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Abstract 

In recent years, the decreasing limit of device dimensions obtainable with 
microfabrication technologies has led to a growing interest in the 
development of instrumentation able to characterize nanometer scale 
features. At the same time, a variety of other scientific research fields such as 
biology, chemistry, metallurgy or physics have expressed a comparable need 
for such advanced tools. The advent of various scanning probe microscopes 
in the 80's, of which the atomic force microscope is probably the most widely 
known, opened a door to the nanoworld by making it possible to image and 
to manipulate molecules and even atoms. 
AFM probes are composed of a tiny cantilever, at the end of which a sharp 
tip is integrated. Such devices are usually realized in silicon or in silicon 
nitride with microfabrication techniques. Due to its dimensions, the silicon 
tip apex can suffer from wear or can be damaged after several topographical 
investigations. On the other hand, a high resolution profilometer has recently 
been developed, allowing macroscopic scale investigations of a sample, as 
well as high resolution imaging to be performed with the same tool. This 
profiler has a working principle similar to that of an atomic force 
microscope, but the load applied on the measuring tip is about 50Ox higher. 
So, the fabrication of sharp scanning probes in harder materials, like 
diamond, became crucial. Addressing this need, this thesis deals with the 
development of a microfabrication technology based on two successive 
molding steps, allowing the realization of diamond scanning probe tips 
having a high aspect ratio and a very sharp apex. 
In this dissertation, the fabrication of the silicon tips acting as first mold is 
studied in a first step. Then, a technology to realize silicon tips integrated on 
thin cantilevers in a reproducible way is presented. Thicker cantilevers 
provided with sharp tips have also been produced. Once coated with a thin 
diamond layer, these devices can be used to perform nanoscratching 
experiments on hard material samples, and to immediately image the 
nanomodifications induced with a high resolution. 



Abstract 

In the next chapters, the double molding technique is described for the 
realization of platinum as well as diamond tips. Finally, these diamond tips 
are analyzed by means of Raman spectroscopy or transmission electron 
microscopy, and are mounted on stubs or on cantilevers to be investigated as 
probes for high resolution profilometry and atomic force microscopy, 
respectively. 
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Introduction 

With the number of applications for microtips increasing, a high demand has 
arisen for durable, hard and sharp microtips. Therefore, a new technology 
called double molding has been developed in this work, for the realization 
of diamond microtips having a high aspect ratio, regular shape and small 
radius of curvature. 
In this introduction, some of the main applications of microtips are 
presented. Various fabrication processes for silicon tips are then described, 
as well as some of the existing technologies used to produce microtips in 
other materials. Finally, the principle of chemical vapor deposition of 
diamond is explained and its use for diamond tips formation is presented. 

1.1 Applications of Microtips 

Nowadays, the most widespread applications of microtips are probably the 
various kinds of scanning probe microscopes (SPM), where the tip is used 
as a probe to scan the surface and to study it with a very small contact or 
interaction area. Continued improvements in the resolution that 
profilometers can achieve has resulted in a need for extremely hard probes 
with ever smaller radii of curvature. Microtips have also been used for a 
long time as field emitters, and have recently emerged as key components in 
biological and medical applications. Some of these applications are briefly 
presented below. 

1.1.1 Scanning Probe Microscopies 

Scanning Tunneling Microscopy 

In 1982, Gerd Binnig and Heinrich Rohrer presented for the first time a 
revolutionary microscope, which allowed images of the topography of a 
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conducting sample to be obtained on an atomic scale: the Scanning 
Tunneling Microscope (STM) [1] was born. The principle of the STM is 
based on scanning a sharp conducting tip very close over the surface of a 
conducting sample so that, when a bias voltage is applied between the tip 
and the sample, a tunneling current occurs. This tunneling current is 
measured as a function of the tip-sample distance and yields an image of the 
topography, and/or of the electronic properties of the uppermost atoms at the 
sample surface, with a very high spatial resolution. 
STM was the first step to the development of various other SPM, among 
them the widely used Atomic Force Microscope (AFM) [2], the Magnetic 
Force Microscope (MFM) [3] and the Scanning Near-field Optical 
Microscope (SNOM) [4]. 

Atomic Force Microscopy 

In 1986, Gerd Binnig, Calvin Quale and Christoph Gerber developed the 
atomic force microscope [2]. In this now well-known microscopy, the image 
is obtained by detecting the small interatomic forces acting between the 
apex of a sharp tip and the surface of the sample, thus allowing the imaging 
of even insulating surfaces. 
The atomic force microscope consists essentially of a sharp tip located at the 
free end of a single-side clamped cantilever (probe), a deflection sensor, a 
signal amplification unit, a feedback loop controller and a xyz-piezo scanner 
(Fig. 1.1). The sample is mounted on the piezo scanner and conveyed 
towards the tip until forces are detected. The sample is then scanned relative 
to the probe in the xy direction. The forces between the sample and the tip 
cause the cantilever to deflect (Hook's law). The cantilever deflection (z) is 
detected by the deflection sensor, usually a laser beam focused on the back­
side of the cantilever and reflected onto a position sensitive photodiode. The 
signal is then amplified and sent to the feedback loop controller. There, a 
feedback loop signal is generated to control the xyz-piezo scanner in order 
to keep a constant distance between the tip and the sample, whereas the 
same signal is recorded as a function of the xy position. 
In atomic force microscopy, two regimes of working distances can be 
distinguished: the contact and non-contact modes. In contact mode, at a 
separation between the tip and the sample on the order of Â, the repulsive 
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FlG. 1.1: Schematic of an atomic force microscope. 

ionic forces are measured. This allows the topography of the sample to be 
determined with very high resolution, and even with atomic resolution under 
optimum conditions. In non-contact mode, at a separation between the tip 
and the sample of 10 to lOOnm, the repulsive forces (van der Waals. 
electrostatic,...) are detected. 
The AFM can be operated in either static or dynamic modes (Fig 1.2). In 
static mode (also called dc-mode), the cantilever is deflected due to the 
force acting on the tip until a static equilibrium is reached. At this point, a 
second distinction can be made between the equiforce mode and the variable 
deflection mode. In the equiforce mode, the deflection of the cantilever is 
kept constant by regulating the height of the sample with respect to the tip 
by means of the piezo scanner. This is the most commonly used mode. In 
the variable deflection mode, the height of the sample is kept constant and 
the variations of the cantilever deflections are recorded. This mode allows 
high scan rates but is essentially used with very flat surfaces for atomic 
scale imaging. 
In dynamic mode (also called ac-mode), the cantilever is vibrated very close 
to its resonance frequency. The force F acting on the tip has a derivative in 
the z direction, F', the force gradient. A repulsive force increases the 
resonance frequency, while an attractive force lowers the resonance 
frequency. Again, a distinction can be made between the constant gradient 
mode and the variable gradient mode. In the constant gradient mode, the 
feedback loop ensures either a constant amplitude or a constant resonance 
frequency, both resulting in a map of a constant value of the force 
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FlC. Ì.2: Possible modes of operation in the AFM. 

derivative. In the variable gradient mode, the feedback loop is disconnected 
and images with variable gradients are obtained, which are difficult to 
interpret. In the dynamic mode, the tip never or only occasionally touches 
the sample, reducing the wear of the tip and damage to soft samples. 
Ar7M probes are usually realized using micromachining techniques. Indeed, 
the cantilever has to fulfill two essential conditions. It must have a typical 
spring constant ranging between 0.01N/m and 100N/m, usually lN/m, as 
well as a resonance frequency higher than 1OkHz. The value of the spring 
constant has to be small enough compared to the atomic spring constant 
(~10N/m) to allow bending'of the cantilever rather than destruction of the 
sample or tip. On the other hand, a high resonance frequency reduces the 
effect of environmental vibration noises and allows short response times 
while scanning. To achieve a low spring constant and a high resonance 
frequency, the mass and the dimensions of the cantilevers should be small, 
motivating the use of microfabrication technologies. Typical dimensions for 
a silicon cantilever are a length of 300|xm, a width of 60u,m and a thickness 
of 3u.m, resulting in a spring constant of 2.5N/m and a resonance frequency 
of 46kHz. 

The tip also has geometric conditions to fulfill. It must be high enough to 
ensure that the tip and not the end of the cantilever touches the sample, but 
not so heavy that its mass reduces the resonance frequency of the lever. 
Therefore, the tip must have a high aspect ratio (height divided by the 
diameter at the base), which also allows a reduction in tip/sample 
convolution effects when scanning samples with protruding structures or 
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deep holes. Moreover, the resolution in atomic force microscopy is directly 
related to the sharpness of the tip. The tip therefore must have a very small 
radius of curvature, usually smaller than 50nm. 
In most cases, AFM probes are realized either in silicon or in silicon nitride. 
However, for other SPM, microtips can be realized in various other 
materials such as metals for STM, magnetic material for MFM, or quartz for 
SNOM. Moreover, diamond probes can be used in AFM to reduce the wear 
of the tip in contact mode or the risk of breaking the tip apex when 
approaching the sample. If mounted in a modified AFM, diamond probes 
can also be used for nanomechanical modifications of materials. In this case, 
a high load is applied to the diamond tip to scratch the surface of the sample, 
and the induced modifications can be imaged directly afterwards with the 
same tip in a regular AFM mode [5]. 

1.1.2 High Resolution Profilometry 

A high resolution profiler (HRP-IOO, KLA-Tencor, Milpitas, CA, USA) is a 
surface profiling system which combines the macroscopic scale topography 
analysis of a standard profilometer with the microscopic scale analysis of an 
AFM. The same instrument is therefore able to realize long scans (up to 
200mm) for homogeneity analysis of an etched surface, for example, or 
locate a defined position and there image a small area with very high 
resolution. 
The principle of operation of the HRP-100 is very similar to that of an AFM 
operated in variable deflection contact mode. However, the minimal force 
which can be applied to the measuring tip of this high resolution profiler is 
either 0.1 u,N or, more often, 0.5(J.N, which is two to three orders of 
magnitude higher than the force applied to an AFM tip. The profiler tip must 
therefore be diamond or at least of a sufficiently hard material. 
The probe of the profiler consists of a cantilever, or stylus holder, with one 
end connected to a capacitive detection as well as to a magnetic stylus force 
control system, and with the other end tipped with a sharp stylus. The stylus 
generally consists of a mechanically shaped stainless steel shank whose 
diamond measuring end has been milled to produce a conical tip having a 
radius of curvature of about 2(im. For high resolution imaging, these styli 
can be sharpened by focused ion beam (FIB) to produce a 500nm high 
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diamond tip having a radius of curvature of 30-50nm with a total cone angle 
of ~40°. Since FIB sharpening is a serial process, there is a growing interest 
for diamond microtips realized by micromachining batch processes. 
A more complete description of the high resolution profiler, as well as of the 
various diamond tips generally used or experimented with on this 
instrument, are given in chapter 6. 

1.1.3 Other Applications 

Field Emitters 

The first applications of microtips were probably as field emitters in vacuum 
microelectronics. Indeed, without heating the emitter, electron emission in 
vacuum can be induced by applying a sufficiently high electric field 
between the emitter and the gate, with a counter-electrode placed close to 
the emitter. In order to reach these high fields at reasonable voltages, field 
emitters have been micromachined into protruding objects, such as whiskers 
or tips, to take advantage of field enhancement of regions of high curvature. 
Field emitters can be produced in various materials such as molybdenum 
[6], monocrystalline silicon [7], polycrystalline silicon [8], diamond [9] and 
others. Their principal applications are probably flat panel displays, but they 
can also be used as electron sources in miniature electron microscopes [10], 
or even as pressure sensors [H]. 

Applications in Biology 

Recently, arrays of silicon microtips have also been produced for biological 
purposes. In 1995, William Trimmer et al. [12] realized microtip arrays for 
injecting deoxyribonucleic acid (DNA) into plants and animal tissues. The 
principle is the following: a solution containing the DNA to be injected is 
placed onto the plants cells. The microtip array is then pressed onto the 
culture of cells, with the tip apexes penetrating the cells walls to allow the 
new genetic material to enter the cells. In a similar way, S. Henry et al. [13] 
proposed in 1998 to use an array of silicon microtips to perforate the upper 
layer of the skin in order to enhance the efficiency of transdermal drug 
delivery. 

6 



Chapter 1 

More challenging has been the realization of arrays of platinum tip-shaped 
microelectrodes on a porous substrate, used for monitoring the activity of 
brain slices in vitro [14]. In this case, the silicon tips were passivated, coated 
with platinum, and passivated again. Then, the Pt layer on the tip apexes 
was re-exposed. High aspect ratio holes were realized through the whole 
thickness of the wafer, in order to allow a nutrient solution to contact the 
brain slice lying on the microtip array. The microelectrodes were high and 
sharp enough to perforate the external layer of the slice, allowing the 
unpassivated tip apexes to reach the neurons and measure their activity at 
the heart of the brain slice exclusively. 
The use of diamond tips could also be interesting for these applications. 
Their hardness would avoid breaking of the tips when perforating cell 
tissues or skin, increasing tip lifetime. Moreover, diamond is known as a 
biocompatible material, and, if chemically vapor deposited, it can be doped 
to be used as a microelectrode material. 
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1.2 Fabrication Techniques for Microtips 

1.2.1 Silicon Tips 

Silicon tips are most often used as AFM probes. In this work, however, they 
also serve as templates for the first molding of the double molding process, 
determining the exact geometry of the final diamond tips. 
Silicon tips can be realized by various techniques resulting in tips of 
different shapes. They can either be etched from the bulk material using a 
protection mask (usually silicon dioxide or silicon nitride) or grown as 
whiskers. The etching techniques can be either isotropic or anisotropic, and 
can be realized either in a solution (wet etching) or in a plasma reactor (dry 
etching). Some of these processes and the resulting tip characteristics are 
presented below. 

Dry Etching Techniques 

Dry etching of silicon tips can be performed either by an isotropic Reactive 
Ion Etching (RIE) process using SF6ZO2 [15, 16, 17], or by an anisotropic 
RIE with a C2C1F3/SF6 gas mixture [18]. Other gas mixtures resulting in 
etches of variable anisotropy have been presented in [19]. Isotropic dry 
etching techniques lead to the formation of tips having a low global aspect 
ratio (<1) (Fig. 1.3a), while anisotropic etches form high aspect ratio shafts 
with a flat apex (Fig. 1.3b). Therefore, dry etched silicon tips are sometimes 
realized with a combination of isotropic and anisotropic RIE techniques 
resulting in stylus-like or rocket-shaped tips (Fig. 1.3c) [15,17,20, 21]. 

FiG. 1.3: Schematic of silicon tips realized by dry etching techniques: a) Isotropic 
etching only; b) Anisotropic etching only; c) Combination of isotropic and anisotropic 
etching: Stylus-like tip (left) [17] and rocket-shaped tip (right) [15] depending on the 
sequence of the isotropic and anisotropic etching. 
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Unfortunately, dry etching is not very uniform over the whole surface of a 
wafer, resulting in overetching and blunting of some tips while others are 
still covered with their protective masks. Therefore, dry etching is usually 
stopped before the masks collapse. If the diameter of the interface 
silicon/protection mask is wider than half a micrometer, the formation of the 
tips can be completed either by wet isotropic etching in a 
hydrofluoric/nitric/acetic acid mixture (HNA) [16, 18] or wet anisotropic 
etching in a potassium hydroxide (KOH) solution [22]. If one wants to 
sharpen already completed tips, or if the interface diameter is small enough 
after the dry etching steps, an oxidation sharpening procedure can be 
performed, leaving uniform tips with a very small radius of curvature. 

Oxidation Sharpening 

Oxidation sharpening is a well-known procedure to decrease the radii of 
curvature of silicon tips. It is based on an oxidation inhibition of silicon 
which occurs at regions of high curvature. This anomaly is due to a stress 
created at the SiZSiO2 interface on a non-planar surface due to the increase in 
molar volume when silicon is oxidized. This stress builds up in thermally 
grown oxide only at temperatures less than 1050-110O0C, usually 9000C for 
wet (H2O) oxidation and 95O0C for dry (O2) oxidation. So, when silicon tips 
are oxidized under these conditions, the silicon consumption at the tip apex 
is smaller than at the tip sidewalls. After oxidation, the silicon dioxide is 
removed in a concentrated hydrofluoric acid (HF), which is preferred to 
buffered hydrofluoric acid (BHF) due to its higher selectivity with regard to 
silicon. This two-step procedure uniformly sharpens silicon tips ideally 
down to radii of curvature as small as lnm [23]. 

Wet Etching Techniques 

Isotropic as well as anisotropic wet etching of silicon can also be used to 
form silicon tips. Isotropic etching is generally realized in a HNA solution 
[23, 24, 25, 26], but can also be performed in modified solutions such as a 
hydrofluoric/nitric acid mixture (without acetic acid) [27] or in a 
hydrofluoric acid/nitric acid/ammonium fluoride/water mixture [28]. The 
resulting tips all have a low global aspect ratio (<1) (Fig. 1.4 a). Moreover, 
all these solutions exhibit diffusion controlled etch rates, resulting in a lack 
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of uniformity in the tip etching and therefore tip blunting. This problem can 
be overcome by rotating the wafer in the solution at an optimal rotation 
speed (24] or by oxidation sharpening [23, 26, 27, 28], Finally, differences 
have been observed in the final tip shapes depending on the crystal 
orientation of the {111} or {110} wafers [24], as well as on the orientation 
of the square protective masks relative to the crystal orientation of the {100} 
silicon wafers [25]. 

Because of its higher uniformity, anisotropic wet etching has been more 
extensively studied. Anisotropic etching can be realized with various 
solutions, like ethylene diamine pyrocatechol (EDP), tetra methyl 
ammonium hydroxide (TMAH), KOH and KOH-based solutions in which 
either isopropanol (IPA) or butano! are added. Silicon tips realized with 
EDP are limited by {111} planes and have therefore a low aspect ratio and a 
wide opening angle (70°) at the tip apex [29, 30]. Tips realized with KOH-
based solutions with either IPA or butanol added exhibit similar 
characteristics (Fig. 1.4b) [15,25,26]. 

On the other hand, TMAH [31] and KOH [32, 33, 34, 35, 36] make possible 
silicon tips defined by high index crystallographic planes (Fig. 1.4c). These 
tips have a regular shape, a high aspect ratio and a small radius of curvature. 
KOH-etched silicon tips are also self sharpening, which means that no 
blunting of the tip apex occurs in case of overetching. These tips are 
therefore easy to produce and can be realized with a single etching step. For 
these reasons, they have been chosen to act as templates for the double 
molding process. The detailed fabrication as well as an evaluation of KOH-
etched silicon tips will be presented in Chapter 2. 

FlG. 1.4: Schematic of wet etched silicon tips: a) Isotropic etching in HF:HNO}-based 
solutions; b) Anisotropic etching with EDP, or KOH-based solutions saturated with IPA 
or butanol; c) Anisotropic etching with TMAH or KOH solutions. 
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Whisker Growth 

The silicon tips having among the highest aspect ratios possible are 
produced by sharpening a grown silicon whisker. Silicon whisker growth 
has been studied in [37] and is based on a Vapor-Liquid-Solid (VLS) 
mechanism. The process starts by depositing small particles of gold (Pt, Ag, 
Pd, Cu or Ni have also been successfully used) on the surface of a {111} 
silicon wafer. These particles, heated at 9500C, form small droplets of liquid 
Au-Si alloy having a relatively low freezing temperature. A gas mixture of 
hydrogen and SiCl4 is introduced and the liquid droplet, acting as a preferred 
site for Si deposition from the vapor, becomes saturated with Si. Most of the 
Si contained in the droplet freezes out at the interface between solid Si and 
the liquid alloy, displacing vertically the droplet and resulting in whisker 
growth (Fig. 1.5a). The whisker grows in length by this mechanism until the 
Au is consumed or until the growth conditions are changed. 
Ultrasharp silicon tips having a very high aspect ratio (>5) have been 
realized by sharpening silicon whiskers with a two-step procedure (Fig. 
1.5b) [38]. The whiskers, on top of which the small Au/Si alloy droplets 
were still present, were first isotropically etched in a HNA solution until the 
alloy cap was dislodged and then sharpened by the oxidation-dissolution 
technique presented above. 

1.2.2 Tips in Other Materials 

Microtips in various materials, such as silicon dioxide, silicon nitride, 
metals or diamond, can also be realized. Various technologies have been 
developed to do this, some of which are presented below. 

FlC. 1.5: Schematic of silicon whiskers: a) As grown and b) After the sharpening 
procedure. 
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Evaporation Through a Small Aperture 

A well-known process to realize metallic tips involves evaporating a metal 
through a closely spaced aperture, producing a self aligned metal cone 
underneath the hole as the hole diameter is reduced (Fig. 1.6a) [6]. Various 
materials can be evaporated, such as molybdenum, niobium, iridium, 
tantalum, aluminum or even silicon dioxide and amorphous silicon [6, 8, 
20]. These techniques produce sharp tips the height of which is 
unfortunately limited by the separation between the hole in the mask and the 
substrate. Moreover, there is a high risk of breaking the tip when removing 
the mask. Therefore, other fabrication processes have been developed to 
produce higher tips and to limit the risks of breakage. 

Thin Film Deposition on a Silicon Tip 

The easiest process to realize microtips in materials other than silicon 
consists of evaporating or depositing a thin layer of the desired material on a 
silicon tip (Fig. 1.6b). This process allows a wide selection of materials to 
be used to cover the tip. For example, tungsten [30], platinum [14], or 
diamond [39] tips have been produced in this way. However, while the 
global aspect ratio of the original silicon tip is preserved, the radius of 
curvature is considerably increased, depending on the thickness of the 
deposited film. Moreover, thin metallic films may easily rupture upon 
contact, leaving a poorly or even non-conductive apex. 

a) J | J b) c) d) 

FIG. 1.6: Schematic of various processes for non-silicon tip formation: a) Evaporation 
through a small aperture; b) Deposition of a thin film on a silicon tip: c) Simple molding 
process; d) Modified simple molding process. 
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Molding Processes 

To produce sharp microtips, a simple molding process has been developed 
[20]. In this process, pyramidal pits are etched in {100} silicon using 
anisotropic wet etching in KOH. The geometry of these holes is defined by 
four {111} Si planes. The desired tip material is then deposited on the wafer 
surface and in the pyramidal holes (Fig. 1.6c). This material can be 
patterned if necessary before being bonded onto another substrate like glass. 
Finally, the silicon mold is completely etched away. Well-defined microtips 
in Si3N4, W, Ni or diamond have been realized with this process [9, 20, 39, 
40, 41]. To increase the aspect ratio at the tip apex, as well as to decrease 
the radius of curvature and the aperture angle, the silicon.mold can be 
sharpened by low temperature thermal oxidation [40]. Though very sharp 
tips can be realized with the simple molding process, the global aspect ratio 
of the tips is still quite low (~0.7). To address this problem, a modified 
simple molding process has been developed for higher aspect ratio metallic 
tips [41]. The steps are identical to the process described above, but an 
anisotropic RIE of Si is performed before the pyramidal pit formation (Fig. 
1.6d). This process results in a tip having a high aspect ratio shaft with a 
pyramidal apex. Unfortunately, this process is difficult to control, since the 
cross-section of the RIE hole must be perfectly symmetrical. Otherwise, a 
"knife edge" tip instead of a sharp regular pyramid will be formed at the 
apex during the wet etching step. 

In this work, a double molding process has been developed and successfully 
applied for the realization of sharp Pt and diamond tips having a regular 
shape and a high aspect ratio. This process will be presented in chapters 4 
and 5. 
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1.3 Diamond Deposition 

Various techniques for chemical vapor phase deposition (CVD) of diamond 
are used nowadays. This section will focus on the hot-filament CVD (HF-
CVD) technique, also known as thermal filament CVD (TF-CVD), which 
was exclusively used for all the diamond depositions in this study. 

1.3.1 Hot-Filament-CVD Technique 

The deposition of polycrystalline diamond films by the HF-CVD technique 
on silicon or silicon nitride substrate is generally composed of three main 
steps: the preparation of the sample, the seeding process, and finally the 
diamond deposition itself [42,43]. 

Preparation or Pretreatment of the Sample 

The purpose of the preparation of the sample is to rid preprocessed silicon 
wafers of various contaminations, and particularly to etch away possible 
silicon dioxide residues which can seriously compromise the diamond 
deposition. Indeed, the seeding process, as well as the diamond deposition 
step, require a perfectly clean and well defined sample surface. 
A typical pretreatment begins by immersing the wafer in a wetting agent, 
immediately followed by a short silicon dioxide etch in a 5% HF solution. 
The wafer is then reoxidized (10-20Â) in fuming nitric acid (100% HNO3), 
in which organic and metallic contaminations are also removed. After 
rinsing, the wafer is subjected to a thermal treatment to evaporate remaining 
surface contaminations. These steps generally result in a clean and well-
defined surface. 

Seeding Process 

In the first step of the seeding process, the native silicon dioxide layer is 
removed from the silicon surface. This can be done in an activation solution 
such as HF, BHF, ammonium fluoride (NH4F) or in alkaline media. After an 
intense rinse in DI water, the wafer is immersed in the seeding solution, an 
aqueous- or alcohol-based suspension containing very small commercially 
available particles (<100nm) of diamond. Generally, ultrasonic agitation is 
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performed during this step to increase the seeding efficiency. Ideally, one 
can obtain a high density seeding (10i2-1013 crystallites/cm2) of individual 
crystallites at the surface of the silicon or of the silicon nitride layer. 
In some cases, the seeding process can also be realized by just scratching the 
substrate with a diamond paste. This procedure is difficult to control and, of 
course, can damage the substrate. 

HF-CVD of Diamond 

The mechanism of the hot-filament chemical vapor phase deposition of 
diamond is depicted in Fig. 1.7. It takes place in a CVD reactor, where the 
silicon substrate is fixed on a graphite chuck and heated to a temperature of 
8300C. Opposite to the chuck, a tantalum filament is heated to a temperature 
of about 25000C. During the diamond deposition, the surface of this Ta-
filament reacts with the methane (CH4) and is transformed into TaC. 
Tungsten filaments can also be used but are more fragile. 
The reactive gases hydrogen and methane are introduced into the reactor 
with the ratio H2:CH4=99:1 (Fig. 1.7a). The hydrogen molecules are 
adsorbed in the TaC surface of the filament, and dissociate to yield highly 
reactive atomic hydrogen (H*) as shown in Fig. 1.7b (Eq. 1.1). 

H2 + Energy > 2H* (1.1) 

These hydrogen radicals strip hydrogen atoms from methane to form methyl 
radicals (CH3*) (Eq. 1.2 and Fig. 1.7c). 

CH4 + H* —--> CH3* + H2 (1.2) 

Hydrogen atoms can also be removed from diamond carbons (CD) at the 
surface of the crystallite, to form highly reactive dangling bonds (Eq. 1.3 
and Fig. 1.7d). 

C0H + H* -> C0* + H2 (1.3) 

Dangling bonds at the surface of the diamond crystallite are then occupied 
by methyl radicals, in this way adding diamond carbon atoms to the 
crystallite (Eq. 1.4 and Fig. 1.7e). 

C0* +CH3*—-> Cn-CM (1-4) 
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Under these reaction conditions, sp3 diamond films can be grown with a 
very low content of sp2 graphite (10-1000ppm), found mainly in the grain 
boundaries of the polycrystalline diamond deposit. 

c) Hi 
H* 

H*~ e ) Y Dangling 
Bond 

Diamond crystallite 

Si Substrate T~830°C 

F/G. 7.7: Schematic of the hot-filament CVD diamond deposition process. 
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These diamond layers can be p-doped in situ by adding boron, in the form of 
trimethylboron (TMB), during the deposition. Typical film thicknesses 
range from lOOnm to 2u.m. and, under these conditions, are grown at a rate 
of about 0.25u.m/h. 

1.3.2 CVD Diamond Tips 

Hot-filament CVD diamond has been used in the fabrication of different 
types of diamond tips. The easiest way to fabricate diamond tips is to 
deposit a thin (~100nm) diamond layer on etched tungsten wires [44] or on 
an already processed silicon tip [45,46]. The radius of curvature of such tips 
is strongly influenced by the thickness of the diamond layer (Fig. 1.8). 
Nevertheless, it is possible in some cases to sharpen such diamond tips with 
an ion beam [46]. 
Another technology used to realize diamond tips uses the simple molding 
process described in section 1.2.2. In this case, HF-CVD diamond films are 
deposited in pyramidal holes defined by the {111} planes of silicon. The 
diamond tips are then released by completely removing the silicon which 

FlG. 1.8: Scanning electron microscope (SEM) picture of a HF-CVD diamond coated 
silicon tip, having a radius of curvature of about 200nm. 
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served as the mold [45, 47]. This technique allows the realization of 
diamond tips having radii of curvature as small as 20nm without further 
sharpening. Unfortunately, the aspect ratio of such tips is strictly limited by 
the {111} planes of silicon. 
Finally, high aspect ratio, sharp HF-CVD diamond tips realized with the 
double molding process developed during this work are presented in chapter 
5. 
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Silicon Tips: O 
Fabrication and Study "^ 

Among various microfabrication techniques for the realization of silicon 
tips, previously reported studies showed that tips obtained by anisotropic 
wet etching in KOH have well-defined sidewalls, a high aspect ratio, and a 
small radius of curvature [I1 2, 3, 4, 5]. Moreover, such tips are uniformly 
etched over the whole surface of a wafer, and self-sharpening occurs in case 
of overetching. 
The objective of this work was to study the fabrication of silicon tips by 
anisotropic wet etching in KOH and to analyze the characteristics of the tips 
obtained with this process. The use of this technology to fabricate integrated 
silicon tips on cantilevers is foreseen. These silicon tips can also act as a 
first mold in the double molding process to be described in a later chapter. 
Parts of this study have been published in [6]. 

2.1 Introduction 

In recent years, a multitude of fabrication processes for silicon tips have 
been developed. Indeed, if silicon tips were originally used as field emitters 
in vacuum microelectronics applications [7, 8, 9, 10], the advent of the 
atomic force microscope in 1986 [11] has aroused a new interest in further 
investigations for silicon tip fabrication technologies. 
As both applications require batch-processed tips having a high aspect ratio 
and a very small radius of curvature at the tip apex, new fabrication 
technologies tend to combine two or more etching steps to fulfill these 
conditions, especially when using dry etching techniques [12,13]. However, 
as mentioned in section 1.2.1, anisotropic wet etching in KOH produces tips 
having such characteristics in a single technological step and in a 
reproducible way. This is essentially due to the good uniformity of KOH 
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etching over the whole surface of the wafer, as well as to the self-sharpening 
property of the KOH-etched tips. Moreover, overetching does not lead to 
blunting or changes in the general shape of the tips. Finally, their well-
defined geometry seems to be a good compromise (high aspect 
ratio/rigidity) for probes used in various applications, such as AFM, 
nanomechanical modification for thin layer characterization, or contact 
profilometry. 
This chapter describes the fabrication and characterization of silicon tips 
made by etching with KOH. This study forms the basis for the realization of 
the more complex devices presented in following chapters. 
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22 Fabrication of KOH-Etched Silicon Tips 

In this section, the basic microfabrication process used to realize KOH-
etched silicon tips is presented in detail. Following sections and chapters 
will refer back to this section as necessary, since these standard procedures 
also form the basis of several new techniques presented later. 

Standard Cleaning and Oxidation 

The first step involved preparing the {100} silicon wafer for oxidation by 
means of a three-step procedure called "standard cleaning". This procedure 
started with the removal of organic compounds on the silicon surface by 
immersing the wafer in a 100% nitric acid bath for 10 minutes. The native 
silicon dioxide was then removed in a BHF solution for one minute, and 
finally a clean, very thin silicon dioxide layer was grown in a 70% boiling 
nitric acid bath for 10 minutes. As soon as possible after the standard 
cleaning, a layer of wet thermal silicon dioxide (SiO2), typically 3000Â 
thick, was grown on both sides of the wafer (Fig. 2.1a). 

Patterning of the Silicon Dioxide: Photolithography and Wet Etching 

Photolithography began with a dehydration step in a convection oven at 
2000C for 30 minutes, in order to remove the adsorbed water molecules 
from the wafer surface. To prevent further adsorption of water and to 
improve the adhesion of the photoresist to the substrate, a priming procedure 
was then immediately carried out in a vapor phase of hexamethyldisilazane 
(HMDS) at room temperature for 15 minutes. A positive photoresist layer 
(AZ 1518, Hoechst), typically 1.8jim thick, was then spun onto the back­
side of the wafer at 4000 rpm for 40 seconds, and hard-baked at 1200C in a 
convection oven for 30 minutes. This first photoresist layer protected the 
back-side silicon dioxide layer during patterning of the top-side by wet 
etching. 

A second, identical photoresist layer was spun onto the top-side and 
prebaked (pre-exposure baked) at 85°C for 35 minutes in a convection oven. 
The wafer was then inserted in a commercial double-side mask aligner 
(AL6-2, Electronic Vision). As the tips are anisotropically etched, the 
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crystalline character of silicon determines their geometry. Therefore, square 
patterns on the mask had to be very carefully aligned to less than ±1°, with 
their sides parallel to the {110} planes as indicated by the <110> oriented 
flat of the wafer. The top-side of the wafer was then exposed in contact with 
the mask to an energy of 45mJ/cm2. Finally, the exposed photoresist was 
dissolved in an alkaline developer bath (AZ351:DI water 1:4) for 60 
seconds, and the remaining photoresist was hard-baked (Fig. 2.1b). 
The bare silicon dioxide was etched in a buffered hydrofluoric acid bath 
containing 7 parts of 40% NH4F to 1 part of concentrated HF (BHF 7:1 ) at a 
typical rate of 600Â/min. Silicon dioxide being hydrophilic and silicon 
hydrophobic, it was very easy to check that the silicon dioxide was 
completely removed. Finally, both photoresist layers were stripped in 
acetone for 5 minutes, and the wafer rinsed in isopropanol and DI water 
(Fig. 2.1c). 

Tip Anisotropic Etching 

Tip anisotropic etching was performed in a 40% KOH solution at 600C. The 
silicon wafer was immersed in an inclined position in order to facilitate the 
removal, from the surface of the etched silicon, of the hydrogen bubbles 
generated by the etching reaction. In these experiments, the solution 
temperature was controlled through a "bain-marie" set-up, that is, by 
immersion of the etch bath in a controlled temperature water bath. Another 

a) b) c) d) 
E S S — 

{100} Silicon | Silicon dioxide B Photoresist 

FlG. 2.1: Process sequence for the realization of KOH-etched silicon tips: a) Cleaning 
and oxidation of a {100} silicon wafer, b) Back-side: Protection of the silicon dioxide 
with a photoresist layer. Top-side: photolithography for silicon dioxide masks 
patterning, c) Silicon dioxide wet etching and photoresist stripping, d) KOH 
underetching of the silicon dioxide mask and tip formation. 
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bath with direct temperature control was also initially used, as described in 
section 2.3.1. Silicon was anisotropically etched under the silicon dioxide 
masks, whose shapes will be discussed in section 2.3.2, until the different 
slow etching high slope planes intersected each other. At this point, the 
silicon dioxide masks fell away, leaving well-defined silicon tips having an 
aspect ratio of approximately 1.5 (Fig. 2.Id). Under these conditions, the 
etching time depended essentially on the mask dimensions and geometry. 
Finally, depending on the following steps of the process, the remaining 
silicon dioxide could be etched away on both sides of the wafer in a BHF 
bath. Alternatively, if the back-side oxide was required for further 
processing, it could be protected with a hard-baked photoresist layer. 
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23 Results and Observations 

While the fabrication of KOH-etched silicon tips seems to be straight 
forward when reading the previous section, it should be noted that the 
etching mechanism is not completely understood and some observations are 
difficult to explain. Also, the few reports published to date on this subject 
are contradictory [2,3,4], 

The work presented here consists of the preliminary studies and 
observations that were necessary for the development of the devices 
described in the next chapters. It is on no account a complete study of the 
formation and characteristics of KOH-etched silicon tips. In some cases, 
specific further investigations are proposed for a more complete study. 

23.1 Influence of the KOH Bath Set-Up 

Usually, two parameters are used to characterize a KOH etching bath: the 
KOH concentration and the temperature. Variations in these parameters are 
known to change the relative etch rates of secondary silicon planes in 
comparison to the etch rate of {100} planes [3,14]. The overall etch rate of 
silicon is also strongly dependent on the temperature. For example, 
experiments showed that a 40% KOH heated at 600C etches the {100} 
planes at arate of ~16u,m/h, and if maintained at room temperature (~24°C), 
the etch rate decreases to ~1 um/h. 

In this work, a 40% KOH solution heated at 600C was used. The tips were 
realized either in a so-called "standard KOH set-up" or in a "bain-marie 
KOH set-up". The standard KOH set-up consisted of a tank heated by a 
temperature-controlled immersion heater placed at the bottom. To ensure a 
constant temperature in the whole bath, circulation of the solution was 
performed by means of a pump. The absence of water in the vicinity of the 
KOH bath prevented water vapor from condensing in the bath. On the other 
hand, the "bain-marie KOH set-up" consisted of a temperature-controlled 
water bath heated by a temperature-controlled immersion heater. The water 
temperature homogeneity was assured by agitation. The KOH solution, 
contained in a tightly covered tank, was placed in this water bath and 
heated. Even if small plastic balls were distributed on the water surface to 
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limit evaporation, the atmosphere was very humid, making it difficult to 
maintain the initial KOH concentration. In this set-up, the KOH solution 
was not stirred. 
The first tips were realized in the standard KOH set-up, and the following 
observations made. These tips are defined by two types of crystal planes: 
low slope planes form the base of the tip, and higher slope planes the apex 
of the tip (Fig. 2.2). The presence of the low slope planes considerably 
reduces the general aspect ratio of the tips and must therefore be avoided. 
On the same wafer, it was noted that the portion of the tip height formed by 
low slope planes varies with the density of tips in an array. Indeed, the 
higher the density of tips, the smaller is the base. Figure 2.3 shows a 
scanning electron micrograph (SEM) of a 48 îm-pitch array of silicon tips 
directly neighboring the 72u,m-pitch tip array shown in Fig. 2.2. The 
reduction of the tip base is obvious. 

Further experiments in the standard KOH set-up showed some variations in 
the height of the tip base, depending on the age of the KOH solution. 
Surprisingly, the older, and hence more contaminated, the solution was, the 
smaller was the base. Unfortunately, the degree of contamination of the 
KOH bath was difficult to control, as the bath was used by multiple users. 
The sources of contamination could be photoresist, stainless steel 
originating from a metallic chuck occasionally used for top-side protection 
of preprocessed wafers, or other materials that could be released from a 
wafer if it was accidentally broken during an attack. 
It was therefore decided to set up a special KOH bath, used exclusively for 
making tips: the "bain-marie" KOH set-up. In a first attempt, the relatively 
old KOH solution from the standard KOH set-up was transferred to the 
bain-marie set-up. The tips obtained in the same KOH solution, but in the 
bain-marie instead of the standard set-up, appeared to have nearly no base at 
all (Fig. 2.4). Some families of low slope planes remained only at four of the 
eight corners of the octagonal base of the tips. Moreover, no difference was 
observed either for tips belonging to an array or to more widely spaced tips. 
To completely exclude the degree of contamination of the KOH bath as a 
factor for the appearance of the low slope planes, some more tips were 
realized in a brand new KOH bath mounted in the bain-marie set-up. Once 
more, the tips had almost no base, and no changes in the ratio of low-to-high 
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FlG. 2.2: SEM of a 72pm-pitch array of KOH-etched silicon tips. The base of the tips, 

defined by low slope planes, constitutes a significant portion of the total tip height. 

FlC. 23: SEM of a 48pm-pitch array of KOH-etched silicon tips. The base of the tips is 
considerably reduced compared to the tips of Fig. 22. 
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FlG. 2.4: SEM of a tip array realized in the old KOH solution mounted in the bain-marie 
set-up. These tips have almost no base at all. 

slope planes could be observed between these tips and those made in the old 
KOH bath. From this, it can be concluded that the degree of contamination 
of the KOH bath does not seem to have an influence on relative etch rates of 
the low and high slope planes of silicon. 
Circulation of solution in the standard KOH set-up was also considered as a 
possible cause for the etched tips with high bases shown in Figs. 2.2 and 
2.3. This circulation could perhaps induce a faster renewal of the KOH 
solution at the tip etching location. Tips were therefore etched in the 
standard KOH set-up without turning on the pumping mechanism. Once 
more, the obtained tips had significantly high bases. To date, it has not been 
possible to get high aspect ratio tips with the standard KOH set-up. 

The reason why nice tips were obtained only when using the bain-marie 
KOH set-up is still unknown. It is proposed to carry out further etching 
experiments in the bain-marie set-up, precisely controlling the temperature 
of the KOH bath itself rather than the water bath, and perhaps verifying the 
KOH concentration after etching. Since it was observed that nice tips could 
always be produced when using the bain-marie set-up, this method was used 
for etching all tips realized in this work. 
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232 Silicon Dioxide Mask Design 

The goal of these experiments was essentially to define the geometrical 
shape and size of the silicon dioxide mask necessary to obtain silicon tips 
having a height of 12-15pm. Tips in this height range were required for 
several different projects presented in the next chapters. Other tip heights 
were necessary for a project not described in this thesis, where KOH silicon 
tips were the base structure for innovative microelectrode arrays, made to 
record the activity in brain slices in vitro [15]. Different shapes and sizes of 
silicon dioxide masks were therefore investigated in order to obtain silicon 
tips having heights of 15u,m, 25pm and 50pm. 
In this work, essentially four different geometrical shapes of various 
dimensions were used to define the silicon dioxide masks. The shapes were 
squares, circles, and two differently oriented octagons. The squares were 
oriented with their edges parallel to the <110> flat of the wafer, while the 
octagons either had their edges parallel to the flat (octagons I) or one of their 
corners pointing in the direction of the flat (octagons II = octagons I after a 
rotation of 22.5°). The octagons II were chosen because their edges are 
nearly parallel to the edges of the octagon resulting from the intersection of 
the (001) plane with the eight high slope planes forming the tip. In our case, 
the dimensions of the squares ranged from lOujn to 100|im in 10pm steps, 
and the other shapes ranged from I Opm to 200pm with the same size 
interval. 

These experiments were realized in the following manner: after silicon 
dioxide patterning, the wafers were immersed in the KOH solution for a 
time corresponding to the desired etch depth of the (001) planes. After 
rinsing and drying, the etch depth was controlled with a standard 
profilometer [16] and the wafer was examined using an optical microscope. 
The heights of the tips corresponding to the most recently fallen silicon 
dioxide masks of each shape were estimated with the optical microscope, by 
successively focusing at the base and apex of the tip and reading the vertical 
displacement of the table from the micrometrie screw. The precision of the 
measurement was estimated to be ±lpm. It is important to note that in some 
cases the tips were overetched, because the wafer stood too long in the KOH 
after the silicon dioxide mask had fallen away. The results are summarized 
in Table 2.1. 
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TABLE 2.1: Summary of the silicon dioxide mask shapes and dimensions used to realize 

KOH-etched silicon tips of specific heights. The tips marked with a "* " are overetched. 

Mask shape 

Square 

Square 

Octagon I 

Octagon It 

Square 

Square 

Circle 

Octagon I 

Octagon Il 

Circle 

Octagon I 

Octagon Il 

Mask size 

30pm 

40pm 

60pm 

60pm 

40pm 

80pm 

IlOpm 

120pm 

120pm 

190pm 

190pm 

190pm 

Etch depth 

125pm 

15.4 pm 

17.7pm 

152pm 

16pm 

35pm 

35pm 

35pm 

35pm 

60pm 

60pm 

60pm 

Tip height 

11pm 

15 pm 

14.5 pm 

135pm 

15 pm 

25pm* 

17pm* 

33pm 

34pm 

52pm 

49pm 

49pm 

Remarks 

Standard KOH set-up 

Standard KOH set-up 

Standard KOH set-up 

Standard KOH set-up 

Bain-marie KOH set-up 

Bain-marie KOH set-up 

Bain-marie KOH set-up 

Bain-marie KOH set-up 

Bain-marie KOH set-up 

Bain-marie KOH set-up 

Bain-marie KOH set-up 

Bain-marie KOH set-up 

SEM observations did not reveal differences in the quality of the tips 
obtained with the different silicon dioxide mask shapes. The general shape 
of the tips, as well as their apex, seemed to be similar for all the different 
masks tested during this work. To obtain a specific tip height, the 
dimensions of the circle and octagons were very similar, but quite reduced 
for the square masks. It would be interesting to carry out further 
investigations, increasing the number of different etch depths, in order to 
represent the achievable tip height as a function of size for the different 
shapes tested. Moreover, it would be necessary to limit the cases where the 
tips suffer from overetching, as the tip height quickly decreases as soon as 
the mask falls away. 

For this work, 40(Am square silicon dioxide masks were chosen to produce 
the 12u.m to 15UJTI high silicon tips used in the projects presented in the next 
chapters. The resulting tips stayed within the desired specifications, even if 
they were slightly overetched. 
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233 Influence of Overetching 

Anisotropic KOH etching has a considerable advantage compared to RIE in 
that, once the silicon dioxide mask is completely underetched, only the 
height of the tips is reduced. Therefore, an accidental overetching still 
produces sharp tips. This is demonstrated in Fig. 2.5. The general shape of 
the tips remained unchanged and no blunting of the tip occurred even after 
three successive overetching steps. 
However, it is important to note that the rate of tip height reduction is 
approximately six times higher than the etch rate of the silicon {100} 
planes. For example, an overetching time of 90sec, at a {100} planes etch 
rate of 16fim/h, resulted in an overetching of the {100} planes of 0.4ujm, but 
a reduction of the tip height of 2.4u.m. Considering that the etch time 
necessary to realize 15um high tips is approximately 60 minutes, it is clear 
that one must be very careful while etching the silicon tips. 
Nevertheless, this self sharpening characteristic ensures sharp tips over the 
whole surface of a wafer, even if the height homogeneity of the tips is 
reduced. The height homogeneity is usually essential for neighboring tips 
located on a single structure, but is less important if considering the wafer as 
a whole. 

{100} Si etch depth (u.m) 

FlG. 25: Influence of overetching in KOH on the silicon tip shape and height. 
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23 .4 Tip Height Distribution 

Tip height measurements were made over a quarter of a wafer, by taking 
chips at different radial distance from the center of the wafer. These chips 
were mounted at ~90° in a SEM to measure the height of 88 tips. The results 
are presented in Fig. 2.6. 
This graph clearly shows that the tips located at the edge of the wafer are 
higher than the tips located at the center. The dependence of the tip height 
on radial distance appears to be linear. However, this data is not conclusive, 
since the distances from the center were not recorded with the necessary 
precision. 
This tip height distribution could be due to a number of factors, such as 
inhomogenous etching as a result of a possible temperature gradient in the 
bath, or a slight variation in the silicon dioxide mask dimensions due to a 
photolithography realized with soft contact between the mask and the wafer. 
On the other hand, a loading effect is unlikely since Price did not find any 
effect of stirring on the etch rate [17]. From that, it can be concluded that the 
reaction is not diffusion limited, and that the amount of silicon etched in the 
vicinity of the tips does not influence the etch rate. Therefore, tip height 
homogeneity should not be affected either. 

16.50 
16.00 

9* 15.50 
3 15.00 
a 14.50 
.2? 14.00 
Jg 1330 
.S- 13.00 
H 1230 

12.00 

Tip height ((Am) 

I i 
{ 

1 2 3 4 5 6 7 
Distance from center (arb. units) 

I 

Distance ^7 
from center 
(arb. units) 

FlG. 2.6: Distribution of the height of silicon tips as a function of their distance from the 
center. The distance steps are probably not constant. 

37 



Silicon Tips: Fabrication and Study 

Since tip height variation was small on a locai scale, and the shape and 
apices of the tips were satisfactory, tip height variation over the wafer was 
not considered to be a problem for the continuation of the work. 
Nevertheless, it would be interesting to make further tip height distribution 
measurements in order to determine if this variation is reproducible, and if 
so, to explain this phenomenon. 

235 Tip Apex Shape 

A sample of more than 500 tips was studied by SEM to determine the 
fraction of tips having usable apex shape and radius of curvature. Figure 2.7 
depicts the occurrence of four apex shape categories. The so-called "ideal 
shape" and "inclined knife" categories, occurring in 53% and 16%, 
respectively, of the investigated tips, are considered to be usable. The radius 
of curvature of the tips classified in both these categories was always 
smaller than 30nm, and was on average 15.3nm. The 31% remaining tips 
had either "flat knife" apexes or were dull or broken. 
The occurrence of the "flat knife" and "inclined knife" tip apex shapes can 
be explained as follows. The KOH-etched silicon tips are defined, if the 
small fraction of the base composed of low slope planes is not taken in 
consideration, by eight high slope planes ideally intersecting each other in a 
single point, the tip apex. It was observed by SEM that, in several cases, 
four of the eight planes vanish before reaching the tip apex, leaving the four 
remaining planes to form the tip apex. Ideally, these four planes should 
intersect in a single point and form an "ideal shape" apex. However, a slight 
asymmetry of the mask or a delay in the etching of one or more planes could 
perturb the equilibrium, giving rise to the appearance of "flat knife" and 
even "inclined knife" tip apexes. 

Experiments done using slightly rectangular SiO2 masks demonstrated the 
formation of essentially "flat knife" tips. Therefore, the occurrence of 
different tip apex shapes, as can be seen even for neighboring tips in a single 
array formed wiüi square SiO2 masks, could be explained by an insufficient 
precision in the dimensions of the mask used for the photolithography, 
which are guaranteed at ±0.25u,m. So, besides turning to e-beam direct 
writing for making the SiO2 masks, the best solution to avoid formation of 
flat knife tips would be to realize tips whose apexes are defined by the 
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Ideal shape J Inclined knife 

I Flat knife | Dull or broken 

FlG. 2.7: Occurrence of the different silicon tip apex shapes. 

intersection of only three planes. This is the strategy used for the realization 
of the commercially available, Nanosensors tips. The only inconvenience of 
this tip design lies in the asymmetry of the general tip shape, which can 
provoke irregular tip artifacts in profilometry applications while scanning 
samples having high aspect ratio features. 

2 J.6 Crystallographic Planes 

Among the few reports published on KOH-etched silicon tips, three articles 
were found, in which the family of high slope silicon planes defining the tip 
was determined. In 1991, Offereins et al. [2] described silicon tips produced 
by underetching square silicon dioxide (1000Â) I silicon nitride (4000À) 
masks, oriented along the <110> direction and provided with corner 
compensation beams. They determined that the high slope planes forming 
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the tip belonged to the family of {411} silicon planes. In 1995, Liu et al. [3] 
etched silicon tips using circular or square 1.2u,m thick silicon dioxide 
masks parallel to the <100> direction. After repetitive measurements to 
minimize statistical errors, they reported their tips to be formed by {338} 
planes. Finally, Chung et al. [4] presented tips etched under 5000Â thick 
silicon dioxide masks of various shapes (squares, circles, 127°/143° 
octagons) aligned to various crystal planes, including the [100], [110], [210] 
and [310] directions. They reported that [100] oriented masks produce tips 
defined by the {311} planes. 
These different results are ambiguous. They are difficult to compare, 
because the experiments were not done under the same conditions. 
Nevertheless, it could be interesting to determine which family of planes are 
responsible for the tips produced in this work. 
The high slope silicon planes forming the tips can be determined by 
measuring the aperture angles at the tip apex and the angles of the octagon 
formed by the intersection of the eight high slope planes with the (001) 
plane at the base of the tip (Fig. 2.8). The theoretical values of the octagon 
and aperture angles can be determined by vectorial analysis, this for each 
family of planes. In this work, only the three families mentioned above have 
been considered (Table 2.2). 
To make a precise determination, the aperture angle of a silicon tip, 
measured in a SEM taken perpendicular to the tip axis, must fall between 
the values of a and ß of a particular family of planes. At the same time, the 
angles of the octagonal intersection of the tip with the (001) plane must 
coincide with the values Ö, and O2 of the same family of planes. 

TABLE 2.2: Theoretical values of the angles defining the octagonal intersection of the 
different families of planes with the (001) plane (angle O1 and O2) and the aperture angles 
of the tip apex (angles a, ß and y)from different view angles. 

Planesfamily 

{338} 

{JJ3} 

{114} 

a 

42.2e 

38.9" 

31.6° 

ß 
38.7° 

35.1° 

273e 

Y 

41.1e 

36.9° 

28.1° 

à, 

131.1° 

126.9e 

118.1° 

à2 

138.9e 

143.1e 

151.9e 
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In our case, unfortunately, the high slope planes intersect the (001) plane 
only at four points, with low slope planes remaining at four corners of the 
tip (Fig. 2.9). As the angles ô, and O2 vary little from one family of planes to 
the other, it is impossible to base the plane determination on the 
characterization of this intersection. The next idea was to stop etching a tip 
before the silicon dioxide mask fell away, and to use the intersection of the 

{338} Planes 

{113} Planes 

{114} Planes 

Intersections [xyz] 

Tip planes (xyz) 

B(ß) 

|830 

B'(ß) 

FlG. 2,8: Schematic of the octagonal intersections of the {338}, {113} and {114} families 
of planes with the (001) plane at the base of the tip. The angles O1 and O2 define the 
octagonal intersections, while the lines A-A ', B-B' and C-C present the section of the tip 
for a, ß and y, the different aperture angles of the tip apex. 
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high slope planes of the tip with the (001) plane of the silicon dioxide mask. 
Once more, while the octagonal interface silicon/silicon dioxide is clearly 
seen in a top view observation, it was realized that when the sample was 
examined from the side, a change in the etch planes occurs in proximity of 
the silicon dioxide mask (Fig. 2.10). To date, no solution has been found to 
precisely determine the angles ô, and 6: of the KOH-etched tips. 
Nevertheless, attempts were made to determine the family of planes forming 
the tip by measuring the tip apex aperture angle, this on silicon tips at the 
end of an etch (Fig. 2.1 la-c) as well as during underetching (Fig. 2.1 Id). 

FlG. 2.9: SEMs of a silicon tip taken vertically and horizontally in order to highlight the 
low slope planes located at the base of the tip, which prevent the high slope planes to 
intersect the (001) plane. 

FlG. 2.10: SEMs of the formation of a silicon tip, taken vertically and horizontally in 
order to highlight the siliconi silicon dioxide interface. This interface is formed by a 
family of planes probably different from the high slope plane family defining the tip. 
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The variation of the tip apex aperture angle ranged from 34.5° to 40.7°, thus 
not allowing the determination of the high slope plane family defining the 
KOH-etched tips. The only conclusion which can be drawn is that this is 
certainly not the {114} family. 

Due to the variation in measured tip apex aperture angles, the hypothesis 
was made that the tips are formed not by one family of high slope planes but 
several. To test this hypothesis, a vectorial analysis was made to represent a 
tip formed by a combination of {113} and {338} planes, all having a unique 
common intersection point, namely the tip apex. From these calculations, 
the theoretical octagonal intersection with the (001) plane was deduced, as 
well as the different apex aperture angles. The results are presented in Fig. 
2.12. 

This time, while the calculated aperture angle could nearly match the 
measured ones, the general shape of the octagonal intersection is quite 
different from what is experimentally observed. 

FlG. 2.11: SEMs of different silicon tips, finished (a-c) or not (d), taken for the 
determination of the tip apex angle of aperture. 
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Intersections [xyz] 

Tip planes (xyz) 

[380] 

(HI) 
0.30] 

(383) 

[830] 

[010] 

[830] 

.35.1' 

[100] 
• 

39.4° 

(833) 38.7C 

[380] 

(131) 

[310] 

FlG. 2.12: Schematic of the intersection of a tip composed of a mixture of {113} and 
{338} planes with the (001) plane. The theoretical aperture angles have values between 
35.1 "and 40.8°, but the general shape of the intersection is far from that experimentally 
observed. 

To conclude, it is very difficult to accurately determine the crystallographic 
planes defining the KOH-etched silicon tips. This could also explain the 
ambiguities found in the literature. In our case, the tips are certainly not 
defined by {114} planes, and it has not been established if these tips are 
formed from one or more families of planes. It would be of interest to 
determine if parameters such as KOH concentration and temperature, mask 
material, thickness, shape and orientation, as well as the amount of etched 
silicon in the vicinity of the tip or the etch depth, have an influence on the 
appearance of one or the other family of crystal planes. 
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24 Conclusions 

These experiments yielded KOH-etched silicon tips, essentially defined by 
high slope planes if using a bain-marie set-up for their formation. In a first 
finding, the circular, octagonal or square shapes of the silicon dioxide masks 
were found not to influence the quality of the tips, as long as these shapes 
were not distorted. When using mask shapes different than the usual square 
masks, their dimensions must be adapted to keep tip height unchanged. An 
additional finding was that overetching does not affect the aspect ratio of the 
tip or the radius of curvature. Only the height of the tip decreased rapidly. 
Height distribution analysis was carried out on a single quarter of wafer. 
The results were satisfactory for the applications described in the next 
chapters. More experiments should be done to verify the reproducibility of 
this height distribution and determine whether a poor contact 
photolithography could be the origin of this distribution. 
SEM observations of the tip apex highlighted the presence of four different 
apex shapes, from which two can be used for AFM and profilometry 
applications. Statistical measurements revealed that 69% of a sample of 500 
tips had usable tip apex shapes with radii of curvature smaller than 30nm. 
Attempts were also made to determine the family or families of high slope 
crystal planes defining the KOH-etched silicon tips. After several 
measurements and calculations, it could be concluded that such tips have 
angles of aperture ranging from 34.5° to 40.7° and so are not defined by 
{114} planes. This analysis was quite difficult and perhaps explains the 
ambiguities found in the literature. 

Finally, the characteristics of the KOH-etched silicon tips realized in this 
work were fully satisfactory for the continuation of the work presented in 
the next chapters. 
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Silicon/Diamond 1 
Tips on Cantilevers —-J 

The probe of an AFM consists of a sharp tip integrated on a cantilever 
acting as a spring. The aim of this work was to realize thin silicon 
cantilevers with tips in a reproducible way over the whole surface of a 
single wafer. Moreover, devices with thicker cantilevers, and so higher 
spring constants, were fabricated and coated with diamond to act as 
scratching tools for nanomechanical surface modifications, as well as probes 
for immediate AFM imaging of these modifications. 

3.1 Introduction 

In order to be sensitive to small forces, the spring constant of the cantilever 
has to be small (0.01-100N/m). At the same time, a high resonance 
frequency (>] OkHz) allows short response times while scanning, and also 
reduces the influence of acoustic waves and infrastructure vibrations. Since 
resonance frequency is proportional to (spring constant/mass of the 
cantilever)"2, it is obvious that the dimensions of the cantilever have to be 
small to fulfill the conditions mentioned above. Therefore, AFM probes are 
usually realized by microfabrication techniques, allowing their fabrication in 
various materials such as silicon [1], silicon nitride [2, 3], silicon dioxide 
[3], metals [4], diamond [5,6] or combinations of two or more materials [7]. 
In this chapter, only silicon or diamond-coated silicon probes will be 
discussed. 
From [8, 9,10, 11], typical dimensions for a silicon cantilever are a length 
of 300u,m, a width of 60u.m and a thickness of 3u,m, resulting in a spring 
constant of 2.5N/m and a resonance frequency of 46kHz. As will be seen in 
the equations presented in section 3.2, the spring constant and the resonance 
frequency are particularly dependent on the length of the lever as well as on 
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its thickness, which must be small in order to permit sufficient vertical 
bending of the lever. While the length is initially defined by 
photolithography in a reproducible way over the entire wafer, the thickness 
homogeneity of silicon cantilevers is more difficult to control. These 
cantilevers are usually etched from a silicon membrane realized during the 
back-side anisotropic etch defining the cantilever support structure. The 
uniformity of membrane thickness depends on the homogeneity of the back­
side etching procedure. It also depends on the thickness uniformity of the 
original wafer, or on the "taper" which is typically guaranteed at ±3p.m, and 
is often not sufficient for reproducible realization of 3u.m thick cantilevers. 
The uniformity of cantilever thickness also depends on the homogeneity of 
the top-side etching mechanism used to produce the silicon tips. 
One way to ensure good thickness uniformity is to create, on the top-side of 
the wafer, an etch-stop layer for the back-side anisotropic wet etch defining 
the support structure and the membrane. This etch-stop layer is realized by 
doping the silicon with boron. Its thickness is controlled by precisely 
regulating the implantation and annealing parameters used in the doping 
procedure. The doping process can be performed either after the formation 
of the tip, in which case the depth of the doped silicon directly corresponds 
to the thickness of the final cantilever [8,9], or before tip realization, the tip 
resulting then from a partial etch of the doped thickness [10]. With this last 
procedure, the thickness uniformity of the cantilevers is influenced by the 
tip etching mechanism and is therefore reduced. 

Another method to ensure good uniformity of cantilever thickness is to use 
Silicon On Insulator (SOI) wafers, consisting of a bulk silicon wafer and a 
well-defined thinner (e.g. 8u,m thick) silicon layer, separated by a typically 
2u,m thick, silicon dioxide layer. Itoh et al. used this kind of wafer in such a 
way that the tip was defined in the upper silicon layer and the cantilever 
formed out of the precise silicon dioxide layer [11]. 
In this work, a process was developed to realize silicon cantilevers and tips, 
emphasizing good uniformity of cantilever thickness and tip height. To 
achieve this, the cantilevers and tips were formed out of the upper 20u,m 
thick silicon layer of SOI wafers. Here, only the homogeneity of the etching 
mechanism used to define the tips could have an influence on cantilever 
thickness uniformity. Therefore, it was decided to use anisotropic wet 
etching to define the tips, since the homogeneity of this type of etch is better 

50 



Chapter 3 

than that of isotropic wet etching or dry etching techniques. Moreover, 
KOH-etched silicon tips proved to have satisfactory characteristics for AFM 
applications (see chapter 2). Finally, to reduce the risk of breaking the tips 
during the fabrication procedure, they were realized during the last steps of 
the process. 
Such silicon AFM probes were used directly after fabrication for AFM 
measurements. Probes with thicker cantilevers and thus higher spring 
constants were realized with a similar process, but using standard silicon 
wafers. These last were coated with a CVD diamond film in order to 
increase their lifetime, avoid breaking the tip during approach of the sample 
and limit their wear while scanning hard samples. Finally, these diamond-
coated probes were used for nanomechanical modification studies of various 
thin film-deposited materials. 
This work represents a first step towards the fabrication of diamond tips 
with better geometrical characteristics, needed for AFM measurements and 
high resolution profilometry. 
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32 Cantilever Design 

The spring constant of a single-side clamped cantilever having a regular 
cross-section is given by 

3EI 

1 
k = — • (3.1) 

where E denotes the modulus of elasticity (or Young's modulus) of the 
material, I the cross-sectional moment of inertia and 1 the length of the 
cantilever. For a rectangular cross-section, the moment of inertia is 

l = -& ' (3.2) 

where w and t are the width and thickness, respectively, of the cantilever. 
From the above equations, we obtain 

, E wt3 

k-^r ' 0.3) 

The first resonance frequency, f0, of a single-side clamped cantilever with a 
tip at its free end is given by 

f°"^J ' (3-4) 

where me(f is the effective mass of the lever, which is given by 

m c f f = m t + 0 - 2 4 m c • (3.5) 

Here, mc is the distributed mass of the cantilever 

m
c = l w tP ' (3.6) 

with p the density of mass. The concentrated mass of the tip, m„ for a 
straight cone with circular section, is given by 

mt = -JTT2hp , ( 3 ; 7 ) 

r being the radius of the circular base and h the height of the tip. A rapid 
calculation, taking a cantilever with typical dimensions and a conical tip 
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having a height of 10^m and a total angle of aperture of 40°, shows that the 
mass of the tip represents only ~0.25% of the mass of the cantilever and can 
therefore be neglected. So, die effective mass of die lever can be set to 

meff =0.24mc . (3>8) 

From the equations (3.3), (3.4), (3.6) and (3.8), the first resonance frequency 
can be expressed as 

f =0.162 - — . n9) 
o ^ p i 2 W) 

These equations are valid for cantilevers having a rectangular cross-section. 
In this work, due to the technology used, die cantilevers have a trapezoidal 
cross-section, which induces a variation of the moment of inertia. 
Nevertheless, this variation is sufficiently small to be neglected if, in the 
calculations, die width of die cantilever is taken as the average of the upper 
width (wu) and the lower width (W1) of die trapezoidal cross-section. The 
trapezoidal cantilevers are then designed in order to get an average width 
corresponding to the width of a standard rectangular cantilever. 
The following paragraph explains the formation of the trapezoidal 
cantilevers and the reason why preliminary experiments have to be 
performed prior to the mask design. The cantilevers are realized in two 
successive etch steps. The first step, an anisotropic RIE, defines the length 
and width of the cantilever by vertically etching all the silicon in the 
neighborhood of the cantilever and of the support. The second step, the 
anisotropic wet etch in KOH used to realize the tip, defines the thickness of 
the cantilever. This second step also changes the width of the cantilever 
defined by RIE as well as the location of its end (Fig. 3.1). Indeed, the 
cantilever sidewalls are not protected during die KOH etch and some low 
slope planes on these sidewalls are etched more rapidly than the (001) 
planes defining the cantilever thickness. This results in a drastic reduction of 
the original width of the cantilever. Therefore, the mask used to define the 
cantilever by RIE has to be carefully designed to reach the expected 
cantilever dimensions and tip location at the end of the process. 
For this work, the mask dimensions of the cantilever were determined 
experimentally. Cantilevers of specific dimensions were etched in silicon to 
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FlC. 3.1: Schematic of the cantilever width reduction and changes in the extremities 
locations due to the KOH etching step, compared to the same cantilever after only RIE, 
which dimensions after etching correspond to the initial mask dimensions. 

a depth of-20(Am by anisotropic RIE. The wafer was then etched in KOH 
for a time corresponding to an etch depth of ~16u,m for the (001) planes, as 
for the tip etching step. Finally, the upper width of the cantilever obtained 
by this procedure was measured and compared to the original width of the 
cantilevers defined on the mask. It was observed that each sidewall at the 
surface of the cantilever had been overetched by 40|im. 
This experiment also allowed to deduce the angle formed by the (001) plane 
with the planes defining the final sidewalls of the cantilever. Knowing this 
angle, the final expected thickness, and the average width of the cantilevers, 
the final expected upper width of the cantilever could be deduced. In this 
experiment, the angle was 25°, the expected thickness 4.5u.m and the 
average width 60^m, resulting in an upper width of 50pm. The cantilevers 
were then defined with a width of 130̂ im on the mask, 50pm for the final 
upper width plus twice the overetching value (40u.m) corresponding to this 
precise etch depth. 
The length of the cantilever was not affected by the KOH etch step, the 
support being overetched in the same way as the end of the cantilever. 
However, the location of the end of the cantilever was changed and this 
change had to be taken into account for the tip location. The tip mask was 
therefore positioned so as to avoid a possible influence of cantilever 
sidewall overetching on the formation of the tip. 
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3 3 Fabrication 

This fabrication process has been developed in order to realize silicon 
cantilevers and tips having the following specifications: 

- The tips must have a height between 10 and 15|j,m and a radius of 
curvature smaller than 50nm. 

- For AFM applications, the cantilever first resonance frequency must be 
higher than 1OkHz and the spring constant smaller than lN/m. 

- For nanomechanical modifications, the spring constant must be larger 
than lON/m, and therefore the cantilevers thicker. 

The fabrication process is described hereafter (Fig. 3.2). To summarize, it is 
based on three etching steps: 1) a KOH etch defining the support structure 
and the silicon membrane, 2) a RIE defining the length and the initial width 
of the cantilever and, 3) a second KOH underetch of the tip, which also 
determines the final cantilever width and thickness. This process has the 
advantage that the tips are formed only in the last two steps, limiting the risk 
of breakage during probe fabrication. To ensure a good reproducibility of 
cantilever thickness over the whole surface of the wafer, it was decided to 
use SOI wafers (480u,m Si, 2u,m SiO3 and 2OjAm Si) for the fabrication of 
the thinner cantilevers, thus avoiding possible inhomogeneity due to the first 
KOH etch (process I). For thicker cantilevers, however, standard, double-
side polished, 525u.m thick silicon wafers are sufficient to give satisfactory 
results (process II). Both types of wafers are <100> oriented. 
Standard technology steps were already presented in detail in section 2.2, 
and only new or modified steps will be described in more detail hereafter. 
Moreover, most of the fabrication steps are identical for both processes, and 
only the slight differences between them will be highlighted. 

Square Mask Definition 

The process starts with a standard cleaning, after which a 3000Â thick, wet 
thermal silicon dioxide layer is grown on both sides of the wafer. A 
typically 1000Â thick, standard silicon nitride layer is then deposited, also 
on both sides of the wafer, by low pressure chemical vapor deposition 
(LPCVD). The back-side is then protected with a hard-baked photoresist 
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Process I : SOI wafers Process II : Standard wafers 
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e,) ^^y-iTî fî f îi-p'iiî  cii) ^aaiMàoAÈiiàtìàol 

"J 
d) 

1 

/ " 

d) 

ei>il»gögl 

f) 

g) 

h) 

7 
j 

j 

g) 

= / 

y 
h) ? 

- / 
-^ 

; SÌ 

• SiO2 

[ LPCVDSi3N4 

^ CVDSiO2 

^l Photoresist 
• PECVDSixNy 

I Diamond 

FlG. 32: Schematic of the fabrication process for silicon and diamond-coated silicon 
cantilevers and tips, using SOI wafers for AFM applications (I) and standard wafers for 
nanomechanical modifications (II). 
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layer, and the top-side is patterned by photolithography (AZ 1518) to define 
the 40u,m square masks underetched during tip formation at the end of the 
process. 
The top-side, 1000Â thick silicon nitride is then completely removed by 
etching in SF6/02 plasma, except where it is protected by the photoresist. 
The silicon dioxide is only slightly etched during this step and thus forms an 
effective etch-stop layer, allowing the borders of the wafer to be overetched 
to ensure a complete removal of silicon nitride even at the center. The back­
side photoresist layer protects the back-side silicon nitride from possible 
slight plasma etching due to an improperly sized wafer holding plate 
(holding plate designed for 3" wafers, but used for 4" wafers). 
After silicon nitride etching, both top-side and back-side photoresist layers 
are stripped by a wet procedure called "piranha" (Fig. 3.2a). This procedure 
is often used after plasma etching, because the temperature reached during 
the plasma modifies the photoresist which as a result becomes difficult to 
strip away using only solvents such as acetone and isopropanol. Indeed, if 
only solvents are used, the photoresist forms very thin persistent veils which 
can be redeposited anywhere on the substrate. 

The piranha procedure involves immersing the wafer in a 96% sulfuric acid 
(H2SO4) bath for ten minutes. After that, several milliliters of 30% hydrogen 
peroxide (H2O2) are slowly poured on the wafer surface, allowing an 
exothermic reaction to proceed right above the wafer. After ten more 
minutes, the wafer can be turned upside-down and some more hydrogen 
peroxide is poured on it, reactivating the exothermic reaction. Ten minutes 
after, the wafer is thoroughly rinsed in DI water and blown dry with 
nitrogen. In case of especially thick photoresist or long plasma etching, 
wafers can be left several hours in H2S 0,, before adding the hydrogen 
peroxide. 

Realization of the Support Structure and of the Silicon Membrane 

A 2000Â thick, CVD silicon dioxide layer is deposited on the top-side of 
the wafer before being densified at 625°C for 15 minutes. Next, a standard, 
1500Â thick silicon nitride layer is deposited on both sides of the wafers. 
These two layers will protect the wafer top-side during the long back-side 
KOH etch used to define the support and the silicon membrane. 
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Other layers, such as undensified CVD Si02/plasma enhanced chemical 
vapor deposited (PECVD) silicon nitride, or just a thicker standard 
stoichiometric LPCVD silicon nitride (Si3N^) partially etched after the first 
photolithography, were tried for the same purpose but were not adopted. In 
the first case, the PECVD Si„Ny exhibited a poor step coverage and the 
undensified CVD SiO2, as well as the thermally grown first SiO2 layer, were 
rapidly etched, resulting in an unanticipated underetching of the silicon 
under the square masks. In the second case, the non-uniformity of the 
plasma etching between the borders and the center of the wafers resulted in 
some difficulties to etch reproducible steps in the silicon nitride layer. 
Moreover, the initial silicon nitride had to be so thick that a high stress and 
even cracks were observed. A third procedure used a mechanical, hermetic, 
protection chuck during the KOH etching, but this operation is often 
dangerous. Some leaks were occasionally observed and, as the etching was 
nearly accomplished, the breaking of one membrane was sufficient for the 
infiltration of KOH, damaging parts or even the entire top-side of the wafer. 
Moreover, if the wafer was not very carefully placed in this chuck, a rupture 
could be generated, often resulting, if the wafer was sufficiently weak due to 
etching, in its breaking and the destruction of all the structures. To date, the 
densified CVD Si02/LPCVD Si3N4 layers seem to be optimal. With these 
layers, the top-side of the wafer proved to be unaffected during the long 
KOH etching step. 

The next step consists of patterning the back-side of the wafer for the long 
KOH etching step. First, the top-side of the wafer is protected by a hard-
baked photoresist layer in view of the plasma etching of the back-side 
silicon nitride. Then the back-side is patterned by photolithography (AZ 
1518), aligned to the top-side by means of the double-side mask aligner. The 
2500Â (1000Â + 1500Â) thick silicon nitride is then etched in a SF6ZO2 

plasma, and the back-side 3000Â thick SiO2 is etched in BHF for 6 minutes. 
Finally, the photoresist is once more removed from both sides of the wafers 
by a piranha procedure (Fig. 3.2b). 
The following step is the lengthy back-side KOH etch of silicon defining the 
support and the silicon membrane. There, a distinction has to be made 
between process I (SOI wafers) and process II (standard wafers). For 
process I, the KOH etching is performed until the entire, 480u.m thick 
silicon layer located under the interstitial silicon dioxide of the SOI wafers 
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is completely etched, the SiO2 acting as an etch-stop layer. Then, the 2{im 
thick, buried silicon dioxide layer is thinned to a thickness of 8000Â in BHF 
for 20 minutes, in order to reduce stresses in this membrane after cantilever 
definition (Fig. 3.2c,). For process II, silicon is etched in KOH from the 
back-side until the top-side silicon membrane reaches the desired thickness 
(Fig. 3.2c„). This thickness has to be calculated prior to the etching, 
depending on the final cantilever thickness one wants to obtain. The 
membrane thickness (25-31 ̂ m) has to be the sum of the final cantilever 
thickness (8-14|im) and of the KOH etching depth realized during the tip 
formation (~17|Am). This step requires repeated KOH etchings and 
mechanical membrane thickness measurements with a thickness comparator 
(Cary-Compar, Le Locle, Switzerland). 

Cantilever Formation 

The next steps involve removing the layers deposited in order to protect the 
top-side of the wafer during the long KOH-step. First, the 1500Â thick 
silicon nitride layer is removed by a SF6ZO2 plasma etch, the CVD SiO2 

acting as an etch-stop layer. The 2000Â thick densified CVD SiO2, as well 
as the 3000Â thick, thermal SiO2 not protected by the square silicon nitride 
masks are then etched in BHF for 10 minutes, leaving the final masks for 
the formation of the tip. During this step, for the SOI wafer, the 8000Â thick 
SiO2 located at the back-side of the membrane is reduced to a thickness of 
3000Â (Fig. 3.2d). Finally, in order to protect the back-side of the silicon 
membrane during tip formation, a 3000Â thick PECVD silicon nitride layer 
is deposited. 

After the dehydration and HMDS steps, the wafer is mounted onto an 
unstructured wafer with a special double-sided tape to realize the thick 
photoresist (AZ 4562) photolithography needed to pattern the cantilevers by 
long reactive ion etching. For AZ 4562 photolithography, the photoresist is 
spun at 3000 rpm for 40 seconds, resulting in a 7^m thick photoresist layer, 
and prebaked at 85°C for 35 minutes in a convection oven. The wafer is 
then exposed in contact mode with an energy of 120mJ/cm2 and 
immediately developed in an alkaline developer (AZ351:DI water 1:3) for 
90 seconds. The wafer is then separated from the unstructured wafer using a 
scalpel. Finally, the remaining photoresist is hard-baked at 1200C for 30 
minutes. 
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The cantilevers are then defined by a long RIE. Indeed, to etch 20u.m of 
silicon, a SF6/C2C1F3 RIE has to be performed during approximately 45 
minutes, interrupting the etching every ten minutes to let the wafers cool 
down in order to preserve the photoresist mask (Fig. 3.2e). At this step, it 
has been observed for the SOI wafer that once the silicon has been 
completely etched at the border of the wafer, the Si02/SixNy membranes are 
rapidly etched, even underneath the cantilevers. Overetching the borders in 
order to open the silicon in the center of the wafer appeared to be quite 
risky, the back-side of the cantilevers being not protected anymore for the 
last KOH etch. Therefore, it would be useful to stop the etching immediately 
after the silicon is removed at the borders of the wafers, the remaining 
silicon at the center being etched away later during the formation of the tips. 

Tip Formation 

After stripping the photoresist with a long piranha procedure, the wafer is 
immersed in KOH until total underetching of the 40u.m square Si3N4/Si02 

masks is achieved, which corresponds to an etch depth of ~17u,m. This step 
results in the formation of high aspect ratio tips and reduces the cantilevers 
to their final width and thickness (Fig. 3.2f)-

Finally, the SiO2ZSixN1. back-side protective layers are completely removed 
in a 40 minute long BHF etch (Fig. 3.2g). At this step, overetching has no 
influence. AFM probes are now completed and some of them can already be 
removed from the wafer by simply breaking the four bridges holding them 
to the wafer frame. 

Diamond Deposition 

HF-CVD diamond can be deposited on the AFM probes. This step is 
realized wafer by wafer. After the pretreatment and the seeding process, the 
wafer is placed vertically on the graphite chuck in front of the tantalum 
filament. After heating the wafer to a temperature of 8300C and the filament 
to a temperature of 25000C, the reactive gases (H2 and CH4) are introduced 
into the reactor and the growth mechanism begins. After a time 
corresponding to the expected diamond thickness, the process is stopped and 
the wafer is unloaded. 
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The introduction of gasses in the reactor created some problems for the SOI 
wafers. It was so violent that it created a shock wave which, added to the 
fact that the bridges holding the probes to the wafer frame were very thin, 
caused many probes to be dislodged and to fall into the reactor chamber. It 
is even suspected that some of these structures fell on the filament, 
perturbing the diamond deposition parameters and resulting in the 
deposition of an unknown non crystalline material. 
More diamond depositions have been performed on the standard wafers 
provided with thicker cantilevers. The first attempts essentially resulted in 
isolated diamond grains depositions. The last one, however, benefiting from 
many pretreatment optimizations, yielded a quasi-continuous diamond layer. 
To conclude, silicon AFM probes with thin as well as with thicker 
cantilevers have been successfully realized. Moreover, probes with thicker 
cantilevers have been coated with HF-CVD diamond. To obtain satisfactory 
diamond-coated probes with thin cantilevers, it would be necessary to 
reinforce the bridges holding the structures to the wafer frame and to slow 
down the introduction of the gases into the reactor chamber. The 
pretreatment process carried out prior to seeding would probably also need 
to be improved. 
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3 A Results of the Fabrication 

This fabrication process allowed the realization of silicon AFM probes with 
thin (Fig. 3.3a) or thick (Fig. 3.3b) cantilevers, depending on the type of the 
starting wafer. Such probes are provided with high aspect ratio tips having 
radii of curvature as small as 6nm (Fig. 3.4). Moreover, some probes having 
thick cantilevers were coated with a quasi continuous HF-CVD diamond 
layer (Fig. 3.5). Such diamond-coated cantilevers and tips were used for the 
nanomechanical modification studies presented in section 3.5.2. 

FlG. 3 J: SEMs of completed AFM probes, a) A 2.9pm thick V-shaped cantilever made 
from a SOl wafer and h) an array of 9pm thick beam cantilevers made from a standard 
wafer, for applications needing a high spring constant. 

FlG. 3.4: SEMs of a) a high aspect ratio tip resulting from the fabrication process 
described in the previous section and b) a tip apex having a radius of curvature smaller 
than 6nm. 
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FlG. 35: SEM of the lip apex of a diamond-coaled AFM probe having a final radius of 
curvature of approximately 125nm. The diamond layer is quasi continuous, with only a 
few pin-holes like the one indicated by the arrow. 

As this process has been developed in order to realize silicon cantilevers 
having a high reproducibility in their thickness and high aspect ratio, sharp 
tips, the analysis discussed below focuses on these particular characteristics. 
First of all, it should be noted that cantilever thickness was difficult to 
determine exactly. SEM observations had to be made exactly perpendicular 
to the tip direction in order to avoid an amplification of the error, due to the 
trapezoidal cross-section of the cantilever. Therefore, it was decided to 
determine the reproducibility of cantilever thickness by measuring the first 
resonance frequency as well as length, and then deducing their thickness 
from equation (3.9), both for thin cantilevers from a processed SOI wafer 
and for thicker cantilevers from a standard wafer. 
Another interesting observation involved determining the reproducibility of 
the tip height and radius of curvature. The tip height has to be reproducible, 
at least for neighboring tips whose levers are attached to a single support, to 
ensure that only the desired tip will touch the sample while scanning. 
Moreover, the tip radius has to be small enough to ensure good resolution. 
These analyses could be done through SEM observations of more than 40 
samples extracted from different locations on a single wafer. 
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3.4.1 Determination of the Cantilever Thickness 

The measurement of resonance frequencies was realized in a set-up 
combining a confocal microscope, a function generator and a lock-in 
amplifier. The AFM probes were glued onto a piezo disk activated with an 
alternating voltage produced by the function generator. During the 
measurements, the frequency of the alternating voltage was swept from a 
minimum value of IkHz to a maximum value of 10OkHz. To detect the 
amplitude of the cantilever vibration, the laser beam of the confocal 
microscope (UBM Messtechnik, Germany) was focused on the cantilever. 
The detected vibration signal was then plotted as a function of the frequency 
of the excitation signal through the lock-in amplifier. The first resonance 
frequency of the cantilever simply corresponds to the frequency of the 
excitation voltage yielding a maximum vibration amplitude. The lengths of 
the cantilevers have been measured with an optical microscope by means of 
a calibrated sliding ruler. 

These measurements, summarized in Table 3.1 with their standard 
deviations, were performed for several cantilevers extracted from different 
locations on a SOI structured wafer, as well as on a standard processed 
wafer. After error calculations, the average cantilever thickness could be 
determined for thin as well as thick cantilevers (Tab. 3.2). 

TABLE 3.1: Average first resonance frequencies (f0) and lengths (I) of thin as well as thick 

cantilevers. 

Wafer 

SOI 

SOI 

SOI 

SOI 

SOI 

Standard 

Standard 

Standard 

Average I 

204 firn 

304.2 pun 

402.Spun 

502 5tun 

6003pun 

402.1pm 

500pun 

60I2pun 

°i 

15 pun 

lSpan 

1.6pan 

12 pun 

lApon 

0.9pun 

03pun 

OJpun 

Average f0 

5159 kHz 

26.12 kHz 

14.97 kHz 

11.73 kHz 

6.88 kHz 

7437 kHz 

46.17 kHz 

3421 kHz 

°k 
353 kHz 

0.96 kHz 

IkHz 

056 kHz 

031 kHz 

2.13 kHz 

1.02 kHz 

0.78 kHz 

Number of samples 

7 

5 

6 

4 

6 

7 

7 

7 
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TABLE 3.2: Average thickness of thin and thick cantilevers, including standard 

deviations, resulting from the measurements of their first resonance frequencies and of 

their lengths. 

Wafer Average Thickness Standard deviation Number of samples 

SOI J.79pm 0.04\xm (2.2%) 28 

Standard 8.62 pm 0.12pm (1.4%) 21 

These results demonstrate that the uniformity of the cantilever thickness was 
satisfactory for both thin and thick cantilevers, proving that this fabrication 
process may be used to realize silicon AFM probe cantilevers in a 
reproducible way. The standard deviation of the thickness of the thin 
cantilevers corresponds to 2.2% of their average thickness, while for the 
thicker cantilevers it is 1.4%. This result may be surprising, but it can be 
assumed that the standard deviation of the thickness of the thicker 
cantilevers probably does not decrease proportionally if their thickness is 
reduced to that of the thinner cantilevers. 

Knowing the thickness, length and width of the cantilevers, their spring 
constants can be estimated. The average width of the 1.79um thick 
cantilevers has been measured to be 55um, resulting in a spring constant of 
1.6N/m for the 204um long cantilevers, and of 0.06N/m for the 600.3u.rn 
long levers. Such spring constants perfectly match the specifications 
required for AFM measurements. On the other hand, the 8.62u;m thick 
cantilevers have an average width of 84.5u,m. From these values, spring 
constants of 35.4N/m and 10.5N/m could be deduced for 402.1u,m and 
601.2u,m long cantilevers respectively. These values are higher than lON/m 
as required for performing nanomechanical modifications. 

3A2 Tip Height and Radius of Curvature 

To analyze the tip height distribution, 48 samples from one wafer were 
measured, resulting in an average height of 10.38u,m with a standard 
deviation of 0.37um. In Fig. 3.6, the occurrences of the various measured tip 
heights are reported. 
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FlG. 3.6: Occurrences of the various measured tip heights. The dashed line corresponds 
to the average value of 1038pm. 
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FlG. 3.7: Occurrences of the various measured radii of curvature. Once more, the 
dashed line represents the average value. 

oo 



Chapter 3 

The same procedure was applied to estimate the radius of curvature of 43 
tips. The average radius of curvature is 28.3nm with a standard deviation of 
29.86nm. This deviation is due to a few tips having a large radius of 
curvature as can be seen in Fig. 3.7. 
These results effectively show that the reproducibility of the tip height is 
good on one wafer. The value of the radius of curvature of most of the tips 
is under 50nm, as expected. From this, it can be concluded that this process 
allows tips to be produced with satisfactory characteristics. 
To conclude, it was possible to successfully produce, with good 
reproducibility, silicon AFM probes, which fulfill the specifications 
mentioned at the beginning of section 3.3. 
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3.5 Measurements 

In this section, one of the AFM measurements realized with a thin cantilever 
silicon probe is presented to demonstrate the ability of such probes to 
perform AFM measurements with good resolution. Moreover, an example 
of a nanomechanical modification realized with a thick cantilever diamond-
coated silicon probe is presented. It was demonstrated that such probes can 
be employed not only to perform nanomechanical modifications of a defined 
layer, but also to image the induced modification without changing the 
probe and so without needing to relocate the modified area. 

3.5.1 AFM Measurements 

AFM measurements were performed by mounting a silicon probe, realized 
from a SOI wafer with the process described in this chapter, in a commercial 
AFM (Nanoscope III, Digital Instrument). The measurements were 
performed in contact mode on a sample of atomic {111} terraces of gold on 
mica (terrace height ~lnm). As can be seen in Fig. 3.8, the atomic terraces 
of gold can clearly be observed, proving that the resolution of these probes 
is well adapted to such sample geometries. 

FlG. 3.8: 200nm x 200nm AFM image of atomic {III} terraces of gold on mica 
measured in contact mode with a silicon cantilever and tip fabricated from a SOl wafer 
with the process described in section 33. 
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332 Nanomechanical Modifications 

For scratch hardness measurements, a thin film is usually scratched by a 
sharp stylus made of a hard material, typically diamond, and the load 
required to scratch the surface is used as a measure of scratch hardness. For 
very thin films, the influence of the substrate material must be eliminated. 
Thus, the indentation depth should not exceed a certain percentage of the 
total coating thickness, so that applied loads in the order of 0.01-5OmN are 
desirable. In such cases, the size of the residual imprint or scratch is less 
than the resolution limit of a conventional optical microscope, and locating 
it after the modification is almost impossible, even with an AFM. Therefore, 
N. Randall combined a highly accurate nano indentation system with an 
AFM, in such a way that a specific sample site can be located quickly and 
easily both before and after an indentation or scratching experiment [12]. 
In this case, the idea is to use the same probe for the indentation or 
scratching as for the AFM imaging before and after the modification. For 
soft materials, such as polymers, commercial silicon nitride cantilevers and 
tips can be used. For harder coatings, such as Diamond-Like Carbon (DLC) 
or other hard disk coatings, it is necessary to use harder probes such as 
diamond-coated silicon. To be able to achieve nanomechanical 
modifications as well as AFM imaging, such cantilevers must have a spring 
constant of 10-150N/m. The thickness of a typically óÔ im wide, 400^m 
long silicon cantilever must then be between 6 and 16u.m. 
AFM probes coated with a quasi continuous diamond layer were used to 
demonstrate that it is possible to scratch hard films, such as hard disk 
overcoat materials, and to image the scratching with the same probe (Fig. 
3.9). This image shows that the spring constant of the cantilever allows the 
probe to be used for scratching as well as for imaging. Moreover, its quality 
demonstrates that AFM imaging with good resolution can still be realized 
with the same probe, even after many scratching cycles. Finally, SEM 
observations of the tip apex after these nanomechanical modifications 
proved that the tip did not suffer significant wear or damage (Fig. 3.10). 
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::"-^X 
FlG. 3.9: AFM image of the central worn region (2\un x 2pan) of a fluorinated 

amorphous carbon thin film after 20 cycles of scratching with an applied force of 5SpN. 

FlG. 3.10: SEM of the apex of the diamond-coated AFM probe tip after performing 

nanomechanical modifications. 
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3.6 Conclusions 

In this chapter, a fabrication process for the realization of silicon AFM 
probes with a high reproducibility of the cantilever thickness has been 
presented. The use of KOH etching allowed these probes to be uniformly 
provided with high aspect ratio tips having radii of curvature as small as 
6nm. 

On one hand, using SOI wafers, thin cantilever probes were realized and 
successfully used for standard AFM imaging. On the other hand, thicker 
cantilever probes were produced out of standard silicon wafers and coated 
with a HF-CVD diamond layer. These probes were then mounted in a 
modified AFM, to successfully perform sequences of nanoscratching 
experiments and subsequent AFM imaging of the induced 
nanomodi fi cations with continued high resolution. 

Some attempts have been carried out to deposit HF-CVD diamond on the 
thinner cantilever probes. Unfortunately, the bridges holding the structures 
to the wafer frame were too thin to stand the shock wave induced by the 
introduction of gases into the reactor chamber at the beginning of the 
diamond deposition. As most of the probes fell into the reactor and even 
onto the filament, the diamond deposition was seriously perturbed and 
resulted in the formation of an unknown amorphous material. 
To successfully deposit HF-CVD diamond on the thinner cantilever probes, 
the following improvements are suggested. First of all, it would be useful to 
design stiffer bridges to hold the structures to the wafer frame. Secondly, the 
entry of the reactive gases in the reactor has to be slowed down and finally, 
it could be useful to optimize the pretreatment procedure realized before the 
seeding process of the diamond deposition technology. This last suggestion 
is meant to improve the reproducibility and the continuity of the deposited 
diamond layers. 
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Double Molding Process I: A 
Fabrication of Platinum Tips ^J 

The aim of this work was to investigate a new tip fabrication process based 
on two successive molding steps. This technology could allow tips to be 
realized in a wide variety of materials. In this study, platinum was used to 
achieve tips having the same aspect ratio and, in particular, the same radius 
of curvature as the anisotropically etched silicon tips described in Chapter 2. 
After feasibility was demonstrated, this process was used and slightly 
modified for the diamond tip fabrication to be presented in Chapter 5. 
A short introduction explaining the motivation for developing such a 
fabrication process is given. The principle of the so-called double molding 
process is then presented. Finally, the fabrication of platinum tips is 
described and studied step by step, with emphasis on the critical ones. Parts 
of this chapter have been published in [I]. 

4.1 Introduction 

Well-defined metallic probes having a high aspect ratio and a small radius 
of curvature are required for many applications, such as scanning tunneling 
microscopy [2], potentiometry [3] or vacuum microelectronics (electron 
field emitters) [4]. 
Before the age of near field probes, metallic tips were already 
microfabricated e.g. for applications in field emission displays. The tips 
were created by evaporating metal through a closely spaced aperture, 
producing a self aligned metal cone underneath the hole [5]. These tips are 
very sharp but their height is limited by the separation between the mask 
and the substrate. There is also a high risk of breaking the tip when 
removing the mask. 
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Today, with the increasing demand for conductive tips for various 
applications, other fabrication processes have been developed. The easiest 
consists of evaporating a metallic layer on a silicon probe. However, while 
the original aspect ratio is preserved, the radius of curvature is considerably 
increased, depending on the thickness of the deposited metallic layer. 
Moreover, such thin metallic films may easily rupture upon contact, leaving 
a non or poorly conductive apex. This is especially critical for 
Potentiometrie applications. 

Metallic probes can also be realized by a single molding technique: {100} 
silicon is etched in KOH through a very accurately patterned mask, resulting 
in pyramidal holes defined by the intersection of the {111} planes [6]. These 
molds can be filled by metal sputtering [7], evaporation or electroplating [8, 
9]. In the next step, the silicon molds are removed. All-metal tips with very 
good radii of curvature are obtained, but with an aspect ratio limited by the 
{111} planes of silicon. Instead of using the pyramidal pit etched into 
silicon as template, higher aspect ratio molds fabricated by RIE or by a 
combination of RIE and KOH/IPA anisotropic etching have also been used 
for electroplating tips [10]. Nevertheless, none of these simple molding 
techniques achieve tips having at the same time a small radius of curvature 
and an angle of aperture smaller then the one of the pyramidal tips. 
A third method to realize all-metal probes is to use a focused ion or electron 
beam to crack an organo-metallic gas. The resulting tips have a good aspect 
ratio and radius of curvature, but this serial process is slow and it is difficult 
to control the shape of the tips [11]. 

In this chapter, a new fabrication technology based on two successive 
molding steps is presented. With this process, all-metal probes having the 

same aspect ratios and radii of curvature as the best anisotropically etched 
silicon tips can be formed in a reproducible way [12]. With this technology, 
sharp platinum tips having a height of up to 47u,m, a half cone angle of 19° 
and a radius of curvature as small as 15nm have been realized. The same 
technique would also allow the fabrication of other metal tips, such as 
ferromagnetic probes for magnetic force microscopy. 
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42 Description of the Double Molding Process 

This section briefly presents the principle of the double molding process 
[13]. Each step will be extensively described in the next section, where this 
technology is applied and studied for the fabrication of platinum tips. 
The sequence for the double molding process is depicted in Figure 4.1. The 
first step consists of defining the first mold, an an isotropical Iy etched silicon 
tip (Fig. 4.1a). For this purpose, processing starts with the thermal wet 
oxidation of a standard {100} silicon wafer, followed by photolithographic 
patterning and wet chemical etching of the mask to form the tips. The 
silicon wafer is then immersed in KOH and anisotropically etched until the 
silicon dioxide mask falls off. 

In the next step, a low stress, silicon nitride layer is deposited on both sides 
of the wafer by LPCVD, followed by patterning of the back-side by 
photolithography, RIE and wet etching (Fig. 4.1b). 

First mold 

a)" b) A c) 

d) A 
Second mold 

e) 
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FlG. 4.Ì: Schematic of the sequence for the double molding process 
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The wafer is again an isotropical Iy etched in KOH in order to remove the 
silicon underneath the tip. A silicon nitride membrane and a partially 
attacked silicon tip are left (Fig. 4.1c). The remaining silicon is then 
removed by isotropic etching in HNA (Fig. 4.Id). 
The resulting silicon nitride film is then coated from the back-side by 
evaporating a metallic layer (Fig. 4.Ie). Nickel can be electroplated to 
stiffen stressed metallic membranes in order to allow the removal of the 
silicon nitride on the front side. The second mold is finally attacked by 
extended wet chemical etching, leaving a metallic tip with the same aspect 
ratio and radius of curvature as the silicon tip acting as the first mold (Fig. 
4.If). 
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43 Evaluation of the Double Molding Process: 
Fabrication of Platinum Tips and Results 

43.1 First Mold Definition 

The KOH-etched silicon tips acting as a first mold (Fig. 4.2) were realized 
with the fabrication process described in detail in section 2.2. In this case, 
after tip definition, the back-side of the wafer was protected with photoresist 
during the removal in BHF of the silicon dioxide remaining on the top-side 
of the wafer. Finally, the photoresist was stripped off. 

432 Second Mold Fabrication 

Choice of the Material for the Second Mold 

At this point, the first thing to do is to determine the material for the second 
mold, and deposit this in a layer on the silicon tip acting as a first mold. This 
layer has to fulfill the following conditions. First of all, it has to endure wet 
chemical etching in KOH for about 25 hours without itself being 

FlG. 42: SEM of a 47pm high Si tip having a radius of curvature smaller than 50nm. 
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significantly etched, as well as 30min in a HNA solution during the 
isotropic etching of the silicon remaining under the second mold. Moreover, 
this layer must be low stress in nature, in order to be able to stand by itself 
when the silicon is completely removed under it. It must also be sufficiently 
rigid to perfectly retain the original shape of the silicon tip, until it is 
removed in the final step of the procedure. Finally, this material must be 
able to withstand the high temperatures, up to 83O0C, needed for the hot-
filament chemical vapor deposition of diamond, which will be discussed in 
the next chapter. 

Because of the hydrofluoric acid contained in the HNA, CVD and thermal 
silicon dioxide layers could immediately be excluded as suitable layers for 
the second mold. Polysilicon is rapidly etched in KOH and was therefore 
also not chosen. Silicon nitride layers were then the only remaining 
candidates. Standard stoichiometric LPCVD silicon nitride (Si3N4) 
unfortunately has too many internal stresses to stand by itself, while low-
stress PECVD silicon nitride, which is deposited at 4000C, is not stable at 
temperatures as high as 8000C. Finally, a non-stoichiometric, silicon rich, 
low stress LPCVD silicon nitride (SixNy) was chosen to serve as the second 
mold. 

Preliminary tests for making Si11Nj, self-standing membranes and depositing 
HFCVD diamond on them showed that SixN1, was able to satisfy the 
conditions required for the second mold. 

Second Mold Fabrication 

After another standard cleaning, with a shorter BHF etching to preserve the 
silicon dioxide remaining at the back-side, a typically 6000Â thick, low 
stress, LPCVD Si,.Ny layer was deposited on both sides of the wafer. The 
tips on the top-side were then protected with 80|im of soft-baked photoresist 
and the back-side was patterned by photolithography (AZ 1518). RIE and 
BHF etching were used to open a window allowing the removal of the 
silicon under the tips (Fig. 4.1b). The photoresist was removed after the RIE 
using the piranha procedure described in section 3.3. 
To etch away most of the silicon underneath the tip, the wafer was 
immersed in a 40% KOH bath at 600C for about 25 hours, until the etching 
was drastically slowed down inside the tip by the appearance of the {111} 
planes (Fig. 4.1c). At this point, 30 to 70 % of the SixNy molds were broken. 
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It was observed that this breakage of the tip-shaped molds appeared already 
at the very beginning of the KOH etching, and only when the molds were 
far away from each other (about 800u.m). Indeed, in the case of 15u,m high 
tip arrays with a spacing of 44u.m to 72u.m between two molds, no breakage 
was observed. This breakage was probably due to an accumulation of stress 
in the silicon nitride layer at the base of the tip, and could probably be 
avoided by integrating a stress barrier (lines of tips for example) at the 
border of the chip or of the membrane. This idea will be tested in a 
subsequent design. 
The small amount of silicon remaining inside the tip-shaped mold was 
finally removed by isotropic etching in a HNA solution for 30 minutes (Fig. 
4.Id). SEM investigations were necessary to ensure that the silicon nitride 
mold had been completely emptied (Fig. 4.3). It happened sometimes that a 
gas bubble prevented the HNA to enter a tip-shaped mold. In these cases, a 
second HNA etching was generally sufficient to empty it. It is important to 
note that the second mold did not appear to be etched at all in the HNA. 
This allowed the mold to reproduce exactly the dimensions of the original 
silicon tip and particularly of the tip apex, where the nanometer-sized radius 
of curvature was also preserved. 

FlC. 43: SEM of a silicon nitride tip-shaped mold observed from the back-side of the 
wafer. In this case the original 15pm high silicon tip has been completely etched away. 
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4 3 3 Filling and Removal of the Second Mold 

The first attempt to fill the SixNy mold with a platinum layer and to remove 
the mold by RIE revealed two major problems. First, stresses in the 
platinum membranes were too great for them to stand by themselves, and all 
of them broke during the RIE. Breakage of these platinum membranes can 
be avoided by strengthening the platinum layer by electroplating ~50fim of 
nickel onto the back-side before the removal of the second mold. The 
second problem is the redeposition of material observed on silicon and 
especially on platinum after RIE. Many attempts have been made to remove 
these residues, such as different wet chemical etches, oxygen plasma and 
platinum electrochemical cleaning. As no solution was found for the 
removal of the RIE residues, a wet chemical etch of the SixN1. was 
considered. In the next section, several wet etchants for silicon nitride have 
been studied and evaluated with regard to the rate with which they etch the 
silicon nitride, the electrodeposited nickel and two different adhesion layers 
for the Pt evaporation, titanium and tantalum. 

Determination of the Adhesion Layer and of the Wet Etchantfor Sifly 

For this study, two silicon wafers were prepared according to the following 
process. The goal was to obtain, on each sample, structures which allowed 
simultaneous contact of the wet etchant with bare Si^N,,, platinum and 
nickel. In this way, the etching rate of Si„Ny and Ni could be determined, as 
well as the degree of underetching of the adhesion layers, using the platinum 
layer as a reference for the measurements. 

First of all, an 8000Â thick, low stress, LPCVD silicon nitride layer was 
deposited on both sides of the wafers. In the following step, broad 
photoresist stripes (several mm) were painted on the top-side of both wafers 
in order to structure the adhesion and platinum layers by lift-off. 100Â of Ti, 
immediately followed by 3000Â of Pt, were evaporated onto one of the 
wafers, while 100Â of Ta and 3000À of Pt were evaporated onto the second 
wafer. These metallic layers were patterned by dissolving the photoresist 
underneath them in acetone. Then, sections of the platinum structures were 
protected with photoresist during the electrodeposition of 100pm of Ni. 
Finally, the photoresist was stripped off and the wafers were cut in quarters. 
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TABLE 4.1; Summary of the etching rate and underetching appreciation of various 
materials in different wet etchants. 

Etching time 

Si1Ny etch rale 

Ni etch rate 

Ti underetching appreciation 

Ta underetching appreciation 

H3PO4 

80min 

90A/min 

4/vn/min 

negligible 

negligible 

HF 

160min 

33Almin 

negligible 

totally etched 

significant 

BHF 

38 hours 

208AIhour 

negligible 

very significant 

negligible 

In this study, three different wet etchants were evaluated: a) 85% phosphoric 
acid (H3PO4) at 18O0C, b) 50% HF at room temperature and c) BHF, also at 
room temperature. The results of this study are summarized in Table 4.1. It 
should be noted that the HF bath was not new, therefore a variation of the 
concentration has to be taken in consideration. 
Based on Table 4.1, H3PO4 can immediately be rejected because of the high 
etching rate of Ni in this solution. HF is also unsuitable, due to the 
significant underetching of both Ti and Ta adhesion layers. BHF seems 
therefore to be the most promising candidate, despite the long etching time 
needed. As the underetching of Ti in BHF is very significant, Ta will be 
retained as the adhesion layer for platinum. 
As a last verification, the fourth quarter with the Ta adhesion layer was 
immersed in KOH for 4 hours. It appeared that the nickel was not etched 
and the Ta not underetched either. 

Second Mold Filling and Removal 

In accordance with the results of the preceding study, the silicon nitride 
mold was coated from the back-side by evaporating a 100Â Ta adhesion 
layer followed by a 3000Â thick Pt layer (Fig. 4.Ie). About 50u,m of Ni was 
then electroplated on the back-side. 
Finally, the SixNy and the Ta adhesion layer were removed in a 33 hour long 
BHF etch, leaving a Pt tip having the same shape and radius of curvature as 
the silicon tip used as a first mold. Figure 4.4 is a general view of the Pt 
membrane and tip in its frame of silicon. Figure 4.5 shows one of the 47u,m 
high Pt tips obtained at the end of the process, having a radius of curvature 
smaller than 15nm. 
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FlG. 4.4: SEM of a Pt membrane and tip in a frame of silicon at the end of the double 
molding process. 

FlC. 43: SEM of a Pt tip realized by the double molding technique, which clearly shows 
the identical shape and radius of curvature as the Si tip of Fig. 42. Tip height is 47\tm 
and the radius of cubature is smaller than I5nm. The latter was difficult to measure due 
to SEM vibrations during the observation. 
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AA Conclusions 

It has been demonstrated that this new fabrication process based on a double 
molding technique is capable of perfectly reproducing the shape and radius 
of curvature (<15nm) of anisotropically etched silicon template-tips. The 
different steps of this batch process are not critical, except for the formation 
of the silicon template-tip, where overetching in KOH causes a rapid 
decrease of the tip height. However, the required etching times proved not to 
be critical for the shape and radius of curvature. Concerning the breakage of 
silicon nitride molds during silicon underetching in KOH, the addition, in a 
next generation, of stress barriers all around the membrane will certainly be 
sufficient to eradicate this inconvenience. 
Further advantages of this process are its great flexibility in tip material 
selection and the wide range of achievable tip heights. Indeed, this process 
has been successfully applied for the realization of platinum tips with 
heights ranging from 15p.m to 50^m and until now, no limitations have been 
noted. 
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Fabrication of Diamond Tips ^~v 

The goal of this work was to modify the double molding process for the 
fabrication of hot-filament CVD diamond tips. Moreover, transfer processes 
were developed to mount these diamond tips on stubs to be used as probes 
in high resolution profilometry, as well as on cantilevers for atomic force 
microscopy measurements. 

5.1 Introduction 

The unique properties of diamond, such as its extreme hardness, its very 
good resistance to wear and its chemical inertness, makes this material an 
excellent candidate for the fabrication of many devices [1,2,3,4], The use 
of diamond tips is of particular interest in many SPM applications, 
especially in AFM, or in high resolution profilometry, where the imaging is 
performed in contact mode and, hence, the wear of the tip is a critical factor. 
The first diamond probes used in AFM were made of a small fragment of a 
gem [5] whose geometry, however, could not be well controlled. The 
increasing progress in thin film diamond deposition by various CVD 
techniques [4] have made it possible to overcome this inconvenience. 
Moreover, by adding boron or nitrogen during the deposition, diamond can 
also be doped, opening the opportunity to use this material for conducting 
probes in STM [2] and for the realization of field emitter devices [3]. 
In the search for new tip materials for SPM applications, thin diamond films 
have been deposited on batch processed silicon tips [2] or etched tungsten 
wires [6], either by microwave plasma assisted-[6] or hot filament-CVD [2, 
4] techniques. While the general shape of the tips obtained with these 
techniques is well controlled, the radius of curvature increases 
proportionally to the thickness of the deposited film, worsening the 
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resolution of AFM tips. In order to avoid this dependence, a simple molding 
process, previously developed for silicon nitride tips [7], has been adapted 
to realize pyramidal CVD diamond tips with radii of curvature as small as 
20nm [2]. 
The imaging in AFM and profilometry is always a convolution of the 
topography of the sample and the tip. Unfortunately, the aspect ratio of such 
pyramidal tips is restricted by the {111 > planes of the anisotropically etched 
silicon holes used as mold. This renders such tips of limited use on highly 
corrugated surfaces, which have themselves features of high aspect ratio. 
In this work, the batch fabrication process based on the double molding 
technique has been further developed in order to realize high aspect ratio 
diamond tips having radii of curvature smaller than 20nm. Such diamond 
tips have been mounted on stubs for high resolution profilometry 
applications, as well as on cantilevers for AFM measurements. 
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52 Fabrication of Diamond Tips: 
Modifications of the Double Molding Process I and Results 

The first steps of the double molding process described in the preceding 
chapter (Fig. 4.1 a-d) were not modified for the fabrication of diamond tips. 
Only the steps which involve filling the second mold and its subsequent 
removal were changed, and are presented in this section (Fig. 5.1). The size 
of the square silicon dioxide mask used to define the silicon tips has been 
reduced to 40nm in order to obtain tips having a height of 15(jm, which is 
considered to be sufficient for high resolution profilometry and AFM 
measurements. 

5.2.1 Second Mold Filling: Diamond Deposition 

The diamond deposition inside the second mold was realized with the hot-
filament CVD technique [2, 4, 8] described in section 1.3.1. In this double 
molding process, the diamond deposition was performed with the wafer 
placed upside-down on a graphite chuck (Fig. 5.2). In this way, diamond 
was deposited on the back-side of the wafer, that is to say on the Sî N1, 
frame, on the {111} silicon planes, and on the back-side of the silicon 
nitride membrane acting as second mold. 

e> f) 

A . ,7 

/ / 
// 

/ 

Si • SiO2 EHB SixNy Diamond 

FlG. 5.1: Steps of the double molding process modified for the realization of diamond 
tips. In this case, diamond can stand by itself and nickel is not necessary anymore to 
strengthen the membranes. 
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Graphite chuck 

Chuck caviiy 

Si 

SixNy membrane 

FlG. 5.2: Schematic of the sample mounted on the graphite chuck during diamond 
deposition. 

The first test of diamond deposition, realized without the cleaning steps 
previously mentioned as preparation of the sample, resulted in only 4% of 
the Si1Nj, membranes filled with a continuous layer of nanocrystalline, 
instead of polycrystalline, diamond (Fig. 5.3). The silicon nitride frame, 
however, was continuously covered with a polycrystalline diamond film. 
This was interpreted to be the result of a non-uniform seeding process. 
To resolve this problem, ultrasonic agitation was used in a first attempt 
during the seeding process in order to insure better diffusion of the seeding 
solution into the holes. Unfortunately, all the SixN5, membranes broke during 
the ultrasonic agitation. For subsequent depositions, a preparation of the 
sample before the seeding process was added (see section 1.3.1). This 
dramatically increased the seeding efficiency and homogeneity. 
Finally, with the improved diamond deposition process, continuous layers of 
polycrystalline diamond on the SixN5. frame, {111} Si planes, Sî Ny 

membrane, as well as inside the tip-shaped second mold, could be obtained, 
at least as deep as could be observed by SEM (Fig. 5.4). 
Different types and thicknesses of diamond films were deposited in the 
SixN5, membranes. At this step, SEM observations did not reveal any 
differences in the quality of the polycrystalline diamond for luim or 2u,m 
thicknesses, or for intrinsic, slightly boron-doped (lppm) or heavily boron-
doped (3ppm) layers. 
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FlG. 5 J: SEM of a discontinuous layer of CVD nanocrystalline diamond deposited on 
the {111} silicon planes and on the SixN^ membrane. The inset in the upper right corner 
of the figure shows an enlargement of the nanocrystalline structure of this diamond 
layer. 

FlG. 5.4: SEM of the back-side of the second mold uniformly filled with a 2pm thick 
layer of CVD, boron-doped diamond. 
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522 Removal of the Silicon Nitride Mold 

At this step, the 8000Â thick silicon nitride appeared to be very difficult to 
remove. In the first trial, this layer was etched in BHF, as in the double 
molding process used for platinum tips. However, after 66 hours in this 
solution, the silicon nitride was not etched at all. Many other etching 
processes have been investigated, such as dry etching with various reactive 
gases (SFJO2, SFJ /C 2 C1F„ CySiCyN2), wet etching in different solutions 
(BHF, H3PO4, HF:H202:H20) and combinations of both wet and dry etching. 
While some of these techniques presented promising results for other 
applications as mentioned in Fig. 5.5, no efficient and reproducible attack 
could be developed at this point of the work. The results of these various 
methods are summarized in Table 5.1. 

FlG. 5 J: SEM of a partially released diamond tip pointing out of the silicon nitride layer 
remaining after a combination of dry etching (SF6ZO2, 8min) and wet etching (H3PO4, 
18O0C, 45 min). The base diameter of the boron-doped diamond tip apex not passivated 
by the insulating layer is 220nm, its height about 300nm, while its radius of curvature is 
estimated to be smaller than 20nm. Such structures could be used as ultra-precise 
nanoelectrodes or nanoprobes. 
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TABLE 5.1: Summary of the various etching processes used to investigate the removal of 
the silicon nitride mold after diamond deposition. 

Etchant Etching time Observation 

BHF MIi1K) 

SF6IO2 

H1PO418O0C 

H1PO41800C 

8 mm 

8 min 

45min 

8 mm 

45 min 

•ii in 

ClJSiCl4IN2 40 min 

HF :H.O ,Ho 1:1:3 38M0 

HF:H,0,:H,0 1:1:5 

FC 93 (wetting agent) 

SF6ZO2 

III-Al 1:5 

FC 93 (wetting agent 

36h00 

3 drops when 
taking out 

,iin 
1 Z J O O 

No etching 

ed on flat SUiIa1 c\ and lip apex only. 
In CC hing, diamond tip apex 

.:. Plasma l*< movt 

Si,Nv etched on flat surfaces and tip apex only. 
Danger of over etching in SF6IO2. Tip apex 
clean but H1PO4 etching too slow. See Fig. 5-5 

-//v. 
Danger of ove retching in SF6ZO2. Tip • 

, but H,PO, etching fi OF3 

etched the tip a: 

Etching rate too slow: lOAImin 

Redeposition offilnu on the wafer. 
Si1N^ tomt npletely etched depo 

. and thu 
the Sift, 

No more redeposition of films on the wafer. 
Si1N^ sometimes completely etched depending 
on the density and thickness of the films 
covering the SiJf v 

Results not reproducible. Strong influence of 
film thickness and density on tht 

;iin, .̂  />. I •• 

'died or films and silicon nitride re 
\6) 

These investigations revealed the presence of a thin film covering the top­
side of the silicon nitride layer (Fig. 5.6). This film was deposited during the 
diamond deposition on the side of the wafer which is located against the 
surface of the graphite chuck used to hold the wafer. None of the wet 
etching processes used in this work could etch this film. In the case of dry 
etching, the silicon nitride was probably underetched, and the film 
redeposited in small pieces on the surface of the wafer. 
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FlG. 5.6: SEM of a diamond tip apex appearing inside the partially etched silicon nitride 
second mold. The composition of the transparent film located on the silicon nitride is not 
known. This film, as well as a small amount of the silicon nitride, has been removed from 
the apex of the diamond tip by successive SFJO2 dry etching and wet etching in a 
HFH2O2-H2O solution. 

The composition of this film has not been determined so far, but it could be 
silicon carbide. It was observed that the density and thickness of this film 
depends on the number and location of broken molds. Indeed, a high 
proportion of membranes missing their tip-shaped molds would allow larger 
quantities of reactive gases to reach the side of the sample placed against the 
graphite chuck. At this point, an unknown reaction could occur between the 
gases, the sample, and perhaps the chuck, resulting in the formation of this 
undesirable film. 
A cavity in the chuck was necessary to prevent the silicon nitride molds 
from being crushed against the chuck. To reduce the supply of gases from 
the sides of the wafer, a special chuck was manufactured with a cavity 
whose geometry is identical but with slightly smaller dimensions than the 
sample dimensions (Fig. 5.2). Samples on which diamond depositions were 
performed using this new chuck exhibited a sufficient reduction of the 
thickness and density of the film. Complete removal of the silicon nitride 
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second mold by wet etching in the hydrofluoric/peroxide/water solution was 
then possible. Also in this case, the film was underetched and floated on the 
surface of the etch bath. Adding 2-3 drops of a wetting agent (FC 93) in the 
bath just before taking out the sample prevented redeposition of this 
hydrophobic film on the wafer. Trying to etch the film with SF6ZO2 prior to 
the wet etching described above leads only to the formation of residues 
which are very difficult to remove. 

In summary, to be able to etch the silicon nitride second mold after diamond 
deposition, the deposition had to be done using a quasi-hermetic chuck. 
Etching could only be realized in a hydrofluoric/peroxide/water solution, 
adding just 2-3 drops of a wetting agent before removing the sample, in 
order to avoid film redeposition on the wafer. 

By this modified double molding technology, it was demonstrated that 
diamond tips perfectly reproduce the shape and radius of curvature of the 
initial anisotropically etched silicon tips (Fig. 5.7). 

5.23 Diamond Evaluation 

Up to this point in this work, only SEM studies of diamond layers have been 
presented. These observations have given an idea of the crystal structure of 
deposited diamond layers. Indeed, if crystal facets can easily be seen, it 
suggests that the layer is probably essentially composed of polycrystalline 
sp3 diamond. If not, the layer is either nanocrystalline or even amorphous. 
To have a better idea of their composition, some diamond layers were 
investigated by Raman spectroscopy. These qualitative measurements are 
very sensitive to aLiy sp2 carbon content. Therefore, as soon as a diamond 
peak can be detected in the presence of graphitic defects, it can be 
concluded that the layer is essentially composed of polycrystalline diamond 
with only a small amount (5-500ppm) of graphitic carbon. Unfortunately, it 
was not possible to perform Raman measurements on or in the tip itself due 
to a lack of precision in the laser location. 

To complete the evaluation of the diamond layers, then, imaging was 
performed with a Transmission Electron Microscope (TEM). With this 
microscope, very high resolution light- or dark-field images of thin samples 
can be obtained. Moreover, using a small diaphragm, it is also possible to 
get the diffraction pattern of a selected area of the sample. 
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FlG. 5.7: Comparison between: (a) a typical anisotropically etched silicon tip acting as a 
first mold and (b) a I3ftm high, CVD diamond tip obtained with the double molding 
process after the removal of the silicon nitride second mold. Both tips have an aspect 
ratio of 1.45 and radii of curvature as small as 20nm. 
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Raman and TEM investigations were first realized on the wafer from which 
diamond tips were extracted for mounting on stubs for high resolution 
profilometry applications (sample A). Based on the results of these 
investigations, which are presented hereafter, attempts to extend the 
diamond deposition into the apex of the tip-shaped silicon nitride mold were 
performed. To this end, cyclic pressure variations were added during 
diamond deposition in order to improve the gas exchange into the mold. The 
results of the Raman analysis and of the TEM observations realized on this 
second sample (sample B) are also presented in this section. 

Raman Spectroscopy Investigation of the Diamond Layer 

Raman spectroscopy is one of the principal characterization tools for 
diamond materials. Indeed, the presence of sharp Raman lines allows 
diamond to be recognized against a background of sp2 carbon and also to 
characterize the graphitic carbon [9, 10, M]. Table 5.2 gives the 
wavenumber values of the Raman peaks or domains corresponding to the 
presence of diamond and various types of graphitic carbon in a sample. 

TABLE 52: Raman peak locations for various materials 

Wavenumber (cm1) 

520 

790 

970 

1130-1150 

1230-1250 

1315-1326 

1332 (±10) 

1340-1360 

1465-1475 

1520-1560 

1580 

Material 

Silicon (can vary with doping) 

Silicon carbide (disordered cubic) 

Silicon carbide (hexagonal) 

Micro!Noncrystalline diamond 

Nanocrystalline diamond 

Hexagonal diamond (lonsdalcite) 

Monocrystalline diamond (cubic) 

Disordered graphite ("D") 

MicrolNanocrystallinc diamond 

Diamite or bridged graphite (diamond-like films) 

Monocrystalline Graphite ("G") 
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These measurements are qualitative and not quantitative. Indeed, compared 
to diamond, graphitic carbons and other sp: bonded amorphous carbons are 
strong Raman scatterers in spite of their intense optical absorption. So, as 
the Raman intensity of the various sp2 carbon spectra is much higher than 
that of the diamond spectrum, Raman spectroscopy is a very effective means 
of detecting very small amounts of sp2 carbon in diamond films. However, it 
is not a sensitive test for diamond in the presence of other types of carbon. 
Measured spectra of CVD diamond films usually consist of more than just 
the narrow diamond Raman line. Non-diamond carbon Raman lines and 
Raman peaks from the substrate material can add up to rather complex 
spectral structures which are difficult to interpret. In order to quantify the 
individual features, a computer peak analysis routine is applied. However, it 
has to be taken into account that such an analysis can produce results with 
the peak position being shifted due to unidentified small peaks. Moreover, 
Raman lines can be shifted due to various factors. For example, adding 
boron in the diamond layer induces a shift of the diamond Raman line 
towards the lower wavenumbers (negative shift). Reducing the diamond 
grain size [12], or heating the diamond layer with the light source, also 
produces a negative shift. The orientation of the diamond crystal, as well as 
the angle of incidence of the light source on the crystal, can also have an 
influence on peak position [13]. Finally, the internal stresses in the diamond 
layer, brought about during the deposition by a mismatch between the 
diamond film and the substrate, can also produce small shifts, negative for 
films in tension and positive for films in compression [9]. 
In our case, Raman spectroscopy investigations were realized with an Ar-
laser monochromatic light source at a wavelength of 514.5nm (Ramascope 
System 2000 © Renishaw) at different locations, on the top-side as well as 
on the back-side of the samples. The Raman spectrum realized on the wafer 
from which boron-doped diamond tips were extracted for the high resolution 
profilometry measurements (sample A) are presented in Fig. 5.8. The three 
individual components of the fit are depicted underneath the measured 
curve. For a better clarity, a schematic of the measurement location is 
presented for each measurement. 

In Fig. 5.8a) and 5.8b), the diamond peak is clearly visible, even if it is a 
little shifted towards lower wavenumbers (1325-1327cm"1 instead of 
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FlG. 5.8: Raman measurements realized at different locations on sample A. a) Back-side 
of the wafer, on the surface of the diamond layer deposited on the silicon nitride/silicon 
frame, b) Diamond membrane from the back-side of the wafer, corresponding to the 
surface of the diamond layer at the end of the deposition, c) Diamond membrane from 
the top-side of the wafer, corresponding to the diamond initially deposited at the 
beginning of the mold filling process. 
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1332cm"1). In Fig 5.8c), the diamond peak is wider, but still present at 
1328cm'1. These shifts can appear when diamond is doped with boron. In all 
these measurements, other peaks are present. It is difficult to determine 
exactly to which materials they correspond. Their positions are influenced 
by the way the fits have been made. In this work, only the number of peaks 
has been fixed, letting the program determining the peak positions for an 
optimal fit using Lorentzian functions. 
Based on the experience acquired with repeated Raman measurements of 
diamond layers deposited under the same conditions and in the same reactor 
chamber as the one presented here, it can be deduced that the peaks located 
between 1520CnV1 and 1580cm"1 (a) 1539cm1 b) 1546cm"1 and c) 1569 cm"') 
are probably due to a certain amount of graphitic defects. From earlier 
experiments, the peak at 1225cm"1 of Fig. 5.8a) is identified to be due to the 
presence of nanocrystalline diamond, while the peak at 1358cm"1 of Fig. 
5.8c) corresponds probably to a small amount of disordered graphite "D". 
Concerning the peak at 1308cm"1 of Fig. 5.8b), it could either correspond to 
some disordered graphite "D", or it could be the result of the combination of 
two peaks at 1243cm"1 and 1441cm'1 (these values were obtained by 
allowing four peaks instead of three as fitting parameters). Both peaks 
correspond to the presence of nanocrystalline diamond. As some 
nanocrystalline diamond has also been identified in the Raman spectrum of 
Fig. 5.8a), this last interpretation seems to be more reasonable. 
These measurements prove that this layer, at least the membrane and the 
coating on the frame, is essentially composed of polycrystalline diamond, 
with some nanocrystalline diamond on the back-side of the wafer. In all 
cases, the presence of a certain amount of sp2 carbon has been demonstrated. 
Raman spectroscopy investigations were also performed on sample B and 
are presented in Fig. 5.9. The diamond layer deposited on this wafer differs 
from the one of sample A in the following ways. Firstly, during the diamond 
deposition, the pressure in the reactor chamber was varied at least every ten 
minutes to improve the gas exchange into the tip-shaped mold. Secondly, no 
boron was added during the deposition, resulting in an "intrinsic" diamond 
layer. Finally, after the removal of the second mold, the sample was 
immersed in a 100% HNO3 bath for 16 hours in order to remove any 
graphitic compounds that could still be present. The surface of the tips 
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appeared to be quite rough after this step, demonstrating that some graphite 
had certainly been located in the diamond grains junctions. Nevertheless, the 
general shape of the tips, as well as their apex, had been preserved. 
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FlG. 5.9: Raman measurements realized at different locations on sample B. 
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In comparison to the Raman spectra of Fig. 5.8, it is observed that the 
proportion of diamond compared to that of graphitic defects is higher in 
sample B than in sample A. This could be due either to an improvement in 
the quality of the diamond layer or to the HNO3 etching of the superficial 
graphitic compounds. Moreover, an improvement of diamond layer quality 
could be due either to the cyclic pressure variations during deposition or to 
the absence of boron in the diamond layer. Indeed, heavy boron doping is 
known to favor the formation of sp2 carbon in HF-CVD diamond layers. In 
any case, the Raman spectra of Fig. 5.9 highlight sharp diamond peaks at 
1331cm"1. For this undoped sample, the diamond peaks have almost not 
shifted from the expected value. 
In Fig. 5.9a), the Raman peaks of disordered graphite (1362cm"1) and of 
monocrystalline graphite (1563cm"1) are attenuated compared to the 
diamond peak, demonstrating that only a few ppm of graphitic defects are 
present in the diamond layer. In Fig. 5.9b) and 5.9c), the Raman peaks of 
disordered graphite (1348cm"1 and 1349cm'1, respectively) as well as the 
peaks of monocrystalline graphite (1356cm"1 and 1358cm"') are more 
pronounced, but still indicate a very low amount of sp2 carbon in the 
diamond layer. In all these measurements, the location of the 
monocrystalline graphite peaks is shifted towards lower wavenumbers. This 
could be due to the heterogeneous structure of the layer (composed of sp2 

carbon and of sp3 diamond), inducing vibrationnal frequencies which differ 
from, but are nevertheless close to, the ones of the different phases 
contained in the layer. 

The Raman spectra of Fig. 5.9b) and Fig. 5.9c) are very similar, as can be 
expected for two measurements of the same layer. However, this was not the 
case for the figures 5.8b) and 5.8c)f where the amounts of various forms of 
graphite were more significant in the measurement realized on the top-side 
of the wafer. This could simply be due to a more pronounced formation of 
graphitic compounds between the diamond grains in the earlier stage of the 
diamond deposition, compounds which, in the case of sample B, have been 
removed in HNO3. 
To conclude, the Raman spectra of sample B more closely resemble those of 
a good polycrystalline diamond layer than the ones of sample A. It is 
necessary, however, to keep in mind that the superficial graphitic 
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compounds of sample B could have been etched away in HNO3 unlike those 
of sample A. Moreover, the reason for this improvement is not clearly 
defined. It could be due either to the fact that the diamond layer of sample B 
had not been doped with boron, or to the cyclic pressure variations during 
the diamond deposition. To clarify these points, it would be necessary, in 
the future, to perform another boron-doped diamond deposition with the 
same cyclic pressure variations and to make Raman investigations of this 
layer before and after etching in HNO3 for sixteen hours. 

TEM Observations 

To determine the material composing the tip apex, or at least its crystal 
structure, it was necessary to turn to TEM analysis. The TEM observations 
of sample A were carried out at the EPFL (Ecole Polytechnique Fédérale de 
Lausanne), while the TEM investigations of sample B were performed at the 
IMS (Institut de Métallurgie Structurale) of the University of Neuchâtel. 
On the dark-field image of the apex of one of the tips extracted from sample 
A (Fig. 5.10), the contrast which can be observed under the dashed line 
highlights a reduced total thickness of the material at this location, 
compared to that of the edges of the tip where no contrast can be observed. 
Considering the conical shape of the sample, this reduced thickness 
demonstrates that the tip apex is hollow and that the thickness of the 
diamond layer is thinner than 300nm at this location, when 2|xm are 
expected. On the other hand, little white areas can be observed, 
corresponding to small crystals oriented in a specific direction and by which 
the incident electrons are scattered. 

The diffraction pattern of this tip apex is presented in Fig. 5.11. The 
simultaneous presence of small bright spots and of blurred circles indicates 
that the tip apex is composed of many nanocrystals oriented in various 
directions, which are embedded in an amorphous matrix. 
Finally, an image of the tip apex at a very high magnification was made 
(Fig. 5.12). The small "filament-like" atomic planes are characteristic of 
crystalline graphite. From this, it can be concluded that this tip apex is 
essentially composed of nanocrystals of graphite embedded in an 
amorphous material. 
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FlG. 5.10: Dark field image of the apex of a tip extracted from sample A. The white line 

outlines an area of reduced thickness in which it can be seen that the tip is hollow. The 
arrow points at one of the scattering crystals. 

FlG. 5.11: Diffraction pattern of the tip apex of sample A. The blurred circles indicate 
the presence of amorphous material (dashed arrows! while the small bright spots (white 
arrows) are diffraction patterns of small crystals orientated in different directions. 
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FlG. 5.12: TEM taken at high magnification (340'00Ox) highlighting atomic planes 
characteristic for crystalline graphite (indicated by the arrows). 

TEM analysis of the apex of some tips extracted from sample B were also 
performed. A dark-field image of a tip apex is presented in Fig. 5.13a). 
Once more, the bright areas correspond to electron scattering nanocrystals 
oriented in a specific direction. Figure 5.13b) represents the same area after 
a slight rotation of the tip. It can been observed that the electrons are 
scattered by other nanocrystals oriented in a slightly different direction than 
those visible in Fig. 5.13a). From these pictures and others not presented 
here, it can be concluded that the majority of the material located at the right 
of the micrographs is nanocrystalline. On the other hand, the absence of 
scattering crystals at the very end of the tip apex (left parts of Fig. 5.13a) 
and b)) indicates that this area is amorphous. 
The diffraction pattern of the small area enclosed by a circle in Fig. 5.13a) is 
presented in Fig. 5.14. There, the small bright spots correspond to 
nanocrystals and as no blurred circle can be observed, it can be concluded 
that this area does not contain amorphous material. To determine the 
composition of these nanocrystals, the diffraction pattern of Fig. 5.14 was 
compared with the diffraction pattern of a small area of the tip base (Fig. 
5.15) which, according to SEM observations (see Fig. 5.4), is composed of 
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FlG. 5.13: Dark field images of a tip apex in sample B. a) The bright features correspond 
to the electrons scattered by small crystals oriented in a specific direction. The drawn 
white circle corresponds to the area defined by the diaphragm during the formation of 
the diffraction pattern, b) Same area after a slight rotation of the tip apex, highlighting 
other small crystals oriented in a slightly different direction than the ones in a). 

polycrystalline diamond. The radii between the central transmitted spot and 
the nearest nanocrystal diffraction spots have been measured in both figures 
5.14 and 5.15 and found to be identical at this resolution. From this value, 
the distance between the planes belonging to this particular family of 
scattering planes could be calculated to be 2.181Â±0.120Â. This 
experimental interplanar distance was finally compared to the values of 
tables, in which the interplanar distances of the various families of scattering 
planes have been reported for diamond as well as for monocrystalline 
graphite. The best matching values are 2.059Â for {111} diamond planes 
and 2.131Â and 2.031Â for various graphite families of planes. As the 
theoretical values for diamond and graphite interplanar distances are very 
close to each other, it is difficult to determine if the experimental value 
corresponds to diamond or to graphite. Based on the SEM observations 
presented in Fig. 5.4, and on the fact that graphitic compounds are etched 
away in a long fuming nitric acid etch, it has been concluded that the 
diffraction patterns correspond to diamond nanocrystals. Nevertheless, the 
presence of small amounts of graphite cannot be excluded. 
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Even if the tip is essentially composed of polycrystalline diamond, the 
presence of amorphous material at the extremity of the tip apex clearly 
indicates that the diamond deposition used for the realization of sample B is 
still not optimal at the deep end of the molds. To determine the atomic 
composition of these tips, Energy Dispersive Spectroscopy (EDS) [14] 
investigations of the tip apex as well as of the tip base were carried out. 
These qualitative analyses showed that the bases of the tips are essentially 
composed of carbon atoms, with a small amount of oxygen, while silicon 
was detected in addition to carbon and oxygen in the apices. Based on this, 
it is possible that the apices of the tips are composed of a very thin layer of 
oxycarbide of silicon. 

FlG. 5.14: Diffraction pattern of a small area (0 300nm) of the tip apex of sample B. 
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Such a thin tip apex will easily be broken once in contact with a sample 
during high resolution profilometry experiments, leaving in the best case, a 
nanocrystalline tip apex having a radius of curvature in the order of 200nm. 
Such a radius of curvature can also be obtained by simply coating a silicon 
tip with a CVD diamond layer. So, some more work will be necessary to 
investigate other modified diamond deposition processes to fill the silicon 
nitride mold with a 2u.m thick polycrystalline diamond layer right up to the 
tip apex. 

FlG. 5.15: Diffraction pattern of a small area (0 300nm) of the polycrystalline tip base of 
sample B. 
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53 Mounting of the Diamond Tips 

53.1 Mounting on Stubs for Profilometry Applications 

For high resolution profilometry, the diamond tips must be mounted on 
aluminum stubs. To achieve this, two procedures have been followed: 1) the 
direct gluing method, which can be used only if the diamond membranes are 
big enough (about 1mm2) and 2) a second gluing method, which is done 
only after the partial removal of the silicon frame. In both cases, tips are 
glued on stubs in a serial fashion. 

Direct Gluing 

The direct gluing of a diamond tip on a stub can be done immediately after 
the removal of the second mold (Fig. 5.If)- The stub, on which glue has 
been applied, is positioned under the diamond membrane and brought into 
contact by means of a xyz table. After polymerization of the glue, the 
diamond membrane is manually broken and the stub withdrawn (Fig. 5.16). 

FlG. 5.16: SEM of a diamond tip and membrane glued on an aluminum stub by means of 
the direct gluing method. The dimensions of the flat surface of the stub being very small, 
it is difficult not to apply the glue on its inclined sidewalls. 
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Later, if necessary, the overhanging rim of the diamond membrane can be 
removed by breaking the membrane around the tip with a tiny instrument. 
This step is quite dangerous, as the tip can be broken if touched. 
This method can only be used if the dimensions of the membrane are big 
enough. Indeed, it is very difficult to apply the glue on the flat surface of the 
stub only. If glue is applied on the inclined sidewalls of the stub and the 
dimensions of the membrane are too small, the stub can also be glued to the 
{111} diamond coated silicon planes around the membrane, preventing 
withdrawal of the stub from the wafer. 

Gluing after Partial Removal of the Silicon Frame 

A safer alternative to the direct gluing method, which allows diamond 
membranes as small as 100xl00u.nr to be glued on aluminum stubs, relies 
on a partial removal of the silicon frame in which the diamond membranes 
are embedded (Fig. 5.17g). For this technique, the inclined sidewalls of the 
stub were reshaped into vertical sidewalls, reducing problems resulting from 
glue application on the sidewalls of the stub. The following steps are 
identical to the one described in the direct gluing method (Fig. 5.17h). 
Figure 5.18 shows a diamond membrane and tip glued on a modified 
aluminum stub using the above-described gluing method. In this case, the 
membrane was broken on the <11 l>-oriented sidewalls, reducing the risk of 
breaking the tip. 

Si • SiO2 ! SixNv Diamond 'M Glue I l Al 

FlG. 5.17: (g) Partial removal of the silicon frame, (h) Gluing of the stub under the 
membrane and separation from the wafer. 
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FlG. 5.18: SEM of a diamond membrane and tip glued on a stub using the second gluing 
method, preceded by a partial removal of the silicon frame. 

$v® 
FlG. 5.19: (a) Underetching of the silicon at the interface with the diamond membrane. 
(b) Non-uniform etching of silicon in KOH. (c) Pronounced underetching of silicon in 
TMAH, leaving residues on the diamond membranes, (d) Clean uniform etching in HNA. 
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The partial removal of the silicon frame was more challenging than 
expected. Indeed, the silicon located next to the diamond layer was severely 
underetched during the removal of the silicon nitride second mold in the 
HF:H20;:H20 solution (Fig. 5.19a). Attempts to anisotropically etch about 
150u.m of the silicon frame in KOH resulted in a strong non-uniformity in 
the etch depth on the wafer (Fig. 5.19b). By using TMAH instead of KOH, 
the underetching was reduced, but was still difficult to control. Moreover, 
residues were observed on the membranes (Fig.5.19c). An isotropic etch in 
HNA solution overcame the problem of underetching and left clean 
membranes (Fig. 5.19d). In this case, the transport dependent etch rate of the 
solution led to an overetching of one of the silicon frame borders, but not in 
a significant way for this technology. 

5 32 Mounting on Cantilevers for AFM Applications 

AFM requires the tip to be glued on a spring or cantilever. Since the above 
mentioned techniques are no more applicable, a transfer technology 
originally developed by Akyiama et al. [15] has been adapted for the 
transfer of diamond membranes and tips. The sequence of this modified 
transfer technology is depicted in Fig. 5.20. 

a» h. O Z | i 

— JT 

. . 

Diamond 

• Glass 

H AZ 4562 

SiO2 

Glue 

FlG 520: Sequence of the transfer technology used to transfer a diamond membrane and 
tip on a cantilever. 
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The first step of this process consists of protecting the diamond tips with a 
40um thick photoresist (AZ 4562) structured photolithographically [16, 17, 
18]. For this step, the first photolithographic mask of the double molding 
process can be used (Fig. 5.20a). A 7 urn thick AZ 4562 layer is spun at 
4000rpm for 40 seconds on a glass wafer and softly cured in a convection 
oven at 850C for 10 min. The glass wafer is then placed upside-down on the 
thick photoresist structures embedding the diamond tips. A weight is applied 
on this two-wafer system, and the whole is heated at 800C for one hour, 
until the surface of the thick structured photoresist sticks to the thin 
photoresist layer and to the glass wafer (Fig. 5.20b). The diamond 
membranes are then mechanically broken and separated from the silicon 
frame (Fig. 5.20c). In the next step, a cantilever on which epoxy has been 
applied is accurately aligned under a diamond tip by means of a xyz table. 
Cantilever and tip are brought into contact and gently pressed, this for 
several hours, until total polymerization of the glue (Fig. 5.20d). Finally, the 
protective thick photoresist is removed and the glass wafer withdrawn (Fig. 
5.20e), leaving the diamond tip and membrane glued to the cantilever as can 
be seen in Fig. 5.21. 

FlG. 5.21: Diamond tip and membrane transferred to a cantilever for AFM applications. 
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SA Conclusions 

A modified double molding technology was presented, allowing the 
fabrication of HF-CVD diamond tips having a high aspect ratio and radii of 
curvature as small as 20nm. Such diamond tips proved to perfectly 
reproduce the geometry of the anisotropically etched silicon tips which 
served as a first mold. 

These conical diamond tips can be glued on stubs for high resolution 
profilometry applications. Moreover, a transfer technology was successfully 
adapted to mount diamond tips and membranes on cantilevers for atomic 
force microscopy. 

Raman analysis showed that the diamond membranes contain only a small 
amount of graphitic compounds. However, TEM analysis performed at the 
apex of such double molded tips indicated a reduced thickness of the 
material at this location. Highly magnified images also showed wavy 
structures, typical for graphite, on the surface of the tip apex. Finally, 
diffraction patterns of the tip apex indicated that the apex was composed of 
small nanocrystals embedded in an amorphous matrix. This may be 
evidence for inefficient diamond deposition in the very end of narrow holes, 
due probably to a reduced mass transfer of reactive gases in such confined 
geometries. 

In order to improve gas exchange in the molds, cyclic pressure variations 
were applied during the last diamond deposition performed in this work. 
Diffraction patterns indicated that the tip apex was made out of essentially 
polycrystalline diamond, except for the last 300nm of the tip, where dark 
field TEM images revealed that it was composed of an amorphous material. 
The simultaneous presence of silicon, carbon and oxygen atoms at the tip 
apex, as found by EDS, suggested that it consists of a thin layer of 
oxycarbide of silicon. More work will be necessary to improve the diamond 
deposition efficiency far into the deepest extremity of the silicon nitride 
mold. 
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High Resolution Profilometry *J/ 

The high resolution profiler is an instrument which combines the high scan 
rate, the large scan size and the ease-of-use of a standard profilometer with 
the microanalysis and three-dimensional imaging capability of an atomic 
force microscope. 
The aim of this work is to mount a double-molded diamond tip as a probe in 
a high resolution profiler and to study the achievable topographic images of 
specific samples in comparison with images obtained with other diamond 
probes currently used with this instrument. 

6.1 Introduction 

A standard surface profilometer generally provides profile scans of the 
sample topography with a vertical resolution on the order of nm, a high scan 
rate (up to 250ujn/sec) and scan lengths between 50u,m and 10mm. The 
principle of measurement is quite simple. A stylus (radius of curvature: 
6.25 t̂m) is quickly brought into contact with the sample and scanned over 
the surface. Its deflection is electronically recorded and converted by 
software to provide an image of the measured topography. Protruding 
features having heights of about lOnm can be measured with a vertical 
resolution of about lnm. However, the measured depth of narrow pits, as 
well as the lateral resolution, strongly depend on the probe radius of 
curvature (Fig. 6.1). The heavy load (IO-lOOuN) applied on the standard 
profilometer probe, however, does not allow the use of a stylus with 
submicrometer-sized radius of curvature. 
On the other hand, the AFM [1] is able to image the surface of a sample 
with vertical as well as lateral atomic resolution, as long as the probe radius 
of curvature is small enough. The principle of this instrument is described in 
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FlG. 6.1: Illustration of the influence of the radius of curvature of the probe while 
scanning a sample composed of a Ipjn wide, 250nm thick protruding feature and a lpm 
wide pit having a depth of250nm. The scale is preserved in the schematics but, for the 
sake of clarity, the vertical axis of the resulting profiles has been extended by a factor 5. 
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section 1.1.1. As measurements are performed with only small forces 
between the probe and the sample, tips with radius of curvature even smaller 
than 25nm can be used. Atomic force microscopy, however, is a time 
consuming topographical analysis. The size of the scanned sample area is 
usually very small, and it is therefore quite difficult to localize the 
measurement very accurately. 
As a bridge between the standard profilometer and the atomic force 
microscope, a high resolution profiler has been developed by Tencor [2]. 
This dual-stage instrument is able to combine the ease-of-use, the large scan 
length and high scan speed of a standard profilometer with accurate 
positioning and measurements of nearly atomic resolution. The principle 
and characteristics of the HRP-100 are detailed in the next section. 
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62 The HRP-IOO: A High Resolution Profiler 

In January 1997, Tencor Instruments (nowadays KLA-Tencor) introduced a 
breakthrough metrology system: the Tencor HRP-100 (Fig. 6.2). This 
instrument is the first surface profiling system capable of measuring the 
surface topography of a wafer on both the macroscopic and microscopic 
scale. The HRP-100 combines long scans up to 200mm with fine-area 
analysis of submicrometer features, as well as the measurement repeatability 
and ease-of-use of a standard stylus profilometer with the high resolution 
analysis and imaging capabilities of an AFM. 

To achieve these requirements, the HRP-100 is composed of two scanning 
stages: 1) the macroscopic sample stage, similar to a standard profilometer's 

Macroscopic 
sample stage 

Measurement 
head 

FlG. 62: Photograph of the high resolution profiler HRP 100 © KLA-Tencor. 
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xyz-stage, to perform long scans (90u.m to 200mm) and to locate patterns 
needing more accurate investigations, and 2) the microscopic sensor stage 
used for local area analysis (<= 90x90fxm2) with nearly atomic resolution. 
To avoid crushing the tip or damage to the sample during the approach of tip 
to sample, an acoustic sensor is integrated into the sensor stage. This 
acoustic sensor uses reflected sound to detect the distance from the stylus to 
the sample, allowing in this way the use of styli with very small radii of 
curvature. The measurement head, fixed on the sensor stage, is composed of 
two sets of optics for pattern recognition, a cantilever-shaped stylus holder, 
a capacitive detection system, and a magnetic set-up to maintain a constant 
stylus force as low as 0.5[iN or 0.1 u.N in the case of the modified HRP-100 
used in this work (Fig. 6.3). 
It is possible to perform single-line profile scans as well as area scans. The 
software allows the acquisition of 2-D and 3-D images of the topography of 
the sample and advanced data analysis (fitting, leveling, filtering,...). 
Typical characteristics of the HRP-100 styli are given in the next section. 

FlG. 6.3: Schematic of the crucial part of the measurement head of the HRP-100. 
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6 3 Measurements 

Comparative measurements were realized at KLA-Tencor (Mi'lpitas, CA, 
USA) on a selection of samples with four different types of diamond probes 
mounted in the HRP-100. The aim of this work was to determine if the 
double-molded conical diamond tips could be used as probes in the HRP-
100, and to compare the measurements obtained with these recently 
developed tips and tips already used in the HRP-100. 

63.1 HRP Diamond Probes 

Diamond probes are either formed at the end of a mechanically-shaped 
shank or glued on stub. In every case, the shank or stub is mounted on an 
aluminum arm acting as a cantilever. This arm can be manipulated with 
tweezers and clamped in the sensing element of the measurement head. 

Standard Probe 

The standard probe consists of a mechanically-shaped stainless steel shank, 
having a length of about 4mm. The diameter of this shank is about 1mm and 
its diamond measuring tip has been milled to obtain a conical shape with a 
total aperture angle of typically 60° and a radius of curvature of 2±0.5u,m at 
the tip apex (Fig. 6.4). 
This kind of tip is very stable and has a long lifetime. It is generally used for 
long scans across the wafer or repetitive scans on samples where a high 
resolution is not crucial, or for samples having low aspect ratio structures. 

Durasharp Probe 

The Durasharp tips are provided by KLA-Tencor for high resolution 
measurements with the HRP-100. These tips are formed from the standard 
probes described above by sharpening the diamond apex with a focused ion 
beam. This sharpening yields 0.3-1 u.m high diamond supertips having a 
cone angle of 40±5° and a radius of curvature ranging from 30 to 50nm 
(Fig. 6.5). 
The efficiency of the Durasharp tips in high resolution profilometry has 
been demonstrated. Unfortunately, they are produced with a serial process 
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and are therefore quite expensive. Their geometry is not regular, giving rise 
to pronounced tip effects while scanning samples with significant height 
differences. Moreover, they have a high risk of breaking while scanning 
deep holes with sharp edges having a depth similar to the height of the 
supertip. 

FlG. 6.4: SEM of the apex of a diamond standard probe, having a radius of curvature of 
about 2 pm. 

FlG. 65: SEM of an unused Durasharp tip showing two stages of sharpening. A first step 
removes materials in order to keep a general angle of aperture of about 60° on the first 
5pm of the tip. The second step defines the 03pm high supertip. 
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Pyramidal Probe 

Pyramidal diamond tips were produced by Ph. Niedermann (CSEM, 
Neuchâtel, Switzerland) by means of a simple molding technique, that is, by 
HF-CVD of diamond in pyramidal holes anisotropically etched in a {100} 
silicon wafer [3]. After patterning of the diamond layer, the diamond-coated 
side of the silicon wafer was bonded to an already structured glass wafer. 
The silicon wafer was then completely etched away and the glass wafer 
diced. Glass chips, on which a pyramidal diamond tip was bonded, were 
finally glued on aluminum stubs (Fig. 6.6). 

These batch-processed probes are very stable and their shape is regular. 
They have a height of about 30f*m and a radius of curvature as small as 
20nm. Nevertheless, their aperture angle (70°) prevents them from reaching 
the bottom of high aspect ratio structures. 

Conical Probe 

The conical diamond tips were developed as an alternative to the expensive 
and irregular Durasharp tips, as well as to the pyramidal tips whose angle of 
aperture is too wide for representative imaging of high aspect ratio 
structures. These tips, realized by the double molding process presented in 
chapter 5, have a height of about 13p.m. a total cone angle of 34-41° and a 
radius of curvature as small as 15nm (Fig. 6.7). To act as a probe in the 
HRP-100, these tips were glued on an aluminum stub following the process 
described in section 5.3.1. 
These batch-processed tips have a regular shape, an aperture angle similar to 
the Durasharp tips and a radius of curvature similar to the pyramidal tips. 
Moreover, their height is more than sufficient for the usual applications of 
the HRP-100. Like the pyramidal tips, these conical tips are hollow, being 
fabricated by a molding process. The purpose of the following 
measurements will be to determine if these tips are suitable as HRP probes, 
with emphasis on their geometry, their resistance to wear and breaking, and 
the resolution they can achieve. 
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FlG. 6.6: SEM of a pyramidal diamond lip bonded on a structured glass chip. 

FlG. 6.7: SEM of a diamond double-molded conical tip glued on an aluminum stub. 
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63.2 Comparison on Different Samples 

Each kind of diamond probe was used to image different samples following 
the same sequence. An image obtained with the HRP always being a 
convolution of the sample and probe apex shapes, an image of each 
diamond probe apex was first obtained by scanning a special sample 
provided with very sharp features, called a tip characterizer. An image of the 
diamond tip apices can be obtained without requiring SEM observations 
before starting the measurements on other specific samples. At the end of 
the measurement sequence, the tip apexes were once more imaged using this 
tip characterizer and finally were observed with a SEM. 
The apices of double-molded conical diamond tips exhibited a high 
tendency to break or to be worn as will be discussed later. It was therefore 
necessary to use a new conical probe for each of the measurements in a 
series presented here, whereas only one specimen of each other kind of tip 
was used for an entire series of measurements. 

Tip Characterizer 1 (New Probes) 

The tip characterizer is a commercially available 2x2mm2 silicon tip array 
(TGTOl © NT-MDT Co., Moscow, Russia). The tips have a height of 
0.7um, an angle of aperture of 22° and are guaranteed to have a radius of 
curvature smaller than lOnm. The pitch of the array is 3u,m (Fig. 6.8). The 
characteristics of this sample makes it possible to image essentially the apex 
of the probe used to scan these grating. 
All the measurements on this sample were realized with the parameters 
given in Table 6.1. The distance between two scanned lines in the y-
direction is 50nm, which does not allow a very precise measurement of the 
diamond probe radius of curvature in this direction. 
The measurements are presented in Fig. 6.9. Note the similarity between the 
apices of the Durasharp tip and the conical tip, and the characteristic shape 
of the pyramidal tip. 

TABLE 6.1: Main parameters used for scanning the tip characterizer sample. 

Scan length x direction 5pm Point interval (x dir.) 5nm 

Scan size y direction 5pm Lines spacing (y dir,) 50nm 

Scan speed 0.5pmls Stylus force OJpN 
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FlG. 6.8: Schematic and SEM of the tip characterizer sample. 

FlG. 6.9: Measurements realized with the HRP-IOO on the tip characterizer sample with 
four new probes, a) Standard probe: the radius of curvature of this probe is too big 
compared to the geometry of the sample to allow an estimation of the radius of 
curvature, b) Durasharp tip: the radius of curvature is estimated to be 35nm in the x-
direction and 65nm in the y-direction (probably due to the reduced resolution in this 
direction), c) Pyramidal tip: the radius of curvature is estimated to be ~80nm. d) Conical 
tip: the radius of curvature is estimated to be ~70nm. 
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Hemispherically Grained Silicon 

The hemispherically grained silicon (HSG) sample is composed of small 
hemispheres (0 50-200nm) of silicon located at the surface of a silicon 
wafer. Their proximity makes their imaging quite challenging and does 
generally not allow the probe to reach the silicon wafer surface. The quality 
of the topographical image obtained therefore strongly depends on the tip 
angle of aperture and radius of curvature. 

The parameters used for the measurements are presented in Table 6.2. They 
are identical for all the probes except for the conical tip, where the adopted 
parameters are indicated in bold characters. There, the line spacing 
parameter was increased in the hope of reducing tip wear or probability of 
breaking. 

The measurements presented in Fig. 6.10 clearly show that the standard 
probe is inappropriate for imaging this kind of sample, while the pyramidal 
probe, probably due to its wide angle of aperture, does not produce a very 
reliable image of the sample. Both the Durasharp tip and the conical tip give 
quite a reliable image of the sample, the Durasharp one being a little 
smoother. An interesting parameter to determine is the maximum depth 
reached by the probe, giving a good estimation of the efficiency of each 
probe to image this sample. Here also, note the similarity between the 
Durasharp tip and the conical tip. 

Shallow Trenches for Isolation 

The shallow trenches isolation (STI) sample is composed of small, nearly 
rectangular islands (~200nm x 1.5[im) surrounded by narrow (~300nm) 
ditches having a depth of ~350nm, which can be filled, in a later step, with 
an insulating material. The high aspect ratio features of this sample are 
particularly difficult to image for tips having a wide angle of aperture. 
Moreover, the steepness of the edges of the islands can easily break thin, 
sharp tips, or the tip can get stuck in the cavity and drag the sample. 
The parameters used for the measurements are presented in Table 6.3. They 
are identical for all the probes except for the conical tip, where the adopted 
parameters are indicated in bold characters. The scan length and the scan 
size parameters were decreased in the hope of reducing the tip wear or 
damage. 
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TABLE 62: Main parameters used for scanning the HSG sample. 

Scan length x direction 05 pm Point interval (x dir.) Inm I Snm 

Scan size y direction 05pm Lines spacing (y dir.) 2nm I Snm 

Scan speed 025pm/s Stylus force 0.1 pN 

nrj 
FlG. 6.10: Measurements realized on the HSG sample, a) Standard probe: maximum 
depth reached: I2nm. h) Durasharp tip: maximum depth: 28nm. c) Pyramidal tip: 
maximum depth: 20nm. d) Conical tip: maximum depth: 28nm. 

The images obtained are presented in Fig 6.11. The shifts observed with the 

Durasharp tip indicate that the steep edges of the islands probably hooked 

the probe. Once more, the observation of the maximum depth reached by the 

probe gives a good indication about the measuring efficiency of the various 

diamond tips. In spite of the shifts, the Durasharp tip is the most efficient 

from this point of view. The pyramidal tip is less efficient in the narrow 

interstices than the conical tip, but can go deeper in wider holes. Finally, the 
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TABLE 63: Main parameters used for scanning the STI sample. 

Scan length x direction 2pm I lpm Point interval (x dir.) Inm/3nm 

Scan size y direction 2pm I lpm Lines spacing (y dir.) lOnm 

Scan speed 025pmJs Stylus force 0.1 pN 

ìli lffl 
FlG. 6.11: Measurements realized on the STI sample, a) Standard probe: maximum 
depth reached: 28nm in the larger holes I 6nm in the narrower interstices, b) Durasharp 
tip: maximum depth: 310nm in the larger holes I I50nm in the narrower interstices, c) 
Pyramidal tip: maximum depth: 240nm in the larger holes I 76nm in the narrower 
interstices, d) Conical tip: maximum depth: 2I9nm in the larger holes I 95nm in the 
narrower interstices. 

depth penetration of the standard probe showed once more that this tip is 
unsuited to these kinds of measurements. The results indicate that there is a 
high probability that the conical tip was broken very early during this 
measurement. Note the asymmetry of the measurement in the ascending and 
descending slopes, which is characteristic of an asymmetrically broken tip. 
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Silicon Nitride Lines and Spaces 

The last typical sample for HRP-IOO measurements is a grating of 14 lines 
and spaces, etched to a depth of ~325nm in a silicon nitride layer. The 
increasing width of the trenches made it possible to precisely establish when 
the probe reaches the bottom of the holes. The measurements were strongly 
dependent on the aspect ratio of the tip, and the steep edges of the structures 
were once more dangerous for sharp and thin tips. Only profile line 
measurements were realized on this sample, the area profiling bringing no 
additional information. The parameters used for these measurements are 
given in Table 6.4. 

The measurements are given in Fig. 6.12. Once more, the standard probe is 
inadequate, the probe not being able to reach the bottom of the trenches 
even in the widest case. Both the pyramidal and the conical probes could 
reach the bottom of the 12th of the 14 trenches in the array, whereas the 
Durasharp tip could only reach the bottom of the 13th. Note the asymmetry 
of the inverted peaks corresponding to the trenches measured with the 
Durasharp and the conical tips. From this, it may be concluded that both of 
these tips are broken. Nevertheless, they exhibit a resolution similar to that 
of the pyramidal tip in this measurement. 

Tip Characterizer II (Used Probes) 

Finally, after measurements of the silicon nitride lines and spaces, the 
probes were used to scan the tip characterizer sample once more in order to 
evaluate their wear after this measurement sequence. These results, 
presented in Fig. 6.13, will be compared to the SEM observations presented 
below. At this point, the standard tip, as well as the pyramidal tip, do not 
appear to have suffered from these measurements. On the other hand, the 
increase of the flat area surface at the tip apex leaves no doubt that the 
Durasharp tip is worn or broken. Finally, the measurement realized with the 
conical probe clearly shows the hollow structure of the probe, indicating that 
the tip is broken or worn. The thickness of the tip walls are estimated to be 
smaller than 250nm, which indicates that the thickness of the diamond layer 
is reduced at the tip apex compared to that of the membrane (2^m). 
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TABLE 6.4: Main parameters used for scanning the silicon nitride line and space sample. 

Scan length x direction 25pm Point interx-al (x dir.) lnm 

Scan speed 025pmls Stylus force 0.1 pN 

FlG. 6.12: Measurements realized on the silicon nitride line and space sample, a) 
Standard probe: maximum depth reached: 69nm in the 14th hole, b) Durasharp tip: 
maximum depth reached in the 13th hole: 328nm. c) Pyramidal tip: maximum depth 
reached in the 12th hole (width: 945nm). The probe scanned the bottom of the hole over 
a distance of 58nm. d) Conical tip: maximum depth reached in the 12th hole (width: 
943nm). The probe scanned the bottom of the hole over a distance of38nm. 

SEM Observations 

To get a better estimation of the wear of the tips used for these measurement 
sequences, SEM observations were made (Fig. 6.14). The standard probe 
still has a radius of curvature of 2±0.5u.m and it is very difficult to see if this 
tip has been worn or not. The Durasharp tip is effectively broken at the base 
of the supertip, underlining the difficulty to image samples like STI or 
silicon nitride lines and spaces. The radius of curvature of the pyramidal tip 
is at this step ~I25nm, but it is difficult to say exactly to what extent it has 
been worn, because it was not possible to make SEM observations of this tip 
before the measurements. 
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FlG. 6.13: Measurements realized with the tip characterizer at the end of the 
measurement sequence. a) Standard probe: no major change, b) Durasharp tip: the tip is 
clearly broken or worn, c) Pyramidal tip: no major change, d) Conical tip: a hollow 
structure can be seen in the center of each image, indicating that the tip is broken or 
worn. 

FlC. 6.14: SEMs of the apex of the different diamond tips after the final measurement on 
the tip characterizer sample, a) Standard probe: worn or not worn, that's the question... 
b) Durasharp tip: the tip is clearly broken at the base of the supertip. c) Pyramidal tip: 
this tip is probably slightly worn, d) Conical tip: this tip is also broken or worn, and the 
hollow shape of this probe can clearly be distinguished. 
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Finally, the SEM image of the conical probe also clearly shows its hollow 
structure, confirming the breaking or wear of this tip. From this micrograph, 
the thickness of the conical tip walls can be estimated to be ~185nm. This 
highlights two problems: I) the diamond layer at the tip apex is more than 
ten times thinner than the thickness of the diamond membrane and so 
insufficient and 2) the quality of the material composing the tip apex is 
subject to discussion. TEM observations were later performed on other 
diamond tips originating from the same wafer, and their diffraction patterns 
revealed that the tip apex was composed of a significant amount of 
amorphous material (see section 5.2.3). 
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6.4 Conclusions 

The first double-molded conical diamond tips were mounted on the HRP-
100. Measurements on various challenging samples, such as HSG, STI or 
silicon nitride lines and spaces were made. It was observed that the 
resolution of the conical tip is superior to the one of the standard tip, and 
comparable with the resolution obtained with the Durasharp and pyramidal 
tips. 
Unfortunately, the measurements made so far have shown that it is highly 
probable that the present conical tips are broken during the measurements. 
This is due to problems which were not identified prior to these 
experiments. With these measurements, it was possible to see for the first 
time that the thickness of the diamond layer is drastically reduced at the 
very end of the tip apex (<165nm in the apex compared to 2(xm for the 
membrane), which could explain the breaking of the conical tip while 
scanning samples having high aspect ratio features. Moreover, TEM 
analysis performed later on other conical tips extracted from the same wafer 
revealed a significant amount of amorphous material in the tip apex. 
The exact composition of the probe apex is still unknown, but it is proposed 
that the narrow geometry of the conical second mold affects the diamond 
deposition at the very bottom of the mold. This is probably due to inefficient 
gas exchange in such narrow structures, and more diamond deposition 
experiments have to be made to overcome this problem. 
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Atomic Force Microscopy ~\ / 

The mounting of double-molded diamond tips on cantilevers was 
demonstrated in chapter 5. The aim of this work was to investigate the use 
of these conical tips as probes for atomic force microscopy topography 
analysis. 

7.1 Introduction 

It was demonstrated in chapter 3 that, if mounted on sufficiently rigid 
cantilevers, the hardness of diamond-coated probes makes them well suited 
for use as indenters for nanoindentation and surface scratching, and 
secondly, directly as probes for AFM investigations of the modifications 
they have induced [I]. The present chapter will elaborate on the use of 
double-molded diamond tips in AFM topography imaging. A tip transfer 
process developed by Akiyama et al. [2] was modified to demonstrate that 
conical double-molded diamond tips can be individually transferred onto a 
cantilever (see section 5.3.2). In this way, such diamond tips could also be 
mounted on cantilevers equipped with integrated actuation and detection, 
even if the technologies used to realized the levers and the diamond tips are 
not compatible. Moreover, tips made of different materials (silicon, silicon 
nitride, nickel, tungsten, diamond,...) and of different shapes could be 
transferred onto the same chip provided with a series of cantilevers. Finally, 
in the case of sophisticated and expensive cantilevers, a broken tip could be 
replaced by dissolving the glue underneath it and adding a new one 
afterwards. 
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12 Measurements 

For the AFM measurements, a cantilever provided with a double-molded 
conical diamond tip was mounted in a commercial AFM (Nanoscope III, 
Digital Instrument). The approach was quite challenging because it was 
difficult to ensure that the end of the cantilever did not touch the sample 
before the tip. This is due to the fact that the dimensions of the diamond 
membrane did not allow the tip to be glued on the end of the cantilever (Fig. 
5.21). This problem could be solved by adapting the design of the 
membrane in a next generation. 
To make the approach easier, it was decided to image the sidewall of a 
silicon piece which had been diced with a diamond circular saw. In this 
way, the chip could be mounted on one of its sidewalls to get a sample 
which was sufficiently narrow. The imaging was performed in dynamic 
mode. The resonance frequency of the cantilever was measured to be 
38kHz, demonstrating that gluing the low mass diamond membrane on the 
cantilever did not drastically affect its resonance frequency. 
Figure 7.1 shows an image of one of the sidewalls of the diced silicon piece. 
The traces of the dicing blade can clearly be seen. The imaging of smaller 
features (<50nm) is sharp, proving that the resolution of the conical 
diamond tip is satisfactory. 

After a few AFM investigations, SEM observations of the diamond tip apex 
were made. Fig. 7.2 clearly shows that the tip apex has been broken, 
probably during the approach attempts. On the left upper part of the figure, a 
zoom-in of the tip apex is presented. From this picture, the thickness of the 
layer which forms the tip apex can be estimated to be smaller than 25nm. 
This SEM investigation raised a doubt concerning the material from which 
the tip apex is formed. The lack of crystallized grains in the interior part of 
the tip indicates that the material is probably not diamond and seems rather 
to be amorphous, as later confirmed by means of TEM observations (section 
5.2.3). Nevertheless, these experiments demonstrated that it is possible to 
perform AFM investigations with a double-molded diamond tip glued on a 
preprocessed cantilever. In the future, once the diamond deposition into the 
deepest recesses of the silicon nitride molds has been optimized, some more 
AFM imaging will have to be performed with such double-molded diamond 
probes. 
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FlG. 7.1: AFM investigation of the sidewall surface of a piece of silicon diced with a 

diamond circular saw. The image was made in tapping mode f© Nanoscope, DI) with a 

double-molded diamond tip transferred onto a cantilever. 

FlC. 7.2: SEM of the double-molded probe glued on a cantilever after being used as a 

probe for a few AFM investigations. 
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73 Conclusions 

Double-molded diamond tips glued on cantilevers have been used as probes 
in a commercial AFM. The resolution of the AFM investigations was 
satisfactory. 
Nevertheless, some difficulties were encountered during the approach step, 
due to the position of the tip onto the cantilever. Indeed, due to the 
dimensions of the transferred diamond membrane, the tip had to be glued 
away from the end of the cantilever, making it difficult to ensure that during 
the approach, the tip and not the end of the cantilever touches the sample 
first. This inconvenience can be overcome by changing the size of the 
diamond membrane in a next generation. For this investigation, it was 
decided to use a narrower sample, in this particular case one of the sidewalls 
of a silicon piece diced with a diamond circular saw. AFM imaging 
produced a sharp picture even of small features (<50nm), proving that the 
resolution obtained with these tips is fully satisfactory. 
SEM observations of the tip apex were made once the tip had performed a 
few AFM investigations. They revealed that the tip apex had been broken, 
probably during an approach step, and particularly that the material forming 
the tip apex was thinner than 25nm. Moreover, the lack of the typical 
crystallized grains in the interior side of the tip indicates that the tip apex 
material is probably not diamond, but an unknown amorphous material. 
This was confirmed by the TEM investigations realized later. 
Diamond deposition seems to be delicate in such narrow holes. It has been 
proposed that this phenomenon is due to reduced gas exchange in these 
holes. Substantial effort will be made in future to overcome this 
inconvenience. 
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This thesis dealt with the development of a new microfabrication technique 
for the realization of diamond tips. With this technology, based on two 
successive molding steps, high aspect ratio diamond microtips having very 
small radii of curvature and regular sidewalls could be fabricated. 
Integrated onto cantilevers or tiny stubs, such probes could be mounted in 
an atomic force microscope or in a high resolution profiler, respectively, to 
perform topographical analysis of samples at the nanometer scale. 
In a first approach, the fabrication of silicon microtips by anisotropic wet 
etching was studied. Their shape and sharpness were also analyzed in order 
to determine if such tips could be used as a first mold in the double molding 
technique. 
In a second step, a fabrication process was developed for the realization of 
sharp silicon tips integrated onto thin cantilevers having highly 
reproducible geometries. This technique was also applied to the realization 
of AFM probes provided with thicker cantilevers having high spring 
constants. These latter devices were coated with a thin HF-CVD diamond 
layer and were mounted in a modified AFM. They were then successfully 
used to perform sequences of nanoscratching experiments on hard disk 
materials, and subsequent high-resolution AFM imaging of the induced 
nanomodifications. 
Next, the double molding technique was developed and tested with platinum 
as the final tip material. The removal of silicon from the second mold, the 
subsequent filling of this mold, and, finally, removal of the mold itself, 
were evaluated in this development. With this process, 47^m high Pt tips 
were realized and shown to perfectly reproduce the shape and radius of 
curvature of the KOH-etched tips used as first mold. 
Finally, the double molding process was adapted to the realization of HF-
CVD diamond tips. With this process, it was possible to form diamond tips 
having a high aspect ratio, regular sidewalls, a small total angle of aperture, 
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and a very sharp apex. Raman spectroscopy analysis as well as TEM and 
EDS investigations of the diamond membranes and tips were performed. 
From these experiments, it was concluded that the membranes and tips were 
made out of high quality polycrystalline diamond with only a small number 
of graphitic defects, except at the very end of the tip apex. Indeed, the last 
300nm of the tip apex were found to be composed of a very thin layer of an 
amorphous material. Attempts were made to improve the diamond 
deposition deep into the very point of the second mold. However, further 
investigations of diamond deposition will have to be performed in the 
future. 
Such diamond tips were successfully mounted on small stubs for high 
resolution profilometry applications. Moreover, a transfer technology was 
modified in order to glue such tips at the ends of preprocessed cantilevers, 
to be used as probes for AFM imaging. 
During a visit to KLA-Tencor (Milpitas, USA), the diamond tips mounted 
on stubs were used as probes on a high resolution profiler and compared to 
other diamond probes currently utilized with this instrument. The 
achievable resolution of these double-molded diamond tips was comparable 
to the best of the commercially available tips, which are fabricated with a 
serial process and are therefore quite expensive. Moreover, the tips realized 
during this work proved to have ideal shape characteristics for these kinds 
of applications. Unfortunately, it was found that the high loads applied on 
the probe during the measurements tended to break the amorphous apex of 
the double-molded diamond tips. 
Finally, a tip transferred onto a cantilever was mounted in an AFM and 
used to produce sharp pictures of small features, this despite the fact that 
SEM observations made after several AFM imaging revealed that the tip 
apex had been damaged. 

In the future, the following steps of the double-molding process have to be 
improved: 

- During the realization of the silicon tips acting as a first mold, the 
formation of "flat knife" tip apices has to be avoided. Therefore, two 
strategies can be taken into account. The most expensive would be the use 
of electron-beam direct writing for the patterning of the silicon dioxide 
masks. This technique could ensure the realization of perfectly square 
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masks, which could limit the occurrence of etching asymmetries during 
the tip formation. The second strategy would be to change the silicon 
dioxide mask design, in order to get tip apices defined by the intersection 
of three planes only. Nevertheless, the general shape of such tips is not 
symmetrical and could induce irregular tip artifacts in profilometry 
applications when scanning samples having high aspect ratio features. 

- Concerning the realization of the second mold, the number of tip-shaped 
silicon nitride molds which were broken during the back-side silicon 
underetching has to be reduced. This phenomenon seems to be due to an 
accumulation of stress at the base of these molds. It is therefore suggested 
to incorporate a stress barrier, which would be located outside the limits 
of the final silicon nitride membrane acting as a second mold. This stress 

barrier could be, for example, a silicon tip array realized during the 
formation of the tip acting as a first mold. 

- The diamond deposition into the deepest recesses of the silicon nitride 
mold has to be improved. Therefore, the seeding step has to be adapted in 
order to ensure that diamond particles can reach these areas of the mold. 
Then, during the diamond deposition, the exchange of gases into the 
molds could be improved by periodically varying the pressure in the 
CVD reactor. Pressure variations have already been applied during the 
last diamond deposition and this first trial was unsuccessful to fill the 
mold's deepest point with polycrystalline diamond. So, the pressure and 
switching time parameters still need to be optimized. 

- Finally, to allow gluing of the diamond tip and membrane as close as 
possible to the end of the preprocessed cantilever, the dimensions of the 
diamond membrane have to be reduced. The design of the back-side mask 
defining the membrane must therefore be adjusted. 
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