10 dicing foil
• Dicing:

– Disco DAD dicing saw
– Dicing blade: TC300 2.187-12A
– Feed speed: 5 mm/s
– Dicing depth: 250µm
– X-spacing: 2000µm (42 lines)
– Y-spacing: 3600µm (24 lines)

• Manually remove dicing foil
• Ultrasonic cleaning in Acetone for 10 min
• Ultrasonic cleaning in Isopropanol for 10 min
• Quick Dump Rinse (QDR)
• Substrate drying

29 Stripping & cleaning of glass substrates
• Resist stripping in 99 % HNO3, >10 min
• Quick Dump Rinse (QDR)
• Cleaning in 99 % HNO3, 2×5 min
• Quick Dump Rinse (QDR)
• Substrate drying

Perform cleaning
shortly before
anodic bonding
process

C.3 Bonding and waferstack process steps

Step Process Comment

30 Anodic bonding
• Alignment of glass wafer to silicon wafer
• Prebond in anodic bonding chuck
• Anodic bonding:

– Temperature: 400 ◦C
– Voltage: 1000 V in 200 V steps
– Pressure: <10×10−1 mbar
– Force: 300 N

Align diced lines
to SiRN pattern

Continued on next page
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Table C.3 Bonding and waferstack process steps (continued)

Step Process Comment

31 Dicing of glass wafer
• Application of Nitto SWT 10 dicing foil
• Dicing:

– Disco DAD dicing saw
– Dicing blade: TC300 2.187-12A
– Feed speed: 5 mm/s
– Dicing depth: 300µm
– Y-spacing: 3600µm (2×24 lines)

• Manually remove dicing foil
• Ultrasonic cleaning in Acetone for 10 min
• Ultrasonic cleaning in Isopropanol for 10 min
• Quick Dump Rinse (QDR)
• Substrate drying

Only horizontal
lines, double
lines aligned to
SiRN pattern

32 Anisotropic etching to remove Si wafer
• Etching in 1 % HF for 1 min
• Quick Dump Rinse (QDR)
• Etching in TMAH (25 wt%) at 90 ◦C for 6 to 8 h
• Quick Dump Rinse (QDR)
• Substrate drying

33 Etching of the TEOS layers
• Etching in BHF (1:7) at room temperature, for ∼

60 s to remove all TEOS
• Quick Dump Rinse (QDR)
• Substrate drying





Appendix D

Silicon tips & probes process flow

Step Process Comment

1 Silicon substrate selection
Silicon-On-Insulator wafer
Diameter: 100 mm
Polished: double sided polished (DSP)
Device layer:
• Orientation: (111)
• Thickness: (20.0±0.5)µm
• Resistivity: 0.1–0.2Ω cm
• Type: P/Boron
Buried oxide thickness: (3±1)µm
Handle layer:
• Orientation: (001)
• Thickness: 380µm
• Type: P/Boron

2 Pre-furnace cleaning
• Cleaning in 99 % HNO3, 2×5 min
• Quick Dump Rinse (QDR)
• Cleaning in 69 % HNO3 at 95 ◦C, 10 min
• Quick Dump Rinse (QDR)
• Etching in 1 % HF, 1 min
• Quick Dump Rinse (QDR)
• Substrate drying

3 Wet oxidation of silicon at 900 ◦C
• Temp.: 900 ◦C
• Gas: H2O + N2 (Bubbler)
• Time: 30 min

∼110 nm on
{111}

Continued on next page
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Table D.1 Silicon wafer process steps (continued)

Step Process Comment

4 Lithography of Olin OiR 907-17 - Alignment marks
definition
• Dehydration bake on hotplate, 5 min @ 120 ◦C
• Priming HMDS (liquid), spinning 30 s @ 4000 rpm
• Coating of Olin OiR 907-17, spinning 30 s @

4000 rpm
• Pre-bake on hotplate, 90 s @ 95 ◦C
• Alignment & exposure of Olin OiR 907-17, 4 s
• After-exposure bake on hotplate, 60 s @ 120 ◦C
• Development of Olin OiR resists, 2×30 s in

OPD4262
• Quick Dump Rinse (QDR)
• Substrate drying
• Post-bake of Olin OiR resists on hotplate, 10 min

@ 120 ◦C

Backside - align-
ment mask

5 RIE of Oxide - Backside etching
• Pressure: 10 mtorr
• CHF3 gasflow: 25 sccm
• O2 gasflow: 5 sccm
• Power: 60 W
• Electrode temp: 10 ◦C

Etch through the
oxide layer

6 DRIE of Silicon - High aspect ratio
Machine: Adixen AMS 100 SE
• Temp.: 10 ◦C
• Substrate holder: 200 mm
• He cooling pressure: 10 mbar

Parameters Etch Deposition

Gas SF6 C4F8
Flow [sccm] 250 200
Time [sec] 1.0 0.5
Priority 2 1
ICP [Watt] 1500 1500
CCP LF [Watt] 80 80
Pulsed LF[msec] 10/90 10/90
APC [%] 100 100

Etch ∼5 min to
reach 5–15µm
depth

7 Removal of fluorocarbon and resist
• Remove fluorocarbon and resist after DRIE/RIE in

O2 Plasma
• Resist stripping in 99 % HNO3, >10 min
• Quick Dump Rinse (QDR)
• Substrate drying

Continued on next page
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Table D.1 Silicon wafer process steps (continued)

Step Process Comment

8 Etching the silicon oxide mask
• Etching in BHF (1:7) at room temperature, for ∼

150 s to remove all oxide
• Quick Dump Rinse (QDR)
• Substrate drying

9 Pre-furnace cleaning

10 LPCVD of low-stress SiRN
• SiH2Cl2 flow: 77.5 sccm
• NH3 flow: 20 sccm
• temperature: 850 ◦C
• pressure: 150 mtorr
• N2 low: 250 sccm
• deposition rate: ±4 nm/min
• N f : ±2.18
• Residual stress: ±50 MPa
• Thickness: 150–200 nm

Include dummy
for thickness
measurement
and etch rate
determination.

11 Lithography of Olin OiR 907-17 - Left flank defini-
tion

Left flank mask

12 RIE of SiRN - Left flank etching
• Pressure: 10 mtorr
• CHF3 gasflow: 25 sccm
• O2 gasflow: 5 sccm
• Power: 60 W
• Electrode temp: 10 ◦C

Etch through
SiRN layer

13 Stripping of resists
• Resist stripping in 99 % HNO3, >10 min
• Quick Dump Rinse (QDR)
• Substrate drying

14 Lithography of Olin OiR 907-17 - Left flank narrow
definition

Left flank narrow
mask

Continued on next page
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Table D.1 Silicon wafer process steps (continued)

Step Process Comment

15 DRIE of Silicon - High aspect ratio
Machine: SPTS Pegasus
Temperature: 20 ◦C

Parameters Etch Deposition

Gas SF6 C4F8
Flow [sccm] 150 100
Time [sec] 1.75 0.5
ICP [Watt] 1600 1800
CCP LF [Watt] 20→30 0
Pulsed LF[duty cycle %] 20 Off
APC [%] 26 20

Etch ∼2.5–3 min
to reach BOX
layer

16 Removal of fluorocarbon and resist
• Remove fluorocarbon and resist after DRIE/RIE in

O2 Plasma
• Resist stripping in 99 % HNO3, >10 min
• Quick Dump Rinse (QDR)
• Substrate drying

17 Anisotropic etching in KOH
• Etching in 1 % HF, 1 min
• Quick Dump Rinse (QDR)
• KOH etching, ∼15 min in 25 wt% @ 75 ◦C
• Quick Dump Rinse (QDR)
• RCA-2 cleaning, 10 min at 70 ◦C
• Quick Dump Rinse (QDR)
• Substrate drying

Fully develop
first side plane in
KOH

18 Pre-furnace cleaning

19 LPCVD of low-stress SiRN
Thickness: 150–200 nm

20 Lithography of AZ-9260 - Right flank definition
• Dehydration bake on hotplate, 5 min @ 120 ◦C
• Priming HMDS (liquid), spinning 30 s @ 4000 rpm
• Coating of AZ-9260 resist, spinning 30 s @

2400 rpm
• Pre-bake on hotplate, 165 s @ 110 ◦C
• Alignment & exposure of AZ-9260, 3× 12 s expos-

ure, 10 sdelay
• Development of AZ-9260 resist, 2×7.5 min in

OPD4262
• Quick Dump Rinse (QDR)
• Substrate drying

Right flank mask

Continued on next page
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Table D.1 Silicon wafer process steps (continued)

Step Process Comment

21 RIE of SiRN - Right flank etching Etch through 2
SiRN layers

22 Stripping of resists

23 Lithography of AZ-9260 - Right flank narrow defin-
ition

Right flank nar-
row mask

24 DRIE of Silicon - High aspect ratio
Machine: SPTS Pegasus

Etch ∼2.5–3 min
to reach BOX
layer

25 Removal of fluorocarbon and resist

26 Anisotropic etching in KOH
• Etching in 1 % HF, 1 min
• Quick Dump Rinse (QDR)
• KOH etching, ∼15–20 min in 25 wt% @ 75 ◦C
• Quick Dump Rinse (QDR)
• RCA-2 cleaning, 10 min at 70 ◦C
• Quick Dump Rinse (QDR)
• Substrate drying

Fully develop
second side
plane in KOH

27 Pre-furnace cleaning

28 LPCVD of low-stress SiRN
Thickness: 150–200 nm

29 Lithography of AZ-9260 - Center definition Center mask

30 RIE of SiRN - Center etching Etch through 3
SiRN layers

31 DRIE of Silicon - High aspect ratio - Slow
Machine: SPTS Pegasus
Temperature: 20 ◦C

Parameters Etch Deposition

Gas SF6 C4F8
Flow [sccm] 150 100
Time [sec] 1.0 0.4
ICP [Watt] 1600 1800
CCP LF [Watt] 20→30 0
Pulsed LF[duty cycle] 20% Off
Pressure [mtorr] 20 20

Etch ∼3 min
to leave ∼3µm
Silicon

32 Removal of fluorocarbon and resist

Continued on next page
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Table D.1 Silicon wafer process steps (continued)

Step Process Comment

33 Anisotropic etching in KOH
• Etching in 1 % HF, 1 min
• Quick Dump Rinse (QDR)
• KOH etching, 10–30 min in 25 wt% @ 75 ◦C
• Quick Dump Rinse (QDR)
• RCA-2 cleaning, 10 min at 70 ◦C
• Quick Dump Rinse (QDR)
• Substrate drying

Fully develop
third side plane
and cantilever
surface in KOH.
Etch time highly
depends on
alignment accur-
acy and desired
thickness and tip
size.

34 Lithography of AZ-9260 - Cantilever and chip defin-
ition

Cantilever mask

35 RIE of SiRN - Cantilever and chip etching Etch through 1–3
SiRN layers

36 DRIE of Silicon - High aspect ratio
Machine: SPTS Pegasus

Etch ∼3 min to
reach BOX layer

37 Lithography of Olin OiR 908-35 - Through wafer
etching
• Dehydration bake on hotplate, 5 min @ 120 ◦C
• Priming HMDS (liquid), spinning 30 s @ 4000 rpm
• Coating of Olin OiR 908-35, spinning 30 s @

4000 rpm
• Pre-bake on hotplate, 90 s @ 95 ◦C
• Alignment & exposure of Olin OiR 908-35, 9 s
• After-exposure bake on hotplate, 60 s @ 120 ◦C
• Development of Olin OiR resists, 2×30 s in

OPD4262
• Quick Dump Rinse (QDR)
• Substrate drying
• Post-bake of Olin OiR resists on hotplate, 10 min

@ 120 ◦C
• Hard-bake of Olin OiR resists on hotplate, 60 min

@ 150 ◦C

Backside mask

38 RIE of SiRN - Backside chip etching Etch through 3
SiRN layers

Continued on next page
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Table D.1 Silicon wafer process steps (continued)

Step Process Comment

39 DRIE of Silicon - High aspect ratio - High rate
Machine: SPTS Pegasus
Temperature: −19 ◦C

Parameters Etch Deposition

Gas SF6 C4F8
Flow [sccm] 800 400
Time [sec] 7 2
Boost flow [sccm] 350 -
Boost time [sec] 1.5 -
ICP [Watt] 3000 3000
CCP RF [Watt] 40 0
Boost CCP [Watt] 300 0
Pulsed LF[duty cycle] 20% Off
ACP [%] 8 8

Etch wafer
through,
∼12 min

40 Removal of fluorocarbon and resist by Acetone and
IPA
• Remove fluorocarbon and resist after DRIE/RIE in

O2 Plasma
• Ultrasonic cleaning in Acetone for 10 min
• Ultrasonic cleaning in Isopropanol for 10 min
• Quick Dump Rinse (QDR)
• Substrate drying

41 Etching in HF 50 %
• Temp.: Room temperature
• Time: ∼2 h
• Quick Dump Rinse (QDR)
• Substrate drying

Remove all SiRN,
underetches
BOX





Samenvatting

Sinds de uitvinding van de rastertunnelmicroscoop (Scanning Tunneling Mi-
croscope, STM, in het Engels) en de atomaire krachtmicroscoop (Atomic Force
Microscope, AFM, in het Engels), zijn verscheidene methoden ontwikkeld om
de scherpe naaldjes (tips) en probes voor zulke microscopen, vooral voor AFM
systemen, te fabriceren. De twee meest gebruikte methoden om naalden op
wafer-schaal in een seriefabricageproces te maken zijn door directe fabricage
van silicium naalden, en door indirecte fabricage van naalden in een silicium
mal. Deze naalden zijn vaak gemaakt met behulp van een vierkante of ronde
maskeropening, vooral in het geval van naalden gemaakt uit een mal. In dat
geval wordt in de regel een piramidevormige mal gebruikt om de naald te ma-
ken. Het is echter welbekend dat naalden gemaakt uit piramidevormige mallen,
welke het resultaat zijn van de vierkante maskeropeningen, zorgen voor subop-
timale resultaten en dat drievlaksnaalden daarom gunstiger zijn. Dit geldt niet
alleen voor de naalden die uit een mal gemaakt zijn, maar voor alle naalden in
het algemeen. In dit onderzoek zijn de piramidevormige mallen en de ontwik-
keling van verschillende drievlaksnaalden onderzocht.

Dit proefschrift beschrijft ten eerste de fysieke limieten en de optimalisatie
van piramidevormige mallen in (001) silicium wafers, die hiervoor gebruikelijk
zijn. Daartoe wordt de invloed gemodelleerd van verschillende factoren die een
rol spelen in de symmetrie van de pyramide en daardoor in de scherpte van
de piramidevormige mal. Een praktische aanpak is gekozen om verscheidene
maskerpatronen te testen en om de invloed te onderzoeken van het roteren van
de maskerpatronen met 45 graden ten opzichte van de [001] richting van de
(001) silicium wafers. Dit resulteert in een verbetering van de symmetrie van
de mallen maar toont ook de reeds verwachte fysieke limieten van de gebruikte
fabricagemethode.

Ten tweede, gegeven de limitaties van de piramidevormige mallen, worden
verschillende naald structuren beschreven die allen een tetraëder als vorm heb-
ben, en daarmee de fundamentele limitaties van de piramidevormige mallen
omzeilen. Deze naalden worden gemaakt in (111) silicium wafers, en hebben
daarmee voordeel van de {111} vlakken in het silicium welke de tetraëder vorm
vormen. Dit bestaat uit verschillende structuren, zoals tetraëdervormige mallen
die worden gebruikt om silicium nitride naalden te maken met de vorm van een
tetraëder, met de vorm van een door thermische oxidatie verscherpte tetraëder,
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met de vorm van een afgeknotte tetraëder en met de vorm van een door ther-
mische oxidatie verscherpte afgeknotte tetraëder. Op deze wijze zijn naalden
ontwikkeld met een hoge vormverhouding en scherpteradii tot wel 3 nm klein.
Verschillende van zulke naalden zijn geïntegreerd op een veerarm (cantilever
in het Engels) op AFM probes, die vervolgens gebruikt zijn voor AFM metingen
met een hoge ruimtelijke resolutie, wat de hoge naaldscherpte bevestigt.
Verder zijn tetraëdervormige naalden gemaakt in (111) silicium gebruikmakend
van een aanpak waarin elke zijkant van de naald sequentieel wordt geëtst, met
als doel om de vorm van de tetraëder te behouden die overeenkomt met de [111]
kristalstructuur van het silicium. Deze naalden worden in het zelfde proces ge-
ïntegreerd op een veerarm en probe, en ondanks de verscheidene uitdagingen
in het fabricageproces, worden de naalden succesvol geanalyseerd met gebruik
van elektronenmicroscopie en worden de naalden gebruikt voor AFM metingen
waarin een ruimtelijke resolutie van rond de 10 nm is behaald.
Gebruikmakend van beide methoden, voor het maken van tetraëder vormige
naalden en voor het maken van tetraëdervormige silicium naalden, worden
complexere naaldstructuren met een driedimensionaal gevormde structuur
ontworpen en gefabriceerd. De design- en fabricagemethoden worden gepre-
senteerd voor het maken van tetraëdervormige draadstructuren met behulp
van hoek lithografie (corner lithography in het Engels) en een tetraëdervormige
mal, en uit een mal gevormde siliciumoxide tetraëdervormige naalden met
een opening in de top, gebruikmakend van een uit een mal gevormde nanop-
unt, tevens gebruikmakend van corner lithografie. Door deze twee methoden
te combineren, worden tetraëdervormige naalden met openingen aan de zij-
kanten van de top van de naald, dus met een draadstructuur in de top van de
naald, gepresenteerd. Daarnaast wordt de design- en fabricagemethode van si-
liciumoxide tetraëdervormige naalden met een opening in de top van de naald
afkomstig van silicium tetraëdervormige naalden gedemonstreerd. Dit wordt
opgevolgd door zowel de fabricage van de uit een mal afkomstige tetraëder-
vormige draadstructuren als van de siliciumoxide naalden met een opening in
de top, afkomstig van de silicium tetraëdervormige naalden. Hiertoe is de me-
thode van het maken van een tetraëdervormige mal verder geöptimaliseerd om
de mallen een perfecte volledige tetraëdervorm te geven. Op deze wijze worden
tetraëdervormige siliciumnitride draadstructuren gemaakt met een perfecte
drievoudige symmetrie en een scherpe punt in de top van de tetraëdervormige
draadstructuur. Door directe thermische oxidatie van de silicium tetraëdervor-
mige naalden op een lage temperatuur en gecontroleerde etsprocessen, zijn
silicium oxide naalden gemaakt met een opening tot 13 nm klein.

Ten derde, zijn twee methoden beschreven om speciale AFM probes te ma-
ken, waarbij de eerste probe een elektrostatisch bewogen probe is, bestaande
uit een kleine veerarm die is ingebed in een grotere veerarm, welke bij hoge
frequenties bewogen wordt. De veerarmen zijn gemodelleerd en experimenteel
gekarakteriseerd, waaruit resonantie frequenties tot 643 kHz worden waargeno-
men en welke vervolgens met succes voor elektrostatisch bewogen AFM metin-
gen gebruikt worden waarbij de scansnelheid uitsluitend wordt beperkt door
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de beweging van de AFM zelf. De tweede probe is een probe waarin een brede
piramidevormige mal wordt gebruikt die op lage temperatuur thermisch wordt
geöxideerd, zodat twee naalden naast elkaar ontstaan op de veerarm, die zoda-
nig is ontworpen dat de torsie sterk verhoogd is ten opzichte van de buiging. Er
zijn verschillende ontwerpen gemodelleerd om de potentiële verhoudingen tus-
sen torsie en buiging aan te tonen en er is een eenvoudiger design gefabriceerd
als een proof-of-principle. Met die probes is de werking gedemonstreerd, wat
aantoont dat de torsie en de buiging van de veerarm met succes zijn opgelost
tot de topografie afbeeldingen die door elke individuele naald zijn gescand.
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