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ABSTRACT

Atomic Force Microscope (AFM) is in a family of microscopy called Scanning Probe Microscope
(SPM) which also includes Scanning Tunneling Microscope (STM). AFM has become a standard
characterization tool for surface topography measurements in most microfabrication. However, in
order to obtain accurate representation of high aspect ratio structures such as trenches, the AFM
tip must be capable of reaching the bottom of such a trench. This requires the AFM tip to have a
high aspect ratio as well as sharp apex. Additionally, for application which require contact with the
surface the AFM tip must have very high wear resistance, which is typically obtained using
diamond AFM tips . In this work we have designed several methods to obtain high aspect ratio
diamond and silicon AFM tips with sharp apex.

Chapter 3 and 4 discuss two methods to obtain high aspect ratio diamond tip with silicon base. We
have used ultra-nanocrystalline diamond grown on silicon wafer and have fabricated diamond
AFM tips using Reactive Ion Etching. In the first method we use O2/CHF3 gas to etch patterned
diamond with shrinking mask. Next, we use pseudo-Bosch etching to fabricate high aspect ratio
silicon pillars under the diamond tip. With this method we are able to obtain aspect ratio close to
10 and tip apex of less than 25 nm. In the second method we are able to obtain even smaller apex
by fabricating the silicon base first before the fabrication of diamond apex using O2/C4F8 plasma.
This method allows for aspect ratio of 7.5 and apex diameter close to 10 nm.

Chapter 5 and 6 focus on the fabrication of silicon AFM tips. In chapter 5 we use (111) oriented
silicon wafers, which are first dry etched to form pillars. Next, the sample is etched in alkaline
solution using either TMAH or surfactant added TMAH. We have tested two non-ionic surfactants

and have obtained aspect ratio close to 14 and tip apex of less than 10 nm without oxidation



sharpening when 1000 ppm Triton X-405 is added to 25 wt% TMAH. We have also studied the
effect of surfactant composition and concentration on silicon etching.

In chapter 6, we have developed two method to fabricate tetrahedral AFM tips using a combination
of dry and wet anisotropic etching. The first method uses SOI wafer coated with LPCVD nitride.
After patterning the silicon is dry etched to form trenches which are then oxidized. Next, the
LPCVD nitride is removed to exposed un-oxidized silicon that is anisotropically etched in 25 wt%
TMAH to form AFM tips with one side perpendicular to the edge of the cantilever surface. In the
second method we remove the need of LPCVD nitride which may not be readily available. In this
method, after fabrication of trenches, the entire silicon surface is oxidized along with trench
sidewalls. However, before anisotropic wet etching, the surface oxide is selectively removed using
angled ion milling. Careful recipe optimization is done in order to fully remove the surface oxide
while the oxide on the trench sidewalls remain unharmed. After wet anisotropic etching, this
method allows for fabrication of silicon tips with apex as low as 60 nm before oxidation

sharpening.
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CHAPTER 1: INTRODUCTION TO AFM AND DEVICE

FABRICATION

1.1. ATOMIC FORCE MICROSCOPE

Atomic Force Microscope (AFM) is in a family of microscopy called Scanning Probe Microscope
(SPM) which also includes Scanning Tunneling Microscope (STM) 2. STM was developed by
Binning and Rohrer (1981) * who later went on to receive the Nobel prize (Physics) for their
invention. STM operates under principal of current flow between two metals when they are in very
close contact (< 0.5nm) 2. The current is exponential to tip-sample distance, which is utilized to

determine surface topography, as shown in figure 1.1

Atomically
sharp tip

Figure 1.1: STM current dependence on tip-sample distance. Reproduced with permission from *

Unlike STM, AFM does not necessitate both tip and sample being conductive. Instead, it uses tip-

sample interaction forces ° to determine surface topography, which opens up possibility of



scanning a wide variety of materials. After the development of AFM in 1985, other variations were
developed including Frequency Modulation AFM © and tapping mode AFM ’. Though the
possibility of atomic resolution was always possible using AFM, it wasn’t until 1995 that the first
atomic resolution image was obtained ®.

In recent times, AFM has become a standard characterization tool for surface topography
measurements in most microfabrication processes due to its high resolution, ease of application,
and minimal sample preparation required. It is also used for obtaining real-time images of
biological samples °, though this is still an emerging field due to various adaptations that are
required to operate AFM in liquid environments '° and on soft biological samples ''.

It has been found that when the AFM tip is biased, it can locally oxidize various materials which
can then be used as etching mask during further device processing '2, allowing it to be used to
fabricate nanostructures. However, this process requires AFM tip and sample to be conductive °.
AFM has also be used to selectively move atoms on the surface which can be used to create atomic
scale patterns '4. However, due to the serial nature of AFM nanofabrication, it is not expected to

reach commercial success.

1.1.1. Working Principle

The basic principle for Atomic Force Microscope (AFM) is measurement of inter-atomic forces.
These forces are divided into short and long-range forces. AFM probe has cantilever with a tip on
its end. When the tip interacts with any surface, the forces between the two causes cantilever
bending which is most commonly measured by an optical beam deflection (OBD) method '°. In
OBD system, laser beam shines on back of the cantilever and is reflected onto a photodetector.
This photodetector has four quadrants which can accurately measure the change in location of

reflected laser between quadrants. When cantilever bends (because of tip-sample interaction



forces), the location of laser on photodetector changes, which changes the differential output
voltages from the photodetector. The change in output signal is linearly proportional to cantilever
bending. Next, feedback system compares output signal to the preset oscillation amplitude of the
system and adjusts a piezo driver to maintain constant height/force between sample and cantilever.
This can be done by either moving the probe relative to sample or by varying vertical (z-axis)
position of sample surface relative to probe.

Output from the photodetector is also fed into a computer system which generates a topographical

image of surface. Figure 1.2 shows the operation of AFM.
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Figure 1.2: Working Principal of AFM . Reprinted with permission from .

1.1.2. Forces in AFM

As mentioned in the previous section, AFM detects forces between sample surface and tip. There

are two major force categories: i) long range and ii) short range forces.



When tip-sample distance is larger than ~ Inm, long-range forces dominate, with Van der Waals
force having largest amplitude '°. Other long-range forces detected by AFM are electrostatic ! and
magnetic forces '8, which can be used to study the behavior of charged and magnetic particles
respectively. On the other hand, short-range forces occur due to the overlapping of electron wave
functions of outermost shells of atoms on sample surface and tip (chemical bonding). They occur
when tip-sample distance is less than 1 nm and can be attractive or repulsive in nature depending
on the distance !°. Forces between sample and tip are function of distance between them as shown
in figure 1.3. As the tip and sample move closer to each other, the attractive forces increase due to
the presence of both short-range and long-range forces. However, if probe-sample distance is very
small, electron clouds repel each other, causing an increase in the overall repulsive force. The exact
shape of force-distance curve depends on nature of sample surface. For example, for stiff surfaces
the repulsive force increases rapidly as tip-sample distance decreases. In samples with very high
elastic modulus, repulsive force region in force-distance curve can approximate a straight line. In
contrast, softer samples typically exhibit a lower slope, as the tip indents into sample during contact
mode . Additionally, the scanning environment and the nature of charge on surface and tip can
influence the nature of force distance curve for electrostatic force microscopy !”.

Another important concept in AFM is snap-to-contact. If tip-sample distance is very small (few
nm) !, tip ‘snaps’ into contact with sample surface. This occurs when the elastic restoring force of
the cantilever is not able to balance the attractive forces between tip and sample surface 2.
Snapping-to-contact is considered an instability and is usually avoided by using stiff cantilever (if
cantilever spring constant is higher than force gradient) or by using large oscillation amplitude of

the cantilever '°.
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Figure 1.3: Interatomic force vs. tip-sample distance in AFM. Reprinted with permission from °.

1.2. SCANNING MODES IN ATOMIC FORCE MICROSCOPY

AFM has three distinct excitation modes, named: static, dynamic, and intermittent/tapping mode.
The major difference between the three is tip-sample distance, and cantilever vibration during
scanning. For static mode, tips are normally in contact with sample (though it can also be done in
non-contact mode) and there is no cantilever vibration during scan. On the other hand, dynamic
and tapping modes have cantilever that oscillate at a pre-set frequency above sample surface. For
tapping mode, tip may come in contact with sample surface during oscillation cycle, but for
dynamic mode AFM there is never any contact between the two. Each AFM mode is discussed in

more detail below.
1.2.1. Static Mode
In static mode AFM, tip scans the sample at a very small distance. The change in cantilever

deflection, caused by tip-sample interaction, is noted. Feedback electronics are set up such that

they maintain either constant force between sample and tip (constant force mode) or constant



height between the two. The latter is called constant height mode, where change in total force
during scanning is used for creating a topographical map of surface. The cantilever deflection is
dependent on cantilever restoring force (Fcant) and tip-sample interaction force (Fi). To achieve
equilibrium, total force on cantilever must be zero (Fr = 0 = Fis+ Feant) 2.

Static mode AFM most commonly operates in repulsive force region (contact mode) of force-
distance curve but can be made to operate in attractive force regime. In this case static mode is
said to be in non-contact mode. It must be noted that the term ‘non-contact AFM’ is commonly
used for dynamic mode AFM, however it can also be done in static mode AFM. The non-contact
static mode AFM has a non-oscillating cantilever while dynamic AFM has a cantilever that
oscillates at or near a predetermined frequency.

In constant force mode, tip-sample distance is continuously readjusted so that the force between
them is constant 2. The total force is sum of both short and long-range forces. Since magnitude of
long-range forces is smaller than short range forces, and they do not vary significantly over tip-
sample distance measured by contact mode, they act as background force during scanning. Short-
range forces, on the other hand, can vary significantly when tip-sample distance is changed by a
small amount, such as 1 A. However, the total force may still be attractive during contact mode,
due to large long-range forces. If the total attractive force becomes too high, it may cause
deformation of the tip and/or sample surface, thus the contact area between the two consists of
several atoms. This effect inhibits true atomic resolution 2°. However, resolution as low as 0.15
nm has been reported 2. Since tip and sample are in contact, cantilever must be soft (i.e., spring
constant of cantilever must be less than cumulative sample spring constant) to avoid damage to

surface.



This mode can also be used to determine friction on the sample surface. Such arrangement is called
‘Frictional Force Microscopy (FMM)’, or sometimes “Lateral Force Microscopy (LFM) ?°. In this
type of AFM, the scanning direction during contact mode is perpendicular to the cantilever length.
During the scanning, the cantilever experiences torsional bending which causes change in the
location of laser beam on the photodetector, as explained above. This allows for high resolution
study of frictional forces present on different areas of the sample surface as well as on different
materials and their orientations. For example, in reference 2, researchers used FMM to find the
preferred growth orientation of graphene grains on copper.

Static mode AFM may also be operated with constant height of tip above the surface where
cantilever deflection is monitored during scanning. Here, the AFM operates in an attractive force
regime of force-distance curve and measures long range forces between tip and surface. Since no
feedback is required (no change in cantilever position when tip-sample force changes), this type
of scanning is fast. However, due to the possibility of tip damage in case of hills on surface, this

mode is not commonly used.

1.2.2. Dynamic Mode

Dynamic mode differs from static mode in that it has an oscillating cantilever. In dynamic mode
AFM, the probe oscillates at or near a fixed frequency above the specimen. Since tip never makes
direct contact with surface, it is more commonly called non-contact mode. Driving frequency ®drive
of probe is set (by a piezoelectric actuator) to be near resonant frequency of cantilever. This is
because the frequency versus amplitude curve has highest slope near resonant frequency, which
translates to smaller magnitude of amplitude or phase/frequency change to be detected in this
region 27, In Amplitude Modulation (AM) scheme of the dynamic mode AFM, the oscillation

amplitude is measured with fixed driving frequency (®drive) and driving amplitude (Adrive), and



any changes to the amplitude or phase corresponds to tip sample interaction. On the other hand, in
Frequency Modulation (FM) scheme, a change in resonant frequency is measured with the driving
and/or oscillating amplitudes being fixed.

In general, it is summarized that when tip sample force is attractive, cantilever’s resonant
frequency decreases, while it increases for repulsive tip-sample interaction force 2%. It must be
noted that this generalization is acceptable only when the interaction force is assumed linear within
operating region of oscillating cantilever and the gradient of this force is significantly smaller than
cantilever spring constant ‘k’. This is called ‘small amplitude limit’ for dynamic mode AFM (tip-
sample interaction force is assumed linear when oscillation amplitude of cantilever remains small)
and only occurs during the Amplitude Modulation mode. Tip distance from the sample during
oscillation is maintained such that AFM detects Van der Waals or long range forces in this mode.
Another important parameter in dynamic force AFM is quality factor ‘Q’ of cantilever. This
depends on mechanical characteristics of cantilever 2 as well as the environment in which the
AFM operates *°. For an AFM, minimum detectable amplitude change depends on slope of
resonance curve for a free (non-oscillating) cantilever, which itself depends on Q-factor of the
cantilever 3!. Thus, Q-factor directly influences sensitivity of dynamic AFM, and higher Q-factor
corresponds to higher sensitivity of the AFM. However, very high Q-factors also correspond to
high time constant which causes low scanning speed. As mentioned above, the Q-factor of the
AFM also depends on the working environment. A change in the effective Q-factor due to the
change of cantilever oscillation may cause erroneous change in the measured amplitude signal.
This error may be recognized by measuring the phase of the cantilever oscillation along with its
amplitude, since cantilever phase dependance on effective Q-factor is different from amplitude

dependence.



As mentioned above, dynamic mode AFM can also operate in frequency modulation scheme. Here,
the change in resonant frequency is a function of distance between tip and sample. One of the
biggest advantages of this mode is that it can be used with systems that have very large Q. This is
commonly the case in ultra-high vacuum conditions where other modes of AFM are not feasible
32 However, in contrast to AM mode, the FM mode does not operate within the small amplitude
limit (oscillating amplitudes are very large). This means that tip-sample interaction forces cannot

be assumed linear.

1.2.3. Intermittent Contact/ Tapping Mode

In intermittent contact/tapping mode, the tip periodically touches sample surface as opposed to the
non-contact dynamic mode or the constant contact static mode. It is the most utilized mode since
it can detect short range forces (thus providing higher resolution) without damaging the surface or
tip (longer tip lifetime). In this mode, cantilever oscillates at pre-set frequency (50 — 500 kHz, or
higher for fast scan AFM) near the sample surface like dynamic mode AFM. However, amplitude
of oscillation in tapping mode is much higher than that in dynamic mode (10 — 100 nm) ** and
driving frequency is set to be at or very near resonant frequency of cantilever. This large driving
amplitude results in tip-sample distances with negligible interaction, to distances where interaction
force is repulsive (tip being in contact with surface) and there is a non-linear dependence between
distance and force between the tip and sample surface. This also means that cantilever oscillation
does not follow the small amplitude limit set in the amplitude modulation scheme of dynamic
mode. Thus, the system behaves like an anharmonic oscillator (as opposed to harmonic oscillator
in dynamic mode AFM) and overall resonance curve has a much different behavior than that in
dynamic mode AFM. Large driving amplitude also helps to avoid snap-to-contact conditions. The

oscillating amplitude of cantilever is measured to obtain an average tip-sample distance.



Amplitude decreases linearly with distance, when tip is in repulsive force regime i.e. very close to
surface ** %, The feedback system is used to keep the oscillating amplitude constant.

Like the dynamic mode AFM, tapping mode AFM also provides phase signal along with
amplitude. When the net tip-sample force is attractive, phase of cantilever oscillation will have a
value of less than 90°, while for a net repulsive force the phase angle will be greater than 90°. At
resonance the phase value is exactly 90°. The AFM tip will visit both extremes of the phase during
one cycle, however, for a particular point in the amplitude curve, we can use the phase to determine
the nature of the force (attractive/repulsive).

As mentioned above, the tapping mode behaves as an anharmonic oscillator where resonant
frequency is strongly dependent on oscillation amplitude, meaning that if oscillation amplitude
changes (for example, due to tip-sample interaction) only one part of resonance curve shifts where
the amplitude experiences change **. Like the case of harmonic oscillator (dynamic mode), when
tip-sample interaction force is attractive, resonant frequency decreases, while for repulsive force
the shift is towards higher resonant frequency 7. However, this shift is localized to small areas

(certain amplitudes) of resonance curve.

1.3. CRITICAL PARAMETERS

The AFM system can be divided into several parts. The most important of which is the AFM probe,
which consists of tip, cantilever and handle. The next part is the detection system which monitors
the movement of the probe due to tip-sample interaction. Most commonly used detection system
is the Optical Beam Deflection (OBD) !> as mentioned above. Next, the feedback electronics
control the cantilever and/or stage movements by using piezoelectric actuators in accordance with
the set scanning parameters.

In this section we look only at the critical parameters of the AFM probe.

10



1.3.1. AFM Tip

As mentioned above, the AFM tip is the part of the probe which interacts with the sample surface.
The shape, dimensions and structural integrity of the tip determines the resolution and lifetime of
the probe. The tip must have a sharp apex to allow for accurate representation of the sample
surface. A blunt tip results in distorted representation of the surface *, as shown in figure 1.4. For

similar reasons, the tip must also have a high aspect ratio in order to scan deep trenches.
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Figure 1.4: Effect of sharp and blunt tip on the scanning results for A),B) hills and C,D) valleys. Reproduced with permission

from %,

Another important parameter for tip is its wear resistance. AFM tips are usually made of silicon,
which does not have high wear resistance. Due to the small size of the tip, visual inspection for
wear resistance/ tip breakage is not possible. Instead, tip damage is often found out due to

erroneous results during sample imaging %. To combat this issue, harder materials, such as
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diamond, are used for tips which allow for better wear resistance and thus longer tip lifetime. The
tip may be fully made of diamond ** or diamond coating can be done on already-fabricated silicon
tip °. Other materials have also been used as coating on silicon wafer for various purposes. For
example, metals such as platinum *! can be coated to improve conductivity, which is then used in
conductive AFM. However, coated AFM tips often have large apex, and thus lower resolution.

Additionally, the profile of the AFM tip can also be used to provide certain advantages. For
example, a tetrahedral tip (cone shape close to the edge of the cantilever) allows for better
positioning accuracy and reduced adhesion force between tip and sample *?. Figure 1.5 shows
different types of AFM tips. Further details about different materials for AFM tips are explained

below.

X4.58K 6.674m

Figure 1.5: a) Standard silicon AFM tip ¥, b) High aspect ratio tip #*, c) Tetrahedral tip *°.

1.3.1.1.  Silicon AFM tips

Conventional AFM tips are fabricated by monolithic single crystal silicon using lithography and
wet anisotropic etching in alkaline solutions. They form pyramidal tips with sloped facets with

sidewall half-angles of ~17-25° and apex radii of curvature < 20 nm *°, The tip height is usually
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slightly above 10 micrometers with modest aspect ratio. Silicon tips are very stiff, which yields

high force sensitivity on hard surfaces, but they are brittle and wear relatively quickly 7.

1.3.1.2.  Silicon Nitride AFM tips

Silicon nitride (Si3N4) probes are low-stress thin-film cantilevers with square-pyramidal tips. The
tips are fabricated by depositing Si3Ns film on anisotropically etched silicon substrate. The radius
of curvature for these tips is typically 30 nm *. However, the thin-film cantilever gives a much
lower spring constant than Si probes, making SisNa tips better suited to soft or contact-mode
imaging. However, the larger tip radius; and moderate aspect ratio; limits resolution and
penetration into high-aspect ratio features. SisNa is much tougher (less brittle) than Si, so these tips

survive contact wear better.

1.3.1.3. Carbon Nanotube (CNT) AFM tips

Carbon nanotube probes use a CNT (SWNT or MWNT) attached or grown on a conventional tip.
A single CNT has a diameter of only a few nanometers (SWNT) or tens of nm (MWNT) and can
be microns long, yielding the highest aspect ratio of any tip. Such CNT tips inherit the tube’s
properties with extremely high axial stiffness (Young’s modulus ~1 TPa). Hafner notes that CNTs
have nanometer-scale diameter, long length, high stiffness, and elastic buckling, making them
nearly excellent AFM tips **. Compared to standard Si or nitride probes, CNT tips have sharper
apex, larger aspect ratios, and better resolution *°. However, CNT tips are hard to fabricate and
often multiple tubes are attached to a single silicon tip apex °, and long CNTs can buckle during
scanning, leading to imaging instability. In short, CNT tips offer unmatched aspect ratio and
sharpness for high-aspect ratio imaging, but at the cost of complex fabrication, potential buckling

artifacts, and usually higher expense.
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1.3.1.4.  Diamond AFM tips

Diamond AFM probes are generally made by coating a silicon tip with a thin diamond film or by
using full diamond substrates. These tips can achieve high-aspect-ratio and sharp tips. For
example, single-crystal diamond tips with ~15° cone half-angles and apex radii of ~7—10 nm have
been demonstrated °!. However, most commercially available diamond tips are fabricated using
diamond-like-carbon films on Si which are typically a few tens of nanometers thick, giving a
macroscopic tip radius of order ~100 nm. Boron doping during CVD diamond growth results in

conductive diamond with resistivity between 0.003 — 0.005 Q-cm 2.

Diamond’s material properties yield exceptional stiffness and durability. With Young’s modulus
~1 TPa and hardness =100 GPa, diamond tips survive much higher loads and have far lower wear
than standard Si or Si3N4 tips >*. Undoped nanocrystalline diamond probes have been reported to
outlast silicon nitride probes by roughly an order of magnitude under identical scanning conditions
>4 Boron-doped diamond tips are semiconducting and enable conductive-AFM modes, but even
doped diamond remains much less conductive than a metal coating. Diamond-coated and all-
diamond AFM tips offer excellent wear resistance, stiffness and chemical inertness which enables
long-lifetime and high-resolution imaging. However, these features are obtained at the expense of
higher fabrication complexity, cost, and somewhat lower electrical conductance compared to

metal-coated tips.

1.3.2. AFM Cantilever

The parameters which must be considered while designing an AFM cantilever are its resonant
frequency, Quality factor (Q-factor) and spring constant.
Resonant frequency of cantilever is kept high to avoid interference from surroundings. High

resonant frequency also allows for higher sensitivity to tip-sample interaction and faster scanning
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55, For a cantilever, resonant frequency is determined by choice of material and its dimensions.

D E

The relationship between these terms and resonant frequency is expressed by f = 0.56 212

Here, E is Young’s modulus of the cantilever and p its mass density, both of which depend on the
material chosen. On the other hand, D and L are thickness and length of the cantilever respectively
and depend on cantilever dimensions. Large resonant frequency can be achieved by optimizing the
height to length ratio and to use materials with high E:p ratio *°.

Spring constant (k) measures the stiffness of the cantilever and depends on the length, width, height
and Young’s modulus of cantilever. A beam with low spring constant must be used for detection
of small tip-sample interaction forces.

Q-factor represents the damping constant of cantilever. It depends on cantilever’s resonant

frequency (®), mass (m) and damping coefficient (¢) (Q = %) . It also depends on the operating
m

environment and tip-sample interactions °’. Typical value of Q-factor in air range from 100 to
1000, though high Q-factor is required for certain applications such as resonance curve detection
56, High Q-factor also allows for higher sensitivity, stable oscillations and accurate control of

oscillating amplitude *°.

1.4. RECENT ADVANCES IN ATOMIC FORCE MICROSCOPY

Since AFM’s development in late 1980s, it has intrigued scientists from all fields of research.
Given the simple idea of measuring forces between two materials, it can be used to study various
properties of materials, in addition to their topographical information. The non-destructive nature
of the characterization and the relative ease of result interpretation also makes AFM an attractive
tool for many researchers. This section details some of the most common variants of AFM, their

design changes, forces measured, and the results obtained.
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1.4.1. Peak Force Tapping AFM

The most widely used variant of AFM in recent years has been the peak force tapping AFM (PFT-
AFM). This variant was introduced by Bruker in 2009 3, and since then has gained popularity for
certain applications >°.

The PFT-AFM, though similar to normal tapping mode AFM, has some key differences which
allows it to provide gentler imaging. As mentioned above, the tapping mode AFM operates at or
near cantilever’s resonant frequency. Tip-sample interaction causes change in amplitude of
cantilever vibration which is the measured quantity in this mode. Amongst the three primary mode
of AFM, this mode provides optimal balance between force exerted on sample and resolution
obtained. However, force exerted on the sample surface is not controlled and there is some damage
to the sample surface, which can be especially pronounced for soft materials such as biological
samples. Peak Force Tapping AFM, on the other hand, carefully controls force exerted on sample
and thus provides the least damage to sample surface than any other imaging mode °°.
Additionally, since it directly measures tip-sample interaction force, it can be utilized to measure

1 ®! and mechanical properties .

other material characteristics such as electrica
Input signal in PFT-AFM is a sinusoidal wave, contrary to triangular waves used in conventional
AFM modes . Tip-sample force is set to be near peak value for each pixel scanned ® as shown
in figure 1.6. Additionally, the algorithm of the PFT-AFM has been designed to eliminate the

1% and average the data from long-range forces (non-contact data), which serves

background signa
as the baseline for the PFT-AFM signal ®. Given that PFT-AFM operates at a much lower
frequency (0.5 — 8 kHz) ®* compared to tapping mode AFM, the scanning speed is generally slower

than traditional tapping mode. However, this is accompanied by the consistently high resolution,

and less surface damage. Additionally, longer scanning times result in less artifacts than traditional
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AFM modes. This is because the peak-force control minimizes the lateral force on the tip which

in turn improves its lifetime and reduces tip artifacts >°.
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Figure 1.6: Tip Sample interaction curve in PFT-AFM. Reprinted with permission from .

1.4.2. Conductive AFM

The use of AFM to measure electrical properties of materials at nanometer scale were first reported
in 1993 . By 1996, researchers were able to achieve resolution as low as 8 nm °%¢’. Since then,
Conductive AFM (C-AFM) has been widely utilized to study electrical properties of materials. It
utilizes a conductive tip and potential difference between tip and sample, to force a current between
the two which is then measured along with the sample topography. The sample is fixed onto the
holder by conductive tape and is electrically isolated from external interference. The electric field
generated as a result of potential difference causes current to flow between the tip and sample

surface. The current follows the equation I = J. 4. where [ is total current flowing, Ay is the
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effective area for current flow and J is current density. It must be noted that the lateral resolution
achieved by the C-AFM is determined by the effective area, which can be influenced by
experimental conditions such as the contact force between tip and sample surface, and sample
conductivity. The current density on the other hand reflects the properties of the material and is
very sensitive to inhomogeneities in the material such as local defects, film thickness and doping
levels. It is important to note that for C-AFM, effective area (Aefr) is not the same as physical
contact area between tip and sample surface. This is because the electric field propagates laterally
throughout the area which are electrically connected to the tip. This means that a metal sheet with
same properties throughout the surface would be considered one electrical entity .

The effective area during the C-AFM measurement may be as small as a few nanometers, which
can lead to very high current densities even if the current is as small as a few picoamperes. These
high current densities can lead to very fast degradation of C-AFM tips resulting in unreliable
results ®. Additionally, the lateral force present between tip and sample is very high for C-AFM
measurements which also plays a crucial role in tip degradation 7°.

As mentioned above, the tip of C-AFM must be conductive. To achieve this, a standard silicon tip
may be coated with a conductive film, or the tip maybe made fully of a conductive material. In the
case of the former, the conductive coating maybe a metal, (such as Au ’!), silicide (e.g. PtSi /)
or alloy (such as TiN 7 or CoCr ™). Though fully conductive tips are more difficult to fabricate
they provide much better mechanical and electrical stability 7°.

However, one of the major disadvantages of this type of tip is that the electrical and mechanical
wear is very fast which leads to quick loss of conductive characteristics for the C-AFM tip °.
Additionally, the apex increases with increase in thickness of the coating. Diamond doped with

conductive materials has also been used as a coating to provide wear resistance along with
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conductive characteristics ’°. However, the conductivity of doped diamond is much lower than
metal films and can vary significantly 7’. Additionally, the diamond thickness required to form a
closed electrical path, typically leads to apex > 100 nm *°. Typical apex for different types of

conductive tips is shown in figure 1.7.
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Figure 1.7: Apex for, a) diamond coated silicon, b) Pt-coated silicon and c) Pt-Si tips. Reproduced with permission from %.

1.4.3. High Speed AFM

High Speed Atomic Force Microscope (HS-AFM) was designed to study biological samples with
very high resolution 7®. To achieve this, the cantilever must have very high resonant frequency.
The resonant frequency of a cantilever in air is given by:

—056D £
f=0. 12 |12p

Where, D is cantilever thickness, L is length, p is density and E is the Young’s modulus of material
used. Since resonant frequency clearly depends on physical dimensions of the cantilever (along
with material properties), the cantilever for HS-AFM is very small. A comparison between typical
AFM cantilever and HS-AFM cantilever is shown in figure 1.8. Though the decrease in cantilever
length can increase the resonant frequency, this introduces other complications such as difficulty
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in detection system. As previously mentioned, the detection system for typical AFM uses a laser
reflected off the backside of cantilever. If cantilever length is too small, the beam must be focused
onto a very small area at the oscillating edge of the cantilever. This is difficult because of the small
dimensions of the cantilever. Thus, the OBD detection system used in HS-AFM also include
optical lenses to focus the laser beam to the required spot °. However, the small size of the
cantilever also results in a much higher deflection sensitivity which is useful for high resolution

imaging 8.

Figure 1.8: Comparison of standard AFM cantilever and those used for HS-AFM (circled). Reprinted with permission from 8.

Another issue encountered during HS-AFM imaging of biological samples occurs due to the liquid
environment in which imaging is done. Since the tip must be inside the liquid for at least some of
the oscillation cycle, there is significant damping. This effect is more pronounced for high

oscillation frequencies and short tip height 3. This requires that the tip for HS-AFM must be tall
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(> 2.5um) 3. Tips for HS-AFM, typically use electron beam deposition to grow carbon tips onto

81 Though these tips provide good quality imaging without

already fabricated silicon tips
significant damping, the risk of tip breakage is high during high-speed scanning *’.

Though HS-AFM was originally designed for imaging biological samples in liquid environments,
some work has also been done on high-speed scanning in air. Due to viscous damping, the Q-factor
in liquid is very small (typically between 2 — 4) for small silicon or silicon nitride cantilever, which
allows for very high scanning speeds. However, the Q-factor of these materials is much higher in
air which leads to significantly slower scanning speeds. For this reason, the cantilever used for

high speed scanning in air are typically made of polymer such as SU-8 which have much lower Q-

factor than silicon or SizNy 2.

1.4.4. Scanning Spreading Resistance Microscopy

588 and is

Scanning Spreading Resistance Microscope (SSRM) was developed by IMEC in 199
used to determine the carrier distribution inside semiconductor materials. It provides very high
sensitivity and spatial resolution in 2D and 3D structures. The working principle of the technique
is the same as that for spreading resistance profiling *°, however, for SSRM, only one probe is
used, and the second contact (back-contact) is provided at the backside of the material being
scanned. A conductive probe scans the cross-section of the device, in contact mode. DC bias is
applied between the probe and the back-contact. Since the apex of the AFM tip is very small, the
current experiences a restriction, followed by a spreading when it passes from the probe to the

sample surface. The spreading of the current is associated with a resistance which is called

‘spreading resistance’ %¢. The working principle is illustrated in figure 1.9.
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Figure 1.9: Working Principle of SSRM. The labels show the sharp tip (A), sample cross-section (B) and back-contact (C)

respectively. Reprinted with permission from .

As can be seen in figure 1.9, the electrical contact between the AFM probe and sample is very
small (a few nanometers), hence the electrostatic potential drops sharply near the point of contact.
This results in a very sharp drop in electric field near the few nanometers at the point of contact,
which in turn determines the lateral resolution of the SSRM ¥’. Thus, a small contact area is
necessary for high resolution.

The probe used for SSRM must be highly conductive so that the spreading resistance dominates
the total measured resistance, which in turn is dominated by the local carrier concentration.
Additionally, the probe must have very high wear-resistance and must be able to withstand the
high mechanical force during scanning. For this reason, boron-doped conductive diamond was first
used as conductive tip for SSRM 3. In the two decades since its development, diamond-coated-
silicon ® and full-diamond tips ® have emerged as the best suited for SSRM, though diamond-
coated-silicon tips experience wear resistance faster than full-diamond-tips *°.
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1.4.5. Colloidal AFM

As seen in the previous sections, modifications in AFM are often made to study material properties
or apply the fundamentals of AFM in other environments. Another such modification is the
colloidal AFM which is used to study the interaction between two colloidal particles or between a
colloidal tip and a flat surface °'. The idea was first studied in 1991 by attaching a sphere to the
end of an AFM cantilever °2. Researchers were able to study the forces occurring between silica
particle and silica surface in NaCl solution. Since then, colloidal AFM has been readily used for
studying forces between different materials. It has been found that stiffer materials, such as silica,
gold etc., serve as better tip material when studying adhesion properties of surfaces °*. The major
difference between a standard AFM and colloidal AFM is the size of the tip. While a typical AFM
has a tip apex between 10 — 50 nm, colloidal AFM have tip apex ranges from a few micrometers
up to 50 um. This results in very large adhesion forces between tip and sample surface.

Colloidal AFM tips are commonly fabricated by gluing colloidal particles on an already made
AFM cantilever. However, because of the much higher forces involved in the technique, the
cantilevers used much be stiff. This is to make sure that colloidal tip can detach from sample
surface after interaction. However, this often leads to a loss in resolution. Additionally, hysteresis
and creep in the piezoelectric actuator may also cause distortion in the force-distance curves and
must be controlled during measurements. This can be done by using piezoelectric actuators having
high scanning range °*. Several techniques have been used to obtain high resolution force curves
using colloidal AFM. For example in reference °°, researchers fabricated Polydimethylsiloxane
(PDMS) tips on polyimide cantilevers. They used inverted cavities in silicon to act as a mold for
PDMS tips while polyimide is patterned and cured to act as a cantilever. This probe was then used

for AFM-based printing *> and imaging *°. On the other hand, Cho et al. used PDMS tips to study
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the frictional properties of monolayers synthesised at different temperatures °’. They compared the
frictional properties using standard silicon tips as well as PDMS tips. They found that since the
silicon tips are sharp and hard, they were able to penetrate the organic monolayers, which caused
the frictional properties of the layer to be heavily influenced by the silicon tip. However, when
using PDMS tips, the friction coefficient of the monolayers was due to their surface properties and

not due to viscoelastic deformation.

1.5. OBJECTIVES OF THIS WORK

As discussed in this chapter, the ability of the AFM probe to obtain high resolution imaging is
critically dependent on its tip. Most commercial AFM tips are fabricated using wet anisotropic
etching of (100) oriented silicon wafer which results in low-aspect ratio pyramid shaped structures.
For application such as SSRM and static mode scanning, the AFM tip must have very high wear
resistance which is commonly obtained using diamond AFM tip. However, the current fabrication
process of diamond AFM tip is complex and serial in nature, as will be discussed in detail in
chapter 2.

This work focuses on the fabrication of high aspect ratio, sharp AFM tips. In chapter 3 and 4 we
develop methods for fabrication of high aspect ratio diamond tips using reactive ion etching, which
can routinely produce < 20 nm apex and provide aspect ratio close to 10. This work allows for
low-cost, mass production of diamond AFM tips.

In chapter 5 we fabricate high aspect ratio silicon tips using anisotropic wet etching of (111)
oriented silicon wafer, which when dry etched before wet anisotropic etching, can produce very
high aspect ratio tips. Using this method, the low-cost advantage of anisotropic wet etching,
compared to reactive ion etching, is preserved while the high aspect ratio capability of reactive ion

etching is introduced by using pillars on (111) oriented wafer and by careful manipulation of
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anisotropy by introduction of non-ionic surfactants, dry etching depths and mask geometry. We
have also studied the behavior of non-ionic surfactant adsorption on silicon surface at different
concentrations.

Finally, in chapter 6 we have developed two methods for the fabrication of tetrahedral tip which
are tips placed at the edge of a cantilever and have one side perpendicular to the cantilever surface.
This design provides the advantage of excellent lateral resolution along with ease of alignment
with the patterned sample. We use a combination of dry and wet anisotropic etching to obtain the
desired profile. The developed methods are capable of mass-producing low-cost tetrahedral tips

with very sharp apex.
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CHAPTER 2: STANDARD PROBE FABRICATION

METHODS

2.1. STANDARD METHODS FOR ALL SILICON PROBE FABRICATION

As mentioned in the previous chapter, AFM probe consists of three parts: the tip, cantilever, and
handle. Amongst them, the handle is almost always made by bulk micromachining of silicon *%.
The cantilever is commonly made of silicon *® or silicon nitride (Si3N4) **°°, while the tip may be
fabricated of several possible materials, depending on the application and requirements of the scan
100, Most commonly used material for AFM tip is silicon which may or may not be coated with

101 or other properties '°% '3, Primary

other materials for enhanced conductivity *!, hardness
reasons for use for silicon in both cantilever and tip fabrication are its good mechanical properties
and ease of fabrication using low cost methods such as wet etching '%4. This section reviews the
standard fabrication techniques used for all silicon probe fabrication. Additionally, a brief

overview will be provided for fabrication of Si3N4 cantilever with silicon tips.

2.1.1. All Silicon AFM Probe

Figure 2.1 shows the process flow for fabrication of all silicon AFM probes. First a Silicon-on-
insulator (SOI) wafer is thoroughly cleaned using acetone and isopropanol (IPA) followed by
rinsing with deionized (DI) water and drying using nitrogen. The wafer is then oxidized (figure
2.1 a) and coated with photoresist. Next, photolithography is done on the back side of the wafer,
and the oxide is patterned to function as a mask for the upcoming wet anisotropic etching (figure
2.1 b). Once the oxide is patterned, wet anisotropic etching is done on the back side of the wafer
for handle fabrication (figure 2.1 c¢). Next a layer of photoresist is spin coated and another round

of photolithography is performed to define the cantilever structure (figure 2.1 d). The front side
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silicon is dry etched to the required cantilever thickness (figure 2.1 e). The front side undergoes
another lithography and pattern transfer to oxide hard mask in order to define the tip (figure 2.1 f).
Next, silicon is etched using wet anisotropic etching in either Potassium Hydroxide (KOH) or
Tetramethyl Ammonium Hydroxide (TMAH) which forms a cone shaped structure to function as
a tip (figure 2.1 g). The etching continues until the oxide mask falls off, after which the oxide of

the SOI wafer is etched away in HF acid (figure 2.1 h) and the cantilever is released.
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Figure 2.1: Process flow for fabrication of all silicon AFM probe. Reprinted with permission from 1%,
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This type of probe can also be fabricated by defining the parts of the probe in reverse order (tip,
cantilever and lastly handle), however, this requires an additional step of tip and cantilever
passivation when wet etching is done for handle fabrication.

It should also be noted that wet anisotropic etching of silicon is a complex process, and care must
be taken to obtain the required results. Experimental conditions, such as temperature, etchant type,
concentration, contamination, additives etc., all affect the final geometry obtained. Additionally,
wafer parameters, such as wafer orientation, mask orientation, miscut etc., must also be carefully
adjusted. An example of a tip formed by wet anisotropic silicon etching is shown in figure 2.2.

Further details about wet anisotropic etching of silicon are presented in section 2.4.

Figure 2.2: SEM micrograph of cantilever and tip fabricated by the process flow detailed above. Reprinted with permission from

105
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2.1.2. Silicon Nitride Cantilever

Figure 2.3 shows the steps for fabrication of silicon nitride (Si3sN4) AFM probe. In the figure, both
the tip and cantilever are fabricated using SizNa. First, a (100)-oriented silicon substrate undergoes
thermal oxidation to form an oxide mask on both sides of the wafer (figure 2.3 a). Next, photoresist
is spin coated, and photolithography is done to pattern the front side of the wafer (figure 2.3 b),
followed by resist development on front side and coating of protective resist layer on the backside
of the wafer (figure 2.3 ¢). The backside resist coating is performed to protect the thermal oxide
on the backside of the wafer during BHF etching of front oxide to transfer the pattern from the
resist to oxide (figure 2.3 d). Next, resist is removed from both the front and backside of the sample
and the oxide acts as a mask during wet anisotropic etching of silicon using KOH (figure 2.3 e).
This etching creates V-shaped trenches in the silicon substrate, with an angle of 54.7° with the
silicon surface, due to the evolution of slowest etching (111) planes on the trench sidewalls '%.
The oxide from both the top and bottom of the surface is then removed by BHF (figure 2.3 f), and
the sample undergoes thermal oxidation again. This oxidation step also oxidizes the newly formed
trenches in the silicon substrate (figure 2.3 g). Next, Low-Pressure Chemical Vapor Deposition is
done to deposit low-stress silicon nitride on both front and backside of the patterned sample (figure
2.3 h). This nitride acts as both nitride tip and cantilever. The frontside of the sample is then coated
with resist while the backside undergoes nitride and oxide removal (figure 2.3 1), which is followed
by photolithography on the frontside to pattern the cantilever (figure 2.3 j). After patterning of
cantilever, nitride layer is removed from the unpatterned areas and the resist is removed (figure
2.3 k). Next, a diced Pyrex wafer is attached to the patterned silicon using anodic bonding (figure
2.3 1). The Pyrex is further diced to form individual handles for the patterned cantilevers on the

silicon substrate (figure 2.3 m). Next, the silicon substrate is etched away using KOH, while the
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oxide layer is removed using BHF (figure 2.3 n). This step releases the nitride AFM probe. Finally,

the cantilever backside is coated with gold to provide good laser reflectance (figure 2.3 o).
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deposition side photolithography.
k) Resist development and 1) Anodic bonding of Dici £ handl n) Si etching in KOH and 0) Gold coating for laser
nitride dry etching Pyrex and silicon wafer m) Dicing of Pyrex handle oxide etching in BHF reflection

Figure 2.3: Fabrication steps for SisN+ AFM probe. Courtesy of NanoWorld.

The process described in figure 2.3, can be optimized to create the tip of a different material by an

additional patterning, deposition, and liftoff step after the pit formation on the silicon substrate.

2.1.3. Silicon Tetrahedral Tips

Tetrahedral AFM tips are fabricated using a combination of dry etching and wet anisotropic etching
196 To illustrate the process, the fabrication starts with deposition of SisN4 on (100) Si wafer. Next,
a square mask is patterned using photolithography and then transferred to SizN4 using RIE (figure
2.4 a). Next, RIE is performed to etch ~10 um into the silicon substrate (figure 2.4 b). The square

mask has corners aligned to <110> direction (figure 2.4 c). The wafer then undergoes thermal
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oxidation at 800°C to grow thermal oxide on the exposed silicon surface (figure 2.4 d). The
thermally grown oxide growth results in sharp corners of the underlying silicon. The Si3N4 layer
on top of the square mask inhibits oxidation of silicon on top of the post. Once the SizNy layer is
selectively removed using RIE, the underlying silicon is exposed which is then etched in KOH at
high temperatures (figure 2.4 ¢). After silicon etching the final profile consists of (111) plane with
sidewalls covered with thermal oxide (figure 2.4 f). Once the thermal oxide is removed, sharp
silicon tips are revealed. However, as the tips formed on all corners of the square shaped mask, the
cantilever alignment is a difficult task. Figure 2.5 Shows the tetrahedral tips fabricated using the
process described above.
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Figure 2.4: Fabrication steps for tetrahedral AFM tip. Reprinted with permission from
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Figure 2.5: Tetrahedral AFM tips fabricated using process shown above. Reprinted with permission from 1%,

2.2. METHODS FOR FABRICATION OF SILICON PROBE WITH DIAMOND

TIP

Soon after the development of AFM, the requirement for longer tip lifetime emerged. Given
diamond’s excellent hardness, low friction and its chemically inert nature, it quickly became a
front-runner for tips with long lifetimes. Additionally, doped-diamond acts as an excellent

electrical conductor *°. In 1995 sharpened boron-doped diamond crystal, having apex diameter
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~100 nm, was used for the first test of Scanning Spreading Resistance Microscopy (SSRM) 1?7,
However, the resolution of this method was very low. Later, diamond-coated-silicon tips were used
to better resolution, though the tip wear was fast due to large forces experienced during SSRM
measurements 8. In recent years, full diamond tips (FDT) have emerged as the best solution to
SSRM measurements as well as to provide better wear resistance 5% 1%,

Unlike silicon, diamond cannot be wet etched, therefore, diamond AFM tips are fabricated by two

109 and plasma etching of diamond ''°. Other

main methods: molded pyramid diamond tips
techniques, such as CVD diamond growth combined with selective oxidation, have also been
reported to produce high aspect ratio sharp diamond tips '''. However, the synthesized diamond

tips must be manually attached to a cantilever, which makes the process unsuitable for mass

production.

2.2.1. Pyramid Molded Diamond Tips

The fabrication process for molded diamond tips is similar to that for Si3N4 tips shown in section
2.1.2. The process is also shown in figure 2.6. In the first step, (100) oriented silicon wafer is
anisotropically etched in alkaline solution. Next, a seeding step is done, where the silicon substrate
is immersed into a seeding solution containing diamond nanoparticles (figure 2.6 a). The
nanoparticles provide nucleation sites for diamond growth during the upcoming Chemical Vapor
Deposition (CVD) step; thus, this step is crucial for controlled diamond growth. Significant
research has been done to show that seeding dispersion has a large impact on the quality of the

diamond film "2,

In order to obtain high seeding density, the zeta-potential of the diamond
nanoparticles in the solution should be between 20 and 40 mV !'3. To obtain conductive diamond

film, the seeding step may be boron-doped 116, Once the silicon substrate is covered by diamond

nanoparticles, CVD system, with CH4/H> gases, is used to deposit diamond thin film (figure 2.6
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b). For boron-doped diamond film, trimethyl-boron (TMB)/CHs4 is also added to the system. The
quality of the diamond film depends on the gas flow and other process parameters such as pressure
and temperature *°.

After the deposition of diamond film, the substrate undergoes lithography to pattern the diamond
tip (figure 2.6 c). Since diamond is etched in oxygen plasma, which can quickly remove resist
mask, pattern is transferred from resist to metal mask (such as Al) after which reactive ion etching
is performed to remove the unpatterned diamond film (figure 2.6 d). Next, a metal is electroplated
and patterned to function as a cantilever (figure 2.6 ¢). The release step is done by etching the
silicon substrate by wet etching (figure 2.6 f) followed by peeling using tweezers (figure 2.6 g).
Finally, a silicon holder is attached to the backside of the cantilever by silver epoxy or lead-free
soldering ' (figure 2.6 h) and the probe is released from the silicon substrate using tweezers
(figure 2.6 1). Figure 2.7 shows the diamond tip obtained from the process described above. The

authors were able to achieve an average apex of 14.9 nm *°.
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Figure 2.6: Fabrication Process for diamond AFM tips. Reprinted with permission from *.
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diamond

Figure 2.7: Pyramid diamond tip. Reprinted with permission from *.

2.2.2. Plasma Etched Diamond Tips

Though it is possible to grow diamond layer on prefabricated silicon AFM tips, the film continuity
on the tip apex remains challenging. Even if a diamond film is grown successfully on the apex, the
growth of film would significantly increase the tip apex . Additionally, processes such as
photolithography are required for selective diamond growth on the tip area. However, these
processes are unable to handle high aspect ratio tips and would break the fragile processed wafer
% To counter these issues, full diamond substrates or diamond thin-film on silicon substrates, are
patterned using plasma etching ''® !'°. One such method is gallium ion implantation into diamond
to act as a hard mask for plasma etching !!°. This is achieved using focused ion beam (FIB)
implantation and allows for mask sizes much smaller than those possible by electron beam
lithography and thus the final diamond tip size is much smaller than those etched by patterned hard
masks. The process is shown in figure 2.8. It begins with fabrication of tip and cantilever on silicon
substrate by patterning (figure 2.8 a) and etching (figure 2.8 b), followed by front side passivation
(figure 2.8 c) and backside patterning and etching for handle fabrication (figure 2.8 d). These steps

are the same as those followed for silicon probe fabrication. However, once the silicon probe is
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fabricated, diamond is grown across the entire probe area using chemical vapor deposition (CVD).
Next, gallium ions are implanted in the diamond film using focused ion beam which eliminates
the need for sample damaging processes such as spin coating and photolithography '?° (figure 2.8
¢). Additionally, precise stage control for FIB system allows for Ga* ions to only be implanted in
the tip region. This mask acts as a hard mask to protect diamond on the tip from being etched by

subsequent plasma etching ''° (figure 2.8 f).
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Figure 2.8: Process flow for fabrication on diamond tips using Ga+ ion implantation. Reprinted with permission from *.

2.3. METHODS FOR HIGH ASPECT RATIO TIP FABRICATION

The previous sections have referred to several processes required to fabricate AFM probe. In this

section we detail the processes used to fabricate high aspect ratio AFM tips.
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2.3.1. Focused Ion Beam (FIB) Milling/Etching

Ion beam etching employs the removal of surface atoms using high energy ion beams. Typical
beam energy used for gallium ion beam is between 5 to 50 keV which is comparable to that used
for ion implantation process mentioned in the previous section. Ga’ ions in this range have a
penetration depth of ~10 nm '?!, which is much lower than that for electrons in the same energy
range, and thus allows for removal of surface atoms. The principal behind this process is the
momentum and kinetic energy being transferred from incident ions (such as Ga") to surface atoms.
Surface atom removal typically takes place using elastic collisions when energy from the incident
ion is transferred to the surface atom and causes the atom to dislocate from its position in the
lattice. This initial collision gives rise to several secondary collisions eventually leading to surface
atom removal. The beam size is typically 5 — 20 nm which allows for fabrication of very high
aspect ratio structures '22. However, material redeposition often occurs during milling process and
must be kept in mind when during process design 2. An example of structure etched by FIB

etching is shown in figure 2.9.
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Figure 2.9: FIB milling process for high aspect ratio trenches. Reprinted with permission from %,
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2.3.2. Ion/Electron Beam Induced Deposition (EBID/IBID)

The effect of electron beam induced deposition was first observed in late 1940s by J. H L. Watson
125.126 ' who observed that contamination on sample surface after electron microscopy was caused
by hydrocarbon vapors from electron microscope pumping system. The vapor was polymerized
on the surface by electron beam. Later, this effect was intentionally used to deposit polymer '?’
and conducting films '8 onto different surfaces.

Electron and ion beam induced deposition (EBID/IBID) require focused beam (electron or ion) to
dissociate gas molecules which are adsorbed onto a sample surface. These dissociated molecules
may be volatile or non-volatile compounds. The volatile compounds are removed using the
pumping system while the non-volatile compounds deposit onto the surface. As more molecules
are dissociated by the electron beam, the thickness of the deposited material increases. By
controlling the electron beam dwell time and location of the electron beam, complicated
nanostructures can be fabricated. The properties of the deposited material depend on the choice of
precursor gas, while the resolution depends on the size of electron beam. When using high energy

electrons, patterns as small as 1 nm can be fabricated 2130

which is an order of magnitude smaller
than those fabricated using electron beam lithography. The pattern size possible by IBID is slightly
larger than that by EBID, however, the process is commonly used for mask repair in chip design.
Typical beam energy of EBID is between 10 — 20 kV and the process is done in SEM chamber
under vacuum. Gaseous precursors are introduced into the chamber using a nozzle injection system
in order to maintain high pressure near the surface while having low pressure near the electron
beam system !*!. The pressure near the sample surface depends on the distance between sample

and the injection nozzle and is relatively constant across the sample. Thus, uniform deposition can

be performed across the entire surface by moving the electron beam. Figure 2.10 shows the
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schematic diagram of EBID system along with SEM image of high aspect ratio structures

fabricated by EBID.
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Figure 2.10: a) Schematic illustration of EBID process. b) SEM images of Cobalt structures fabricated by EBID. Reprinted with

permission from 132 and 33 respectively.

2.3.3. Carbon Nanotubes

Carbon Nanotubes (CNTs) have long been a topic of interest for AFM tips, given their high aspect
ratio, excellent Young’s modulus, and good thermal and electrical conductivity among other
properties **. CNTs may be mounted on an ordinary tip by either direct manipulation !*° or by
CVD growth 3¢, The simplest method is to manually apply multi-walled CNT (MWNT) to a
silicon tip using an adhesion or EBID !*7 under a microscope/SEM. However, this method is
cumbersome and impractical for mass production. Most CNT tips are made using CVD method to
grow CNTs directly on silicon tip using a catalyst on the tip apex *. The most important points to
consider during CNT growth are its length, orientation, and radius. The CNT tip length can easily
be controlled by adjusting growth time '*%. On the other hand, the CNT orientation is difficult to
control during growth, though it has been found that application of external electric field can help

control the growth orientation '*°. Additionally, FIB irradiation can be used to adjust the CNT
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orientation after growth 4% 41 Tt was observed that when ion beam pulses were applied to CNTs,
their orientation aligned in the direction of irradiation due to irradiation-induced-strain. FIB
milling can also be used to shorten CNT length 42,

Though it is generally assumed that higher aspect ratio tips are ideal for AFM imaging, if the aspect
ratio is too high, the tips would become brittle. For CNT tips, shorter tips are important for
applications on high friction surfaces '**. As mentioned above, one of the methods to optimize
CNT length is by FIB milling '** or adjusting growth time '*%. Another proposed method is the use
of ‘nano-knife’ where a short CNT attached to a metal tip is used to manually trim the CNT tip !4,

Figure 2.11 shows CNT based AFM tips.

Figure 2.11: High aspect ratio CNT tip. Reprinted with permission from '3°.

2.3.4. Oxidation Sharpening

Oxidation sharpening is one of the most common ways to decrease the apex radius of a silicon tip.
The process was developed in 1990 by Marcus et. al. 14>, and uses oxidation of prefabricated silicon

AFM tips to increase the aspect ratio and decrease tip apex. In this method the silicon tip undergoes
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thermal oxidation at low temperatures (< 1050 °C) *°. In this temperature range, the stress between
silicon and SiO» decreases the rate of oxidation in areas of high curvature (e.g., tip apex). This
results in improved aspect-ratio and tip apex, once the thermal oxide layer is removed by HF.

Routinely observed tip apex are 5 — 10 nm, though apex of ~1 nm are possible '*°. Figure 2.12

shows silicon tip sharpened by oxidation sharpening.

Figure 2.12: a) Oxide sharpened silicon tip with outer oxide visible. b) improved aspect ratio silicon tip with outer oxide removed

by HF. Reprinted with permission from '#.

24. PROCESSES USED FOR PROBE FABRICATION

As mentioned above, AFM probe has a cantilever with tip attached to one end. Both aspects of the
probe have different requirements for achieving good quality results. For the AFM tip, sharp apex,
high aspect ratio and wear resistance are important parameters which need to be considered during
tip design and fabrication. Sharp apex allows the tip to provide high resolution imaging while high

aspect ratio is important to image deep trenches. Wear resistance is crucial because tip is part of
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the probe which meets the sample surface and may be worn down by repeated use. Wear resistance
is determined by the material used for the tip. Commonly used materials for AFM tips are silicon

147 metal-coated-silicon #', and diamond %°.

146 metals
For the cantilever, parameters which must be considered during design are resonant frequency,
spring constant and surface roughness (especially on backside that reflects laser beam). These
parameters are controlled by the cantilever dimensions as well as the material used. For example,
spring constant depends on the square of cantilever thickness. Surface roughness must be kept
minimum in order to have adequate reflectance of the laser beam from the cantilever. For this
purpose, thin metal films may be used to improve reflectance, however, these may affect the spring
constant and cantilever resonant frequency. The most popular materials for AFM cantilever are
silicon and its nitride (Si3N4).

Both tips and cantilever are patterned using lithography (photolithography or electron beam
lithography). The cantilever is almost exclusively etched using reactive ion etching (RIE), while

the tip may be etched by reactive ion etching, ion milling or wet etching. All these processes will

be described in detail below.

2.4.1. Lithography
The term lithography refers to printing or writing on material. For micro and nanoscale devices,
lithography can be done by photons (photolithography) or by electrons (electron beam
lithography). Photolithography may be further characterized into UV, DUV or EUV depending on

the wavelength of the photons. This sections explains the two major classes of lithography.

24.1.1. Photolithography

Photolithography is the process of writing on a substrate coated with photoresist, using photons

148 Light sources lie in the ultraviolet (UV) range (A =436 nm, 405 nm, 365 nm), deep ultraviolet
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(DUV) (A = 248 nm, 193 nm) or extreme ultraviolet (EUV) range (13 nm). When photoresist is
exposed to photons, it causes chain-scission, cross-linking or other chemical reaction between the
polymer chains '#°. The selective illumination of the resist is done using a photomask which has
transparent and opaque areas which selectively block light.

Selective illumination may also be done using a laser beam as a light source and a Spatial Light
Modulator (SLM) which acts as a programmable mask. This type of lithography is called maskless
photolithography since it does not require the use of a physical mask. Instead, the pattern is
designed in a Computer Aided Design (CAD) software and transferred to the photolithography
system in a format which is readable by it (usually .gds file format) '°°. A typical system for
maskless photolithography is shown in figure 2.13. This type of photolithography is commonly

used in research laboratories and avoids time consuming and expensive photomask fabrication
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process and allows for quick redesign of mask file

Laser

= wimt

=1 Design

Spatial Light =

Modulator

Figure 2.13: : Photolithography process using maskless lithography system. Reprinted with permission from ',
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2.4.1.2. Electron Beam Lithography

When using Electron Beam Lithography (EBL) a user ‘writes’ on a substrate using electrons '>°.
The process is the same as photolithography except that it does not require a mask and the electron-
beam resists are different from photoresists. Given that wavelength of electron beam is much
smaller than that of photons, EBL can routinely achieve sub-10 nm resolution '**. The electron
beam is focused on sample surface using a series of magnetic lenses, as opposed to optical lenses
used in photolithography. Additionally, deflection coils are used to deflect the electron beam from
areas where exposure is not required. The entire procedure is done in a high vacuum to avoid
electron scattering and to achieve good control of the electron beam.

Most commonly used positive tone resist for EBL are PMMA (poly-methyl methacrylate) !> and
ZEP520 '*® both of which consist of long chain polymers which are broken when exposed to
electron beam. On the other hand, HSQ (hydrogen silsesquioxane) !’ is one of the mostly used
negative EBL resists which collapses its box-like molecular structure to become oxide-like when

exposed to electron beam.

2.4.2. Liftoff
The liftoff process utilizes the ability of easy resist removal, in order to pattern a surface. After
lithography , deposition of metals/oxides is carried out using a deposition process having minimal
step coverage (e.g., e-beam evaporation) and temperatures lower than ~200 °C !*8. The deposition
occurs such that the material is deposited on both the resist and the material surface (only in areas
where there is no resist). Next, the resist is removed by a solvent, such as Remover PG, and the

deposited material remains only on the exposed areas of the substrate surface.
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2.4.3. Etching

Once the substrate has been patterned using lithography, it can undergo selective removal of
material using etching process or selective material deposition using liftoff process. In this section
we review the etching process. Etching may be isotropic where the etching rate is independent of
material’s crystallographic direction '*°, or anisotropic where the etching rate is heavily dependent
on crystallographic direction '*° or is much faster along the vertical direction than lateral direction.
Anisotropic etching is usually used for both tip and cantilever fabrication and may be referred to
as wet anisotropic etching or dry etching depending on the nature of the etchants. The most widely
used dry etching technique is called Reactive Ion Etching (RIE).

2.4.3.1. Reactive lon Etching

Reactive Ton Etching (RIE) refers to using plasma to obtain reactive species which etch the
substrate. Figure 2.14 shows the RIE system and etching of silicon. The RIE system typically uses
RF power (13.56 MHz) to generate plasma between two electrodes. When the etching gas is
introduced into the system, it is dissociated to produce reactive radicals, monomers and ions which
then accelerate towards the sample where they react with the surface !°'. One of the most used
systems is the Inductively Coupled Plasma Reactive Ion Etching (ICP-RIE). In this case electric
field is generated by inductive coils wrapped around the RIE chamber which allows high density
plasma to be formed 2. Since the bias between the chamber wall and the electrodes is very small,
there is negligible erosion of the chamber wall and plasma can be generated at low pressure '¢.
Other advantages of ICP-RIE are high etch rate and anisotropy. The sample is biased separately
from the plasma generation system and thus the directionality of ion attraction towards the sample

can be controlled independently '®.
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Since the reactive ions are accelerated towards the sample vertically, the RIE process tends to be
very anisotropic. Etching gases are selected such that they have minimum chemical interaction
with the mask material, while fast chemical reactions occur at the surface to produce volatile by-
products which are removed by the pumping system. For example, SFs gas can easily etch silicon
while its oxide (Si02) has a very low etching rate. CF4 gas is also used for silicon etching while
O gas is used in diamond RIE. In general, most materials can be etched by halogens (fluorine and
chlorine being the most popular) '%*. Oxygen gas is used for etching of polymers and other carbon-

based materials 16 166

, while argon is used for physical etching of all materials. It should be noted
that formation of volatile compounds is necessary for RIE. Metals such as Cu, Ag, Ni etc. which

do not produce volatile compounds after reacting with any gas, cannot be etched efficiently using

RIE.
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Figure 2.14: Reactive lon Etching process. Reprinted with permission from %!,
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One of the issues that must be addressed in RIE is the deposition of polymers on the surface which
form local masks and may inhibit etching of the underlying substrate. However, in some cases
(e.g., Figure 2.14) these polymers may further react with the incoming ions and radicals and desorb
from the substrate surface after forming volatile compounds.

As mentioned above, diamond is routinely etched using oxygen plasma which produces volatile
CO or COy after reacting with carbon atoms '¢’. Hydrogen gas can also be used for diamond
etching which produces volatile CxHx compounds. However, diamond etching rate is much lower
in hydrogen plasma than in oxygen plasma '

Though oxygen plasma can etch diamond faster than hydrogen plasma, it results in high surface
roughness likely due to micro masking effects caused by mask residue sputtered on the diamond
surface '%° or due to variation in oxidation rates of different crystallographic orientation of the
diamond surface !”°. Roughness is especially pronounced when etching deep into the diamond
film. These effects can be controlled by introducing argon into the oxygen plasma '’!. Argon
causes physical etching of diamond atoms which then react with O> to form CO or CO; hence
reducing possible preferential etching by Oz plasma and creating smoother surface !’2. However,
the concertation of argon gas must be carefully controlled. It has also been found that Ar/Cl,
plasma creates very smooth etched diamond surfaces, however the etch rate is very low '7>. Other
gases that have been used to reduce surface roughness by etching in oxygen plasma are CF4 74,
Cly '3, SFe '°, CHF5 '8, SiCls '7° etc. However, when selecting additive gases to oxygen or
hydrogen plasma, the selectivity of the diamond with the masking material must be considered.
For example, while SF¢ and CFs may be able to significantly reduce micro-masking, high
concentration of these gases can etch away the masking material (e.g., Si) and reduce the aspect

ratio of the diamond structures.
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The selection of mask material for diamond RIE is another parameter which must be considered
during the etching process. The mask material must have high selectivity with diamond in the
etching recipe selected '7’.

For obtaining high aspect ratio structures in silicon, ‘Bosch Process’ also called ‘deep RIE’ is
commonly used. Herein, high aspect ratio features are obtained using alternate etching and
passivation cycles. SFe1s used to etch the Si substrate, then a passivation gas (CsF3g, deposits C-F
polymer) passivates the surface and sidewalls of the etched structure. When SFg is introduced
again, the high energy ions remove passivation layer from the bottom of trench and SFs can then
etch the exposed silicon. The Bosch process and resulting sidewalls are shown in Figure 2.15. The
etching and passivation cycles are kept separate in order to avoid interaction between the two. Due
to the alternate etching and passivation cycles, the sidewalls of the high aspect ratio features
obtained by Bosch process are rough !”®. This can be avoided using a non-switching pseudo Bosch

process '7°.
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Figure 2.15: Bosch Process. Reprinted with permission from '7,

2.4.3.2. lon Milling

Another type of dry etching is called ion milling. As the name states, this process etches a material
using high energy ions ', The process is purely physical etching with no chemical interaction
between the high energy ions and substrate, which leads to a low etching rate and low selectivity
between the material to etch and the mask. Given the inert nature of Argon, it is the most commonly
used gas for ion milling.

Depending on the ion energy, different processes may take place on the substrate surface. For very
low energy ions (< 10 eV), ions are absorbed into the substrate surface and cause significant
damage to it, which is confined to few atomic layers beneath the surface. lons with energy greater
than 10 keV are implanted deep into the substrate. Ion milling process occurs when the energy of

the ions is between 10 eV and 5 keV '*°. Figure 2.16 shows a typical ion milling system.
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Figure 2.16: lon Beam Milling system. Reprinted with permission from 150

Ion beam milling of diamond is often done by adding very small concentration of oxygen gas to
milling system '®!. This is called reactive ion beam milling and can be used to increase selectivity.
However, this is not the same as RIE because the by-product of the etching is not necessarily
volatile 8.

The two biggest issues with ion milling are faceting and redeposition. Faceting is the phenomenon
where the corners of the mask are etched faster, making the overall profile very tapered as the
process continues. Faceting is a big issue when using polymer resists as mask but may be
compensated by using a hard mask '*2. Additionally, given the non-volatile nature of the etched

species, ion milling faces the issues of redeposition of etched particles near the pattern surface.
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This can be avoided by rotating the sample during milling. Rotation also provides uniform etch
rate across the surface '3,

2.4.3.3. Wet Etching
Wet etching is the process of removing materials from a surface using liquid chemicals instead of
gases as used in RIE ', Wet etching can provide very high selectivity between etched and mask
material.
Wet etching may be isotropic or anisotropic depending on whether the rate limiting process during
etching is diffusion or chemical kinetics. If the reaction rate of the surface is faster than the
transport of reactive species to the surface, then the reaction rate is controlled by diffusion process
185 If all surface atoms are etched at the same rate, then the reaction is isotropic '*¢. On the other
hand if the etching rate of atoms on surface have a large difference this implies that the etching
rate is controlled by chemical kinetics and the reaction is anisotropic '*". In this case the surface
orientation plays a big role in the reaction rate as well as the evolution of different etching planes
188 Silicon may be etched both isotropically and anisotropically, depending on the nature of the
etchant. Diamond, on the other hand, is chemically inert and cannot be etched by wet etching.
One of the biggest advantages of wet etching of silicon is anisotropic etching when etched in
alkaline solutions like Potassium Hydroxide (KOH) ¥, Ethylene Diamine Pyrocatechol (EDP) '*°
and Tetra-methylammonium Hydroxide (TMAH) !°!. While other etchants such as NaOH '°2 and
LiOH '* have the ability to provide anisotropic silicon etch, they do not have sufficient selectivity
with the commonly used silicon masks and hence are rarely used. The etching rates of different
planes depend on processing conditions such as etchant concentration '3, temperature '**, addition

194

of surfactants ' etc. Doping level of the silicon wafer also plays a role in overall etch profile '°.

Amongst these methods surfactant addition has been found to be excellent for obtaining smooth
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1% when small amount (<

surface, reducing mask undercutting as well as obtaining desired profile
2%) of surfactant is added to the silicon etchant.

Surfactants are organic compounds having a hydrophilic group attached to one end (head) of a
hydrophobic group (tail). While the tails of many surfactants are made of hydrocarbon chains, they
differ in the chemical composition of their heads. There are two major types of surfactants that can
be used in silicon etching. These are 1) non-ionic (having uncharged hydrophilic compound) , and
i1) ionic (having charged hydrophilic compound). Ionic surfactants are further classified into
anionic and cationic surfactants having negative and positively charged hydrophilic groups,
respectively. It has been found that anionic surfactants provide the highest etching rate of silicon
surface, however, non-ionic surfactants can provide much smoother silicon surfaces especially
when etching in TMAH '%°. While the preceding statement helps narrow down the class of
surfactants, it is important to note the chemical composition of the surfactant as well as other
processing parameters such as surfactant concentration and temperature affect the final profile of
the etched structure. For example, a non-ionic surfactant, NCW601-A (30% poly-oxyethylene-
alkyl-phenyl-ether) was found to change the etching rate ratio of (110) and (100) Si and decreasing
the etching rate of other planes so that (100) plane was not the local minimum etching rate plane
197 On the other hand, addition of Triton X-100, another non-ionic surfactant, reduces the etching
rate of certain planes compared to (100) plane '°®. These changes in anisotropy due to surfactant
addition results in change in the final profile achieved.

The reason for the anisotropic etching behavior of silicon is attributed to the complex interplay
between the number and spatial arrangement of free bonds on different crystallographic planes '*.
. The planes with the strongest bonds amongst atoms are the most difficult to etch and hence have

the slowest etching rate '3, In general it may be summarized that (111) is the slowest etching plane
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in all above mentioned etchants °* 2% Typical etch profiles for Si(100) and Si(111) wafer are
shown in figure 2.17, while figure 2.18 shows the effects of surfactant modified etching. The
anisotropic etching of silicon etching makes it very appealing for Micro Electro Mechanical
Systems (MEMS) because of its low cost fabrication and its ability to provide smooth surfaces

without changes/damage to the underlying substrate 2°!.
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Figure 2.17: a) Si(111) Etch Profile. Reprinted with permission from !, b) Si(100) etch profile. Reprinted with permission from *%°.
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During anisotropic wet etching of silicon, Si3N4 and SiO; are commonly used as masks because
they have very high selectivity in alkaline silicon etchants (KOH, TMAH and EDP). Another
interesting phenomenon in anisotropic wet silicon etching is that for concave structures (e.g.
trench), the sidewall planes are dominated by the slowest etching plane 2%, while for convex

structures (e.g. tips, islands) the fastest etching planes appear on the sidewall 2. Mask alignment
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with the surface orientation also plays a huge role in the etching process and the resulting shape of
the micro-structure. One important factor during processing is determining the etch stop. Most
often the etching is stopped by removing the sample from the etchant according to the etch rate
measured earlier. Other more sophisticated approaches may also be used such as controlling the
local doping concentration since heavily p-doped silicon etches much slower 2°7, or by passivating
the silicon using Si3N4 or SiO; etch stops.

While the anisotropic wet silicon etching appears simplistic there are several issues that occur
during the etching process. These are summarized in figure 2.19. One of the most encountered
issues is micro-masking which refers to several microscopic impurities on the surface of the wafer
that act as mask and hinder silicon etching. These masks maybe made of polymer residue on the
surface, reaction byproduct, mask residue or even hydrogen bubbles formed during the alkaline
etching of silicon 2%, While the masks themselves may be micron-sized, they can cause
pyramids/hillocks to form on the silicon surface (particularly (100) and (110)) if the etching time
is long enough %%,

While micro-masking is not a significant issue for (111) oriented silicon wafer, pit nucleation is.
Si(111) is etched by removing atoms from steps formed between two (111) terraces. As the atoms
are etched from the steps, they are said to move, and the terrace may be etched away. In case there
are no steps, the alkaline etchants etch the stable surface atoms and form pits on the surface. The
rate of pit formation may be enhanced by lattice defects in the wafer which behave like pit
nucleation center. If the rate of pit nucleation is small, the step propagation dominates the etch
profile and the resulting etched surface is smooth. However, for large rate of pit nucleation the

surface is rough and appears to have several steps.
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Another commonly encountered issue occurs due to diffusion of etchant species to and from the
reaction site. As mentioned before, anisotropic etching occurs due to different etching rates of
silicon planes. This means that local depletion regions or temperature gradients may be formed in
areas of high etch rate. This is referred to as etchant inhomogeneity and is more pronounced in
high etch rate areas such as steps. In Si(111) these inhomogeneity can cause step bunching 2%

while in Si(110) they cause zigzag structures >
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2.4.4. Deposition

Deposition is the process of adding material, as opposed to etching which involves material
removal. There are two main classes of deposition: 1) Physical Vapor Deposition (PVD) and ii)
Chemical Vapor Deposition (CVD). As the names suggest, physical vapor deposition involves
purely physical transfer of material from target (e.g., crucible) to source (sample surface) and is
almost always line of sight deposition. On the other hand, chemical vapor deposition involves
chemical reactions at the sample surface which leads to deposition.

Though there are several types of both physical and chemical vapor deposition, this section only

explains those commonly used in our work.

2.4.4.1. Physical Vapor Deposition

Physical vapor deposition refers to material deposition with no chemical reaction between
substrate and the deposited material. Two major types of PVD deposition techniques are: 1)
evaporation and ii) sputtering.

Evaporation is the method of depositing material on substrate by converting it from solid to vapor
phase. The vapors then travel to and condense onto the substrate forming a thin film. Conversion
from solid to vapor phase (sublimation) can be done by either resistive heating of the crucible
containing the source material, or by directly heating the source material by electron beam. Though
evaporation provides very high-quality films, deposition is usually limited to metals and oxides.
Additionally, due to the different sublimation points of materials, it is difficult to deposit
compounds using evaporation.

Sputtering process is similar to ion milling, however, in sputtering the target material is bombarded

instead of the substrate. The atoms removed from the target material then impinge onto the
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substrate, forming a film. One of the main advantages of sputtering over evaporation is the better

step coverage and ability to deposit compounds, ceramics, alloys, and polymers.

2.4.4.3. Chemical vapor deposition

As the name suggests, Chemical Vapor Deposition (CVD) involves chemical reactions on a
substrate surface which leads to film growth. In CVD system, a precursor gas (diluted with inert
carries gas) is pumped into the reaction chamber, where it reacts at the substrate surface to deposit
a film. CVD systems provide better step coverage than most PVD systems and allows precise
control over film parameters such as grain size, stoichiometry etc.

Detailed deposition process in CVD system is shown in figure 2.20. First, reactant and carrier
gases are transported from inlet to the deposition zone (1). Next, homogenous gas-phase reactions
lead to formation of film precursors and by-products (2). While the by-products are pumped away,
the precursor gas is transported to the substrate surface (3) where it undergoes adsorption and
reaction (4). On the substrate surface the molecules undergo diffusion to the growth sites (5), where
they undergo surface reactions (6) to form a continuous film. During the surface chemical reaction,

by-products are formed which desorb from the surface (7) and are removed from the reactor (8).
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Figure 2.20: Schematic Illustration of CVD deposition process. Reprinted with permission from ?!!,

In a typical CVD system, a temperature gradient exists such that gaseous precursors are formed at
high temperatures, and film formation occurs at slightly cooler substrate surface. The process can
also be performed at lower temperatures, however, the energy required for precursor formation
would then be provided by other sources such as RF plasma. In this case the process is referred to
as Plasma Enhanced CVD (PECVD) 2!,

Other variants of CVD system also exist. One of these is Atmospheric Pressure CVD (APCVD)
where deposition occurs at atmospheric pressure or slightly lower pressure (100 — 10 kPa).

On the other hand, there is the Low-Pressure CVD (LPCVD) system where deposition takes place
at very low pressure (< 10 Pa) with very good film quality. LPCVD results in excellent film

uniformity and step coverage.
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CHAPTER 3: HIGH ASPECT RATIO DIAMOND TIP

The main body of Chapter 3 is reprinted with permission from Ref. >

Nasir, Farheen, Aixi Pan, and Bo Cui. "Fabrication of high aspect ratio diamond tip using

reactive ion etching." Diamond and Related Materials 152 (2025): 111950.

3.1. INTRODUCTION

As mentioned in chapter 1, AFM utilizes interaction force between tip and sample surface to create
a topographical map of the surface 2. AFM tips are commonly fabricated from silicon; however,

47,213 \which can lead to distorted results 2'*. To

these tips often experience wear after several uses
combat this issue, several alternative tip materials have been explored. Tips can be fabricated by
coating wear-resistant materials on a silicon tip !> or by fabricating high aspect ratio tips fully
made of wear-resistant material '*’. Enhanced wear-resistance and conductivity can be achieved

217" carbon nanotubes

by using metals, such as tungsten '® and platinum ’°; alloys, such as Pt-Ir
218 or diamond *. Diamond doped with phosphorous 2! and boron ¥ can be used to provide
conductivity as well as good wear resistance.

The fabrication process of diamond AFM tips is difficult, because, unlike silicon, diamond cannot
be etched by wet chemistry. Commercially available diamond tips are typically fabricated using
focused ion beam (FIB) 22 22!, to create sharp tips that are then attached to a silicon cantilever.
The serial nature of this process results in longer fabrication times, increasing the cost.
Additionally, the tips are made on several microns thick diamond substrate — which adds to the
cost — or on diamond thin films deposited on silicon substrates — which do not produce high aspect

ratio tips. Other methods include diamond growth on pre-fabricated silicon tip by chemical vapor

deposition ', and Reactive Ion Etching (RIE) !0 118,222,
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Reactive Ion Etching of diamond is done in oxygen ?** or hydrogen plasma ??*. The etching rate of

diamond is slower in hydrogen plasma '¢’

, and since hydrogen gas is considered dangerous,
oxygen plasma is usually preferred. When etching is done in pure oxygen plasma, the resulting
diamond surface is often rough ?*> due to micromasking ?2°. However, if small amounts of certain
gases are added to the oxygen plasma, surface roughness can be decreased ?*’. Depending on the
type and concentration of the additive gas, the etch rate and slope of the features can also be

controlled. For example, Leech et. al. 2%

compared the etching rate and surface morphology of
diamond film etched in pure O, O> + Ar, O2 + CF4 and pure Argon plasma. The total gas flow was
maintained at 45 sccm. They found that physical sputtering (etching in Ar plasma) resulted in very
slow etching. The addition of Ar to O plasma provided a smoother surface compared to etching
done in pure Oz plasma, however, the etching rate of O> + Ar plasma was lower. Additionally, they
noted that high concentrations of CF4 (44 sccm) compared to O» (1 sccm) provided high etching
rate along with smooth surface. On the other hand, Marie et. al. **® used Oz + Ar plasma to etch
single crystal diamond samples. They noted that the surface roughness becomes a significant
problem when etching deep structures. Adding a cyclic cleaning step, using Ar/Cly, after diamond
etching, allowed them to achieve etching depth of up to 10 um with smooth surface. In reference
226" Zheng et. al. used several combinations of additive gases in oxygen plasma and found that the

118 authors

smoothest diamond surface was obtained using O/CHF3 plasma. In another work
fabricated diamond AFM tip using two step RIE process. They used pure O plasma to etch
diamond film with Spin-on-Glass (SOG) as a mask. Next, they added a small amount of CF4 to
the oxygen plasma which caused the shrinkage of SOG mask resulting in a sharp tip. They obtained

an aspect ratio of 3 and an apex of less than 50 nm. However, due to initial etching in pure O»

plasma and the consequent micromasking, the surface was very rough even after etching in O»/CF4
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plasma. In reference 2*° Hasan et. al. studied the effects of RIE parameters for diamond tip
fabrication in O>/CHF3 plasma. They noted that etching rate and slope of the etched diamond
structure depends on the ICP and RF power. Higher ICP and RF power provided fast etching and
larger slope of the diamond tips. However, the authors noted that at high RF power (250 W), the
etching rate of the Hydrogen silsesquioxane (HSQ) mask became much higher than that of
diamond, leading to shorter tips. Similar effects were observed with increased pressure. This work
emphasizes the importance of mask selection for diamond etching.

The selectivity between the mask and diamond must be suitable to fabricate the required tip
dimension. Etching is considered complete when the diamond forms a sharp apex, causing the
mask to fall off, which in turn causes the diamond tip to become slightly blunt. This is similar to
the process of wet anisotropic etching of silicon in alkaline solution 2*°; however, unlike silicon,
once diamond RIE is complete, the tip cannot be further sharpened.

It must be noted that along with the etching parameters (gas flow, RF/ICP power, pressure,
temperature), the quality of the diamond film and the equipment used for etching also affect the
etching results. In reference !, Uetsuka et. al. etched three types of diamond film in O»/CF4
plasma. They found that free standing boron doped polycrystalline diamond films had higher
surface roughness than single crystal boron doped diamond, due to formation of nano-whiskers.
The authors noted that nano-whiskers form along grain boundaries and on certain crystal
orientations, and can be prevented by optimizing the bias power. Whiskers were also noticed by
researchers in reference 2> when ultra nanocrystalline diamond (UNCD) was etched in O2/SFs
plasma. In reference >*! Toros et. al. provided a catalog of diamond etching recipes and compared

several etching parameters.
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Commercially available diamond AFM probes are more expensive than their silicon counterparts.
This is in part due to the complexity of the tip fabrication process *° as well as the cost of diamond
synthesis. To compete with high aspect ratio silicon tips, the diamond tip must be at least ~10
micrometer tall which adds to the cost of diamond AFM probe. However, as mentioned above, the
purpose of diamond tip is to improve the wear resistance of AFM tip. This means that only the
tip/apex part needs to be made of diamond. In this work we design a process to fabricate AFM tips
with diamond apex and silicon base. We use RIE with shrinking mask, to achieve sharp diamond
tips; followed by dry etching of silicon to obtain high aspect ratio structures. Our process would
lower the cost for high aspect ratio diamond tip fabrication, since the required diamond film

thickness is much lower and we use polycrystalline diamond.

3.2 EXPERIMENT

A 700 nm diamond film is deposited on (100)-oriented silicon wafer using chemical vapor
deposition (CVD). The silicon wafer first undergoes nucleation in diamond solution to provide
growth sites for CVD diamond. The sample is then transferred to a CVD chamber operating at a
frequency of 2.45 GHz. During deposition, the chamber is maintained at a pressure of 2 — 3 kPa
and a temperature of approximately 750 °C (1023.15 K). Hydrogen gas at a flow rate of 300 sccm,
with 6-8% methane, is introduced into the chamber. During the growth process, methane acts as a
carbon source, while the hydrogen is responsible for preferential removal of sp? bonded carbon
(e.g. graphite) over sp> bonded carbon (diamond), as well as creating adsorption sites on the surface
for methyl adsorption 232, Surface analysis using scanning electron microscopy (SEM) imaging

(Figure 3.1), reveals that the average grain size is less than 200 nm.
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Figure 3.1:SEM image of diamond film surface.

The CVD diamond film is then coated with ZEP520A resist, followed by Electron Beam
Lithography (EBL) using JEOL JBX-6300FS Electron Beam Lithography System. Circular
patterns ranging from 400 to 900 nm are transferred to a hard mask by liftoff. Mask deposition is
performed by electron beam evaporation using Intlvac Nanochrome Il e-beam evaporation system.
Next, Reactive lon Etching of diamond and silicon is performed in dedicated Oxford Instruments
ICP380 systems. Characterization of the fabricated AFM tips is done by JEOL Scanning Electron
Microscope (JSM-7200F). The process flow for fabricating diamond tip with a silicon base is

illustrated in Figure 3.2.
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Figure 3.2: Process flow for diamond tip with silicon base.

Oxygen is selected as the primary etchant for diamond during RIE process. The choice of
secondary gas lies between Ar, CF4, SF¢ and CHF3. As mentioned above, our RIE process requires
the mask to shrink laterally, which is difficult to obtain using O2/Ar plasma '”’. SFs is also ruled
out as a secondary gas due to risk of increasing surface roughness of the underlying silicon
substrate when using O2/SFs plasma 233, Due to unavailability of CF4 gas in our RIE system,

diamond etching is done in O2/CHF; plasma.

3.3. RESULTS AND DISCUSSION

3.3.1. Mask Selection

Several mask materials are tested in O2/CHF3 plasma (Oz: 50 sccm, CHF3: 5 sccm, RF: 100W,
ICP: 1000W, 10mTorr). The tested masks are Cr203, Cr, Si02, AbO3 and Al. SiO> was deposited

using Plasma Enhanced Chemical Vapor Deposition (PECVD), while all other materials were
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deposited using electron beam evaporation. The material thicknesses range from 100 to 500 nm.
Amongst them Si0,, Al>O3 and Al provide high selectivity with diamond film. However, the rate
of mask-shrinkage required for our RIE process is best achieved by AlbO3; mask which is
consequently chosen as the mask for diamond RIE. Figure 3.3 illustrates the effects of using Al
and Al20; and Al hard masks for diamond RIE. The slope angle of the diamond cone, with respect
to the surface normal, was measured at 25° — for the Al.Os mask — and 19° — for the Al mask —
respectively. Both masks experience lateral etching; however, the mask shrinkage rate is higher
for Al,O3 (14.5 nm/min) than for Al (7.7 nm/min). This difference in shrinkage resulted in a sharper
apex for the Al2Os mask (53 nm) than for the Al mask (425 nm), given the same etching time. In
both cases, the apex of the cone-shaped structures consists of the remaining mask material (Al.Os
or Al).

For our recipe, Al,O3 etching occurs in fluorine plasma (CHF3) 2** with oxygen playing a
supplemental role ¥, As shown in Figure 3.3a, residual Al.Os remains atop the cone-shaped
structure. This phenomenon has been explained by researchers in reference 24, who suggested that
during Al2Os etching in CHFs plasma, a fluorocarbon polymer forms on the Al.Os surface. This
polymer reduces the vertical etching rate of Al.Os while leaving the lateral etching rate unchanged.
This gives Al,O3 a unique advantage to act as a shrinking mask for diamond etching using O>/CHF3
plasma. On the other hand, the etching mechanism for Al in Oo/CHF3 plasma is complicated.
Authors in reference 2*° found reduction of Al etching rate due to formation of AIF; on pillar
sidewalls when exposed to CHF3 plasma. In reference 237, researchers found that Al,Os is grown
on top of Al surface when exposed to oxygen plasma. The combined effect of O»/CHF; plasma

requires further study and is beyond the scope of this work.
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Another important factor in etching behavior is the quality of the deposited film 2**.In our study,
the poor density and structural quality of the as-evaporated Al-Os film, compared to polycrystalline

Al, contributed to the favorable etching outcomes.

Figure 3.3: SEM image of Reactive lon Etching of diamond using a) A12O3 and b) Al hard mask.

3.3.2. Diamond Etching Recipe Optimization

The first step for diamond RIE is to optimize the gas flow to achieve fast diamond etching,
appropriate selectivity with Al2O3 and low surface roughness. Several etching recipes were tested
for this purpose. The inductively coupled plasma (ICP) power was maintained at 1000 W, and the
chamber pressure was held constant at 10 mTorr. Various O-/CHFs gas flow ratios were tested

under RF powers of 50 W and 100 W, as detailed in Table 3.1.
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02 CHF3 Ar RF | ICP | Pressure | Diamond etch Al203 etch Selectivity
(scem) | (scem) | (secem) | (W) | (W) | (mTorr) | rate (nm/min) rate (nm/min)
5 47 0 50 | 1000 10 13.8 17.6 0.784
5 50 0 50 | 1000 10 16.6 23 0.72
26 26 0 50 | 1000 10 37.5 16 2.343
47 5 0 50 | 1000 10 53 11 4.818
52 0 0 50 | 1000 10 73 5 14.6
0 52 0 50 | 1000 10 12 8 1.5
0 0 52 50 | 1000 10 12 6.2 1.93
47 5 0 100 | 1000 10 81 18 4.5
50 3 0 100 | 1000 10 120 28.3 4.25

Table 3.1:: RIE Recipe tested for diamond etching.

The results of the etching tests are summarized as follows:

1.

At low oxygen concentrations, the diamond etching rate decreases sharply, becoming

comparable to the rate observed in pure Ar plasma. Additionally, the diamond etching rate

in pure CHF; plasma is nearly identical to that in pure Ar plasma, suggesting that etching

in CHF; plasma lacks a chemical component and is dominated by physical sputtering.

The diamond etching rate is highest in pure oxygen plasma; however, the surface roughness

increases significantly due to micromasking by the Al>Os.

AL O3 is etched through a combination of O> and CHF3. The etching rate of A1,O3 is low

in both pure O, and pure CHF3, with both rates comparable to that in pure Ar gas. This

suggests that the etching mechanism of A1,O3 in pure CHF3 or pure O is primarily physical

sputtering, with minimal contribution from chemical reactions.




4. 'When a combination of O, and CHF3 gases is used, the Al,O3 etching rate increases, with
higher CHF3 concentrations leading to a greater etch rate. This is attributed to the formation
of a fluorocarbon polymer on the Al,O3 surface upon exposure to CHF3; plasma, which
inhibits etching 2**. However, the introduction of oxygen gas removes this polymer 2%,
allowing etching to proceed. As shown in Table 3.1, a slight increase in CHF3 gas flow,
while keeping the oxygen flow constant, results in an increase in the Al,O3 etching rate.
This suggests that the rate-limiting factor is the chemical reaction between CHF; and
AL Os3, rather than the removal of the fluorocarbon polymer by oxygen.

Since our process requires mask shrinkage during diamond RIE, achieving very high selectivity is
not necessary. Instead, the goal is to obtain optimal selectivity between the Al,O3 mask and the
diamond film. For this purpose, the optimal gas flow was determined to be O2: 47 sccm and CHFs:
5 scem. The resulting selectivity values were 4.8 and 4.5 at RF powers of 50 W and 100 W,
respectively. Diamond etching rate and selectivity as a function of oxygen gas flow are shown in

figure 3.4.
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Figure 3.4: Diamond etching rate (top), and selectivity (bottom) between diamond and Al2O3 mask, as a function of oxygen gas

flow. Total O2/CHF’3 gas flow is 52 sccm,



The next step is to optimize the RF power to achieve an adequate sidewall slope for the diamond
tip. It is well-established that increasing the RF power results in a more vertical sidewall profile
229,240 For the 700 nm thick diamond film used in this work, the target sidewall angle is between
20° and 30° from the surface normal which would allow for cone shaped apex to be formed when
using circular shaped mask having diameter between 400 and 800 nm. RF power ranging from 50
W to 100 W is tested to determine the optimal sidewall angle and to ensure high selectivity between
the diamond and the Al>O3 mask. The gas flow, pressure, and ICP power were held constant at

O2/CHFs3: 47/5 sccm, 10 mTorr, and 1000 W, respectively. The results are shown in figure 3.5.
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Figure 3.5: Selectivity (diamond : A1203) and sidewall angle with varying RF power in optimized diamond etching recipe.
We found that the sidewall angles are in the acceptable range for all tested RF power; however,
the selectivity between diamond and Al,O3 mask decreases with increase in RF power from 50 W

to 100 W. Consequently, the optimized RF power is determined to be 50 W.
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Next, the ICP power is optimized. A decrease in ICP power from 1000 W to 500 W reduces the
etch rate of diamond film from 53 nm/min to 40 nm/min while significantly increasing the A1>O3
etch rate from 11 nm/min to 31.66 nm/min (hence decrease in selectivity from 4.8:1 to 1.26:1).
Thus, the ICP power is kept constant at 1000 W. These results are in line with those previously
reported in literature 2% 231240,

The optimized diamond etching recipe is O»/CHF3: 47/5 scem, RF: 50 W, ICP:1000 W, 10 mTorr.
With this recipe, the etching rate for diamond is 53 nm/min, while the etching rate for Al2Os is 11
nm/min, with a lateral etching rate of 15 nm/min. Figure 3.6 shows a diamond tip produced using
a 400 nm diameter circular mask, etched for 13 minutes. As can be seen from the figure the 260
nm thick Al,O3z mask is fully consumed. The average tip apex in this case is 23.5 nm while the
diamond tip height is 650nm and the sidewall angle respective to surface normal is 25°. It should

be noted that for smaller diameter circles (< 450 nm), the Al,Os is fully consumed due to lateral

shrinkage of the mask during the RIE process.

100 nm
—

Figure 3.6: Diamond tip fabricated using optimized O2/CHF3 recipe.
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3.3.3. Silicon Etching

Once the diamond apex is fabricated, the next step is to etch the underlying silicon substrate to act
as the high aspect ratio tip base. The required tip height is 10 um. The already fabricated diamond
apex acts as a hard mask during this process. Several dry etching recipes are tested for this purpose.
The first test recipe for silicon etching is standard Bosch with 5 seconds deposition and 7 seconds
etching cycles (Deposition: SFe/C4Fs: 1/160 scem, RF: 5 W, ICP: 1000 W, 20 mTorr; Etching:
SFe/CsFg: 160/1 sccm, RF: 20 W, ICP: 1000 W, 25 mTorr). However, the etched silicon is
negatively tapered (figure 3.7a). To improve the silicon sidewall slope, the deposition time is
increased to 6 seconds. Though the taper angle is improved — from 2.8° to 1.9° — the sidewall had
scalloping effect which is typical of Bosch etching 2*! (figure 3.7b). To achieve smooth sidewalls
with vertical or slightly positively tapered profile, a non-switching pseudo-Bosch etching recipe is
used 2*2. The etching recipe is optimized to provide smooth and vertical profile (C4Fs/SFs: 40/20

scem, RF: 50 W, ICP: 1200 W, 10 mTorr, 15 °C) (figure 3.7¢c).

Figure 3.7: Si RIE with diamond hard mask using a-b) Standard Bosch, and c) non-switching pseudo-Bosch etching.
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We observed that the diamond apex becomes blunt during the Si RIE process, regardless of the
etching recipe used. It is suggested that the cause of this effect is physical sputtering of diamond,
rather than chemical reaction occurring between diamond and etching gas. It is well understood
that the ion energy during the RIE process is dependent on the RF power of the system 2+, To test
this hypothesis, RF power is decreased from 50 W to 30 W and 20 W (figure 3.8 a, b). As expected,
the sharpest tip is achieved with the lowest RF power (20 W). However, even when using the
lowest stable RF power allowed by the system (20 W), the diamond apex still becomes blunt.
During 9 pm silicon etching by non-switching pseudo-Bosch, the diamond tip apex diameter

increases twofold following silicon etching.

Figure 3.8: Diamond tip after silicon etching using non switching pseudo-Bosch with RF power a) 20 W, b) 30 W.
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To combat this issue, the thickness for Al,O3 mask is increased such that after diamond RIE, the
mask AlOs is still present (Al2O3; apex). The Al,O3 acts as a barrier to physical sputtering of
diamond tip during silicon etching. However, the mask thickness must be carefully optimized such
that when the silicon is etched to the required depth, the A1O3 mask must be completely etched
away, and the final tip apex must be diamond. For our tip, this is achieved by using 550 nm thick
ADOs. It should be noted that even with increased thickness, lateral etching of Al,O; during
diamond RIE causes the mask to be fully removed from smaller diameter circles (<450 nm) before
silicon etching. Using an 800 nm diameter circular mask and diamond RIE for 13 minutes, the tip
apex diameter is measured to be 58.5 nm, as shown in Figure 3.9a. During the silicon reactive ion
etching (RIE) process, employing a non-switching pseudo-Bosch process with 20 W RF power for
25 minutes, the Al,O3 mask undergoes physical sputtering and is gradually etched away. This
process exposes a diamond tip with an average apex diameter of 29.5 nm after the silicon RIE. The
resulting aspect ratio of the fabricated tip is 9.63. Using larger diameter patterns, or thicker Al,O3
mask leads to apex material being Al,Os instead of diamond once the silicon base is formed. The
final AFM tip with diamond apex is shown in figure 3.9b and the apex of the fabricated tip is
shown in figure 3.9¢c. As can be seen in figure 3.9b, the tip fabrication using shrinking mask has
excellent uniformity across the array. The average apex diameter is 29 nm with an error of + Snm.

The process is graphically illustrated in figure 3.10.
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Figure 3.9: a) Diamond tip with Al:Os apex, b) Diamond tip after silicon base fabrication, c) Apex of tip shown in b).
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Figure 3.10: Graphical illustration of diamond tip fabrication using mask shrinkage method.
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The method developed in this work produces diamond tips with an average apex diameter of less
than 30 nm, which is significantly smaller than what is typically achieved using conventional RIE
processes 1% 118244 The apex size of our tips is comparable to those obtained through CVD
diamond growth on silicon tips °1-24°, However, the aspect ratio of the diamond-coated silicon tips

is much higher in our work.

34. CONCLUSION

High aspect ratio, sharp diamond tips are fabricated on silicon base using dry etching. The method
developed in this work allows for low-cost fabrication of high aspect ratio sharp tips. The base of
the tip is made of silicon, which is dry etched using non switching pseudo-Bosch recipe, while the
apex is made of ~650nm thick diamond allowing for harder tip. Given that the diamond film is
grown directly on silicon wafer, there is no need for complicated and time-consuming transfer of
diamond tip onto silicon cantilever. However, due to the complexity introduced by the diamond
RIE, and physical sputtering during silicon dry-etching, careful optimization of mask parameters
(material, thickness, width) must be carried out. The fabricated tip has an average apex diameter

of 29 nm and aspect ratio of 9.63.
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CHAPTER 4: NOVEL METHOD FOR FABRICATION OF

HIGH ASPECT RATIO DIAMOND TIP

4.1. INTRODUCTION

As mentioned in the previous chapter, one of the issues during fabrication of diamond AFM tip
with silicon base, is the physical etching of diamond during Si-RIE, which causes the tip to become
blunt. In the previous chapter, we mitigated this issue by using thicker Al>O3z mask. However, this
is a complex task, since the etch rates may fluctuate over a period of time, and may leave behind
Al>0Os3 as tip apex rather than diamond.

In this chapter, we design a novel method for fabrication of diamond tip, which first fabricates the
silicon base, followed by diamond apex. This method eliminates the risk of physical bombardment
of diamond apex during base fabrication, and results in sharp apex, along with high aspect ratio
obtained during the previous chapter.

The fabrication process is designed in close resemblance to T-gate structures used to fabricate high

electron mobility transistors 2%

. In traditional T-gate devices, the gate structure has two
components, with the bottom part of the gate being very small (< 100 nm wide) to provide high
operating frequency 2*’. However, the small width of the gate causes an increase in gate resistance
and noise 28, which is countered by the wide top. In our work, we have used the dual T-shaped
structure to form the mask for our device patterning. First the wider top part of the T-shaped mask
is used to pattern the silicon base of our tip. This top part is then selectively removed, and the

bottom narrower part of the T-shaped mask is used to pattern the diamond apex. This allows for

sharp diamond apex to form and does not require several lithography steps.
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4.2. EXPERIMENT

Figure 4.1 shows the process flow for fabrication of diamond AFM tip using T-shaped mask. First
an SOI wafer with 300 nm diamond thin film is coated with 350 nm of amorphous silicon (aSi)
and 100 nm of SiO> using PECVD, at 250°C and 330°C respectively (figure 4.1 a). The design
requirements state a smaller opening in the resist for the bottom part of the T-shaped mask, while
a wide opening is required for the top. For this reason, a resist stack is spin coated on the substrate.
First 500 nm of PMMA is spin coated at 2000 RPM, and baked at 180°C for 10 minutes, followed
by 80 nm PMGI coating at 5000 RPM which is baked at 180°C for 5 minutes. The PMGI provides
undercut necessary for the forthcoming liftoff process 2% 23°. Finally, 500 nm, undiluted ZEP520A
resist is spin coated at 2000 RPM and baked at 180°C for 5 minutes. EBL is then performed using
JEOL JBX-6300FS Electron Beam Lithography System. The beam voltage is 100 kV, while the
current used is 8 nA. The dose for top layer (ZEP520A) is 350 pC/cm?, while for the bottom layer
(PMMA) it is 2000 pC/cm?®. After EBL, the resists are developed as follows: first the top layer
(ZEP520A) is developed in ZED-N50 developer for 90 seconds at room temperature, followed by
rinse in IPA for 30 seconds and drying by nitrogen. Next, PMGI is developed in MF-319 for 60
seconds and rinsed in DI water for 30 seconds before being dried by nitrogen. Finally, PMMA is
developed in MIBK:IPA (1:3) for 90 seconds and rinsed in IPA for 30 seconds before being dried
by nitrogen (figure 4.1 b). All RIE steps are done using Oxford Instruments Plasma lab 100 ICP380
RIE system. First, SiO> is etched by RIE for 30 seconds (C4Fs/O2: 40/5 sccm; RF: 100 W; ICP:
2500 W; 10mTorr ; 50C), followed by isotropic etching of aSi using pure SFs plasma (SFs: 160
scem ; RF: 10 W ; ICP: 1000 W ; 15 mTorr ; 15C) for 19 seconds. The aSi is etched through to
expose the underlying diamond thin film. Isotropic etching is preferred over anisotropic silicon

etching, in order to obtain undercut necessary for adequate hard mask patterning and liftoff (figure

81



4.1 ¢). Next, remaining PMMA is etched using oxygen plasma (O2: 50 sccm, RF: 500 W; 800mTorr
; 25 C) for 2 minutes (figure 4.1 d). This is done to ensure deposition of Al,O3; mask on the
shoulders of the T-shaped design. Finally, hard mask is deposited using Intlvac Nanochrome II e-
beam evaporation system (figure 4.1 e). The resist stack is then removed by liftoff in PG remover
at 80°C for 20 minutes and the T-shaped mask is transferred to the hard mask (figure 4.1 f). Due
to the patterning done by RIE in the above-mentioned steps, the mask is deposited on top of
diamond thin film — to form bottom of the T-shape mask — as well as on SiO> which forms top of
the T-shaped mask. This mask is then used to pattern the base of the AFM tip in a series of RIE
processes. First, unpatterned SiO: is etched (CsFs/Oz: 40/5 scem; RF: 100 W; ICP: 2500 W;
10mTorr ; 50C) for 30 seconds to expose underlying aSi, which is etched using Bosch etching for
5 cycles (Etch: 20 W RF power, 1000 W ICP power, C4F3/SFes : 1/160 sccm, 25 mTorr for 6s;
Passivation: 5 W RF power, 1000 W ICP power, C4Fs/SF¢ : 160/1 sccm, 20 mTorr for 6s) to create
anisotropic profile. The aSi is etched through to expose the diamond thin film, which is then etched
in O2/C4Fs plasma. The purpose of this RIE step is not to form a cone shape in the diamond film,
but rather to etch through the diamond to reach the Si substrate which would form the base of the
AFM tip. Finally, the Si is etched by RIE. The height of the base after etching is 4.5 um (figure
4.1 g). Once the AFM tip base is formed, the need for the top of the T-shaped mask is finished.
This mask is selectively removed by removing the oxide thin film on which it rests. The oxide is
removed by placing the sample in 1:10 BOE for 10 minutes with gentle agitation (figure 4.1 h).
After oxide and Al,O3; removal is done, the remaining a-Si is removed using Bosch etching (Etch:
20 W RF power, 1000 W ICP power, C4Fs/SF¢ : 1/160 sccm, 25 mTorr for 6s; Passivation: 5 W RF

power, 1000 W ICP power, C4Fg/SF¢ : 160/1 sccm, 20 mTorr for 6s) to again create an anisotropic
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profile (figure 4.1 i). Finally, diamond is patterned in O2/C4Fg plasma to form cone shape on top

of Si base (figure 4.1 j).
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Figure 4.1: Process flow for diamond tip fabrication using T-gate mask.

4.3. RESULTS AND DISCUSSION

4.3.1. Fabrication of Silicon Base

Table 4.1 shows the various recipes tested for Si, SiO», and aSi etching, while table 4.2 shows the

etch rate of relevant materials with the recipes listed in table 4.1.
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Gas flow RF Power ICP Power | Pressure | Temperature
(sccm) W) (W) (mTorr) O
i.  Siisotropic SFes : 160 10 1000 15 15
etch
ii. Bosch Etching: 20 1000 20 15
etching SFe/C4Fs:
(etch: 6 sec; 160/1
passivation: | Passivation: 5 1000 20 15
6 sec) SF¢/C4Fs:
1/160
iii.  Pseudo- SFe¢/C4Fs: 20-50 1200 10 15
Bosch etch 20/40
iv.  SiO2 etch C4Fs/O: 100 2500 10 50
40/5
v.  Oxygen 02:50 500 - 800 25
plasma
ashing

Table 4.1: Recipes used for Si, a-Si, SiO> and PMMA etching.
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Recipe Etch rate (nm/min)
PMMA ZEP Si aSi SiO: ALO3 Cr203
i. 456 390 2700 1218 66 - -
ii. - - 250 80 2.5 <1 <1
nm/cycle | nm/cycle | nm/cycle | nm/cycle | nm/cycle
jii. - - 480 60 132 <1 <1
iv. 600 394 174 - 222 60 -
V. 64 20 - - - - -

Table 4.2: Etching rate of different materials using recipes from table 4.1.

During the first batch of RIE, silicon is etched isotropically which results in undercut which allows
for easy liftoff of Al2O3 mask. The resists thicknesses are decided in-line with the etching rates
obtained in table 4.2. After liftoff, second batch of RIE is performed to fabricate the silicon base
of the AFM tip. During this step, aSi is etched anisotropically by Bosch etching (Etch: 20 W RF
power, 1000 W ICP power, C4Fs/SFs : 1/160 sccm, 25 mTorr for 6s; Passivation: 5 W RF power,
1000 W ICP power, C4Fs/SFe : 160/1 sccm, 20 mTorr for 6s) for 5 cycles, while diamond is etched
by 02/C4F3:52/3 sccm; 50 W ; 1000 W ; 10mTorr ; 40C, which provides an almost vertical profile
(section 4.3.2). To fabricate the silicon base, Bosch and Pseudo-Bosch recipes are tested, the gas
flow, RF power, ICP power, pressure and temperatures used are mentioned in table 4.1. Parameters
such as etching vs. passivation times are manipulated for Bosch etching in order to obtain vertical
profile, while for Pseudo-Bosch etching, RF power is changed to obtained appropriate sidewall

profile. The results are shown in figure 4.2 and figure 4.3.
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Figure 4.2: SEM image of AFM tip base fabricated using Bosch etching with a) 5 seconds etching 7 seconds passivation; b) 6
seconds etching, 6 seconds passivation and c) 5 seconds etching, 6 seconds passivation.
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Figure 4.3: SEM image of AFM tip base fabricated using Pseudo-Bosch etching with RF power being a) 20 W and b) 50 W.

It can be seen from figure 4.2, for Bosch etching the vertical sidewalls are obtained with 5 seconds
of etching and 6 seconds of passivation. All other etching vs. passivation ratios provide negatively
tapered profiles. On the other hand, for Pseudo-Bosch etching, RF power of 20 W and 50 W are
tested, both of which give positively tapered profile (figure 4.3). Thus, Bosch etching with 5
seconds of etching and 6 seconds of passivation is chosen as the recipe of choice for fabrication of
silicon base. The optimized recipe is: Etch: C4Fg/SFes : 1/160 sccm, 20 W RF power, 1000 W ICP
power, , 25 mTorr for 5s; Passivation: C4Fg/SFs : 160/1 sccm, 5 W RF power, 1000 W ICP power,

, 20 mTorr for 6s, and the etching rate of silicon with this recipe is 150 nm/cycle.
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4.3.2. Fabrication of diamond apex

As mentioned in chapter 3, diamond is etched by oxygen plasma, with some additive gases to
prevent micromasking. In this chapter we use O2/C4Fs plasma to etch diamond. The diamond used
in this work is 300 nm thick on SOI substrate. For our work, we require the sidewall angle to be
between 20 — 30° from the surface normal. Additional requirements are of high diamond etch rate
and high selectivity with the masking material. For this work the etching was performed on an RIE
system which does not allow any metal masks. Due to the requirement of SiO> removal using BOE
after fabrication of tip base, it cannot be used as a mask. We tested Cr.O3 and Al,O3 as masking
materials for various gas flow of O2/C4Fs plasma. The results are shown in table 4.3. The RF power
is fixed at 50 W, the ICP power is 1000 W, and the pressure is 10 mTorr for all recipes. The total

gas flow is maintained at 55 sccm for recipe 1 — 3 and 52 sccm for recipe 4 — 5.

Recipe 02/C4Fs (sccm) Etch rate (nm/min)
Diamond ALO3 Cr20s3
a) 50/5 82 50 >150
b) 52/3 120 24 > 150
c) 48/7 86 56 >150
d) 50/2 120 34 53
e) 43/9 87 140 > 150

Table 4.3: Diamond, Al203 and Cr20s etch rate using different O2/C4Fs gas flows.

Due to very high etch rate of Cr2Os for all tested recipes, Al,O3 was selected as a mask material.
Next step is to determine the sidewall angle of the diamond using the recipes listed in table 4.3.
The sidewall angle of the patterned diamond and selectivity with the Al,O3 mask is shown in table

4.4.
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Recipe 02/C4Fs Sidewall Angle (°) Selectivity
(sccm) (Diamond/Al203)
a) 50/5 65 1.64
b) 52/3 86 5
c) 48/7 61 1.53
d) 50/2 89 3.53
e) 43/9 59 0.6

Table 4.4: Sidewall angle of patterned diamond and selectivity between diamond and Al20s for recipes listed in table 4.3

While recipe b) and d) in table 4.3 provide very high selectivity, the sidewalls for both are nearly
vertical. On the other hand, recipe a) and c¢) provide sidewall angle in the required range (between
20 — 30°). Due to higher selectivity between diamond and Al,O3 when using recipe a)
(O2/C4F5:50/5 sccm; 50 W ; 1000 W ; 10mTorr ; 40C), it is used as the recipe of choice for
fabrication of diamond apex. On the other hand, recipe b) (O2/C4Fs:52/3 scem; 50 W ; 1000 W ;
10mTorr ; 40C) is selected for near vertical diamond etching required during the fabrication of
silicon base, due to its high selectivity and nearly vertical sidewall profile. Figure 4.4 shows the

sidewall profile of diamond using recipe a) and b).
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Figure 4.4: Sidewall slope of diamond obtained using a) O2/C4+Fs: 50/5 sccm and b) O2/C4Fs: 52/3 sccm. RF: 50 W, ICP: 1000 W,
pressure 10mTorr and Temperature is 40°C for both recipes.

After fabrication of AFM base using Bosch etching (Etch: 20 W RF power, 1000 W ICP power,
C4F3/SFs : 1/160 sccm, 25 mTorr for 5s; Passivation: 5 W RF power, 1000 W ICP power, C4Fg/SFs
: 160/1 sccm, 20 mTorr for 6s), the oxide thin film is removed by immersing the sample in 1:10
BOE for 10 minutes at room temperature with gentle agitation to facilitate mask removal. After
the oxide is removed, sample is rinsed with DI water for ~ 6 minutes and dried with nitrogen before
the last batch of RIE is performed. First aSi is removed by Bosch etching (Etch: 20 W RF power,
1000 W ICP power, C4Fg/SF¢ : 1/160 sccm, 25 mTorr for 6s; Passivation: 5 W RF power, 1000 W
ICP power, C4Fg/SFes : 160/1 sccm, 20 mTorr for 6s) for 5 cycles, followed by the fabrication of
diamond apex using the recipe O2/C4F3:50/5 sccm; 50 W ; 1000 W ; 10mTorr ; 40C for 3 minutes.
The tip fabricated by this method has an average apex diameter of ~10 nm and is shown in figure
4.5. It should be noted that the mask size of the diamond film during this etching step is crucial for

obtaining sharp apex. This is because there is no significant mask shrinkage of A1, O3 using O2/CsF3
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plasma according to our tests. The optimal mask design for our work is 200 nm diameter (thickness
300 nm) in order to obtain sharp apex using 300 nm thick diamond film. On the other hand, the
mask size for fabrication of silicon base is 600 nm. It can be seen from figure 4.5 that the diamond
apex is perfectly aligned on top of the silicon base. This is because of one-step patterning using

EBL which eliminates the need for complex alignment steps.

Figure 4.5: a) AFM tip with silicon base and diamond apex, b) diamond apex of tip shown in a)

4.4. CONCLUSION

This work shows the fabrication of high aspect ratio diamond AFM tip. The process results in a tip
with average diamond apex of ~10 nm and the silicon base has an aspect ratio of 7.5. Higher aspect
ratio can be easily fabricated without affecting the apex diameter. This process does not require
complex alignment steps between diamond and silicon base masks and also does not require mask
thickness control since the diamond tip apex is formed with the A1,O3; mask falling off rather than

being consumed as a result of mask shrinkage.
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CHAPTER 5: FABRICATION OF HIGH ASPECT RATIO

AFM TIPS BY SURFACTANT ADDED TMAH ETCHING

This chapter focuses on fabrication of high aspect ratio silicon AFM tips. The first part of this
chapter (Section 5.1) discusses design parameters optimized for tip fabrication, while the second
part (Section 5.2) discusses the process parameters and effects of surfactant concentrations on the
etching properties of (111) oriented silicon wafers.

The main body of Section 5.1 is reprinted with permission from Ref. ! (Farheen Nasir and Bo
Cui. "Fabrication of high aspect ratio AFM tips by surfactant added TMAH etching." Sensors and

Actuators A: Physical 388 (2025): 116477.)

5.1. FABRICATION OF HIGH ASPECT RATIO AFM TIPS

Atomic Force Microscope (AFM) has become an important tool for characterizing nanoscale
devices and structures in various domains such as nanoelectronics, material sciences and biology
°. An AFM probe includes a tip attached at the end of a thin cantilever. The other end of the
cantilever is attached to a handle. The dimensions and material of the cantilever determine the
detection sensitivity of the AFM 232, For highly sensitive AFM probes, the cantilever experiences
detectable bending, even for small tip-sample interaction forces. However, the most important part
of the AFM probe is the tip that directly interacts with the sample surface and experiences long-
and short-range forces. The tip must be sharp and ideally have high aspect ratio, in order to provide
adequate representation of the scanned surfaces *%. Most commercially available AFM tips are
made by anisotropic etching of silicon in alkaline solution which can yield sharp tips at remarkably
low cost ' Common alkaline etchants for silicon are Potassium Hydroxide (KOH) '* and

) 191

Tetramethylammonium Hydroxide (TMAH) "', with KOH being more frequently used due to its
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higher etch rate and pronounced anisotropy between the (100)/(110) and (111) planes 2. TMAH,
however, offers the advantage of compatibility with CMOS technology 2°*.

Silicon-based AFM tips dominate the commercial market, with most being fabricated on (100)-
oriented silicon wafer, as this orientation is easier to etch in alkaline solution 2> 2°°. However,
anisotropic etching of (100)-oriented silicon wafer results in low aspect ratio (0.5 — 2), pyramid
shaped tips 2°7. (111) oriented silicon has also been explored for tip fabrication, though it requires
an additional dry etching step to expose higher miller index planes on the (111) surface 2°% 27,
Tang et. al. demonstrated this approach by fabricating high aspect ratio tips with 20 nm radius of
curvature on (111) oriented silicon wafer '4°.

Critical parameters to monitor during wet anisotropic etching for silicon tip fabrication include
radius of the tip apex, aspect ratio, surface roughness and reproducibility. Several methods have
been used to improve these factors. For example, Chang et. al. 2 used a two-step process involving
KOH etching followed by etching in HNA (mixture of nitric acid, acetic acid (or water), and
hydrofluoric acid) to form silicon tips with (311) sidewall planes on (100)-oriented silicon wafers.
Additionally, different mask designs and orientations have also been used. For example, Burt et.
al 26! used triangular masks to obtain high aspect ratio tips using KOH and (100) silicon wafer.
They found that rotating a triangle mask 63° relative to the <110> wafer flat resulted in the sharpest
tip. This is because the (313) plane is exposed during the KOH etching when using this mask
orientation. On the other hand, Pradeep et. al. 2%, fabricated 158 um tall silicon tips using square
mask and optimized TMAH: H>O: isopropyl alcohol (IPA) etchant.

Certain additives to alkaline etchant have also been used to improve wet etching results. For

1 263

example, Zubel et a studied the effects of IPA concentration on the etching characteristics of

TMAH and KOH. They found that at medium solution concentrations (e.g. 3 — 7 M KOH) and
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IPA concentrations (5 — 9 % percent), IPA molecules adsorb preferentially only on certain planes,
thus blocking the etching from taking place on those planes and improving anisotropy. They also
found that for both TMAH and KOH, the surface roughness decreases with increase in IPA
concentration. In reference 2%, authors studied the effect of several types of surfactants on the
surface roughness of Si(100) surface using TMAH. They concluded that cationic ASPEG
(ammonium salt of poly(ethylene glycol)) provided the smoothest surface for (100)-oriented
silicon wafer (mean roughness : 3.5 nm), although the etch rate (0.4 pum/min) was significantly
lower compared to etching in pure TMAH or when other types of surfactants were added to
TMAH. They also found that when non-ionic PEG (poly(ethylene glycol)) was added to TMAH,
the undercut of the patterned structure was significantly lower. Similarly, Tang et. al. 2% added
small amount of non-ionic Triton X-100 surfactant in TMAH to create high aspect ratio, sharp tips
on (100) and (111) oriented silicon wafers.

Surfactants are classified based on the charge of their head group. The three main types of
surfactants commonly used in silicon etching are non-ionic, cationic, and anionic surfactants.
Detailed information on their chemical composition and properties is available in the literature 2°.
The role of surfactants during wet anisotropic etching of silicon has been studied in detail '°% 17
267. 268 1t has been observed that surfactant molecules preferentially adsorb onto specific
crystallographic planes, reducing the access of OH™ ions to these surfaces. As a result, the etch
rates of these planes decreases, while the etch rates of other planes remain largely unaffected. This
selective adsorption ultimately alters the anisotropy of silicon etching. In the case of convex corner
etching of silicon for AFM tip fabrication, the addition of surfactants alters the local slowest
etching planes, which subsequently affects the final sidewall plane, potentially leading to the

formation of higher aspect ratio tips. The specific changes depend on several factors, including the
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type and concentration of the surfactant, the choice of alkaline etchant, and the etching temperature
197, 198, 264 "1t has been observed that adding anionic surfactants to KOH solutions results in the
lowest surface roughness and fastest etching of Si(100) '**. Conversely, in TMAH etching, cationic
and non-ionic surfactants generally produce the smoothest surfaces, while anionic surfactants yield
the fastest etching rates but with increased surface roughness '°°. Additionally, non-ionic
surfactants provide better etching control and stability compared to cationic surfactants. For this
reason, non-ionic surfactants are the most widely used type of surfactant in alkaline etching of
silicon. Various non-ionic surfactants exhibit different effects on anisotropy and etch rate
reduction. Among them, Triton X-100 (100% iso-octylphenoxy polyethoxyethanol) is the most
widely used 2, while Triton X-405, another non-ionic surfactant, has gained attention in recent
years.

In this work, we compare etching characteristics of pure 25 wt% TMAH, 25 wt% TMAH + 1000
ppm Triton X-405 and 25 wt% TMAH + 1000 ppm Triton X-100 for the fabrication of sharp,
high-aspect-ratio tips (height-to-width ratio > 5) using Si(111) wafers. Additionally, three different
mask designs were investigated to determine the optimal configuration for Si(111) etching. Each
design underwent dry etching at three different heights to evaluate the effect of etching depth on

the final structure.

5.1.1. Experiment
AFM tips are fabricated from 125 mm diameter, 600 um thick, (111)-oriented silicon wafers (n-
doped, 1-2 Q-cm), sourced from Sumitomo Sitix Silicon, Inc. The wafers undergo a selective dry

etching step using the standard Bosch process, which is followed by wet anisotropic etching in

TMAH or TMAH with added surfactants.
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The Si (111) wafer is first cleaned using oxygen plasma for 60 seconds. Next, 1 um SiO> is
deposited using plasma-enhanced chemical vapor deposition (PECVD), followed by spin coating
of photoresist (S1811) for photolithography. Photolithography is performed using UV direct write
system (MLA150, Heidelberg Instruments). The mask designs selected for this study are square
(sides parallel to the wafer flat <110> direction), diamond (sides 45° rotated square with respect
to <110> wafer flat ) and circle shaped with 15 — 20 pum diameter/side length (figure 5.1). The
patterns are subsequently transferred to an oxide hard mask by Reactive Ion Etching (RIE). The
silicon is then etched using standard Bosch etching for 46, 73, and 97 cycles, resulting in pillar
heights of 20 um, 30 um, and 40 um, respectively. The Bosch etching parameters are as follows:
deposition with SF¢/C4Fs : 1/160 sccm, ICP: 1000 W, RF : 5 W, 20 mTorr for 5 seconds; and

etching with SF¢/C4Fs : 160/1 sccm, ICP: 1000 W, RF: 20 W, 25 mTorr for 7 seconds.

{111}
n-type

<110> wafer flat

Figure 5.1: Schematic mask design used for etching Si(111) wafer.

After dry etching, the samples are again cleaned using oxygen plasma etching for 60 seconds to
remove any fluorocarbon residues. They are then immersed in a 1:10 HF solution for 30 seconds

to remove native oxide from the surface, followed by rinsing with deionized water and drying with
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nitrogen. This process is completed immediately before transferring the samples into the liquid
etchant.

The etchant used is either pure 25 wt% TMAH (Acros Organics) or a mixture of 25 wt% TMAH
+ 1000 ppm surfactant. The surfactants chosen for this study are Triton X-100 (100% iso-
octylphenoxy polyethoxyethanol) and Triton X-405 (70% polyoxyethylene alkyl phenyl ether),
both from Sigma Aldrich. All etching tests are done at 70°C and the samples are placed
horizontally in the etchant.

Characterization of the fabricated AFM tips is done by JEOL Scanning Electron Microscope (JSM-

7200F).

5.1.2. Results and Discussion

5.1.2.1. Etching in 25 wt% TMAH

The final height of the AFM tip required for our application is between 10 and 15 um. As
previously mentioned, the (111) wafer must be dry etched to expose fast-etching planes before
being placed in liquid etchant. The Si(111) samples are dry etched to 20 um pillar height before
wet etching in pure 25 wt% TMAH (i.e. without surfactant addition). However, it is found that no
high aspect ratio tips were formed after wet anisotropic etching, regardless of the mask shape used.
Thus the pillar height of 20 um is unsuitable for tip fabrication when etching in pure 25 wt%
TMAH.

Previously, Tang et. al. 2%° has simulated the etching progression of (111) wafer for tip fabrication.
They noted that during the etching process, two distinct sets of planes emerge, leading to formation
of a neck in the upper region of the dry-etched pillar, which eventually breaks to form a tip-shaped

structure. The researchers used a 50 um dry etching height for this process.
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We hypothesize that in our case — for all mask shapes (square, diamond and circle) having 15 um
side-length/diameter — the 20 um height of the dry-etched pillar is insufficient to form the neck-
like structure, preventing the formation of sharp tips, regardless of the mask shape. To address this
issue, all mask designs are subsequently dry etched to 30 um and 40 um before wet etching. We
found that the final tip shape improved significantly once the dry-etched pillar height reached at
least 30 um. The results for tips etched in pure TMAH using a circular mask for 10 minutes at
different initial dry-etching heights are shown in Figure 5.2. Once the pillars achieved sufficient
height after dry etching, the wet etching process led to the formation of a neck-like structure, which
narrowed and eventually broke, forming a high-aspect-ratio tip. The apex of the tips formed is
measured using SEM. After TMAH etching, a 30 um dry-etched circular pillar results in an apex
of 16 nm without oxidation sharpening, with an aspect ratio (height-to-diameter at half height) of
8.9. The tip height is 15 um. For the circular pattern, neck formation occurred at approximately 20
um from the surface, as shown in Figures 5.2 b and 5.2 c. Once the neck breaks, the tips become

self-sharpening.

Figure 5.2: TMAH Etching of circular mask with initial dry etching height of a) 20 um, b) 30 um and c) 40 um.
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Similar tests are done using square and diamond-shaped masks. It is observed that neck formation
was negligible for square shaped masks, regardless of the dry-etching height. In contrast, diamond-
shaped masks produce results similar to those of circular masks, though the shape of the tip base
differed. Figure 5.3 compares the tips formed after TMAH etching of a 30 um dry-etched pillar
for circular and diamond-shaped masks. The difference in the appearance of the two tips is

attributed to different crystallographic planes being exposed during dry etching, which

270, 271

subsequently lead to distinct shapes after anisotropic wet etching

Figure 5.3: Tips formed after TMAH etching using a) diamond (square rotated by 45°), b) circular mask and c) square shaped

mask. Dry-etching height is 30 um for all masks.

Characterization of the fabricated AFM tips is done by JEOL Scanning Electron Microscope (JSM-
7200F). Although high aspect ratio and tip apex of less than 20 nm are achieved using pure TMAH
etching, the sidewalls of the tips remain rough. To obtain smoother sidewalls while maintaining a

high aspect ratio and small apex, the Si(111) samples are etched in surfactant-enhanced TMAH.
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5.1.2.2. Etching in 25 wt% TMAH + 1000 ppm Triton X-405

When 1000 ppm Triton X-405 is added to TMAH, both the roughness of sidewall and the diameter
of the tip apex significantly decreased. Again, etching tests are done for three different dry-etching
heights and three different mask shapes. It is found that the circular-shaped masks produce the best
tip shape. Unlike in pure TMAH etching, tips are formed at a dry etching height of 20 pm for
circular-shaped masks (figure 5.4a). However, at this height, the intersection between tip base and
sidewall is very thin, causing the tips to break easily. Once the dry-etched pillar height is at least
30 um, the final tip shape becomes independent of the dry-etched height. SEM images of tips
formed after etching of circular-shaped masks in TMAH + 1000 ppm Triton X-405, with the dry-
etching heights of 30 pm and 40 pm are shown in figure 5.4 b and 5.4 c respectively. The tips are
self-sharpening after the mask breaks off. The average tip apex diameter achieved using circular-
shaped masks with dry-etching height of at least 30 pm is 8 nm without oxidation sharpening. The

aspect ratio is 11.4 and 13.8 when the dry etching heights are 30 um and 40 um respectively.

100 nm \
100 nm 1 [
I

Figure 5.4: Tips formed after TMAH + Triton X-405 etching of circle mask with initial dry-etching height of a) 20 um, b) 30 um

and ¢) 40 um.
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In contrast, for square and diamond-shaped masks, tips are only formed when the dry-etching
height is 40 pm. For both 20 um and 30 um tall pillars, neck formation occurs near the intersection
of the tip base and sidewall, causing the tips to break without forming high aspect ratio structures.
This effect is attributed to differences in surfactant adsorption on different crystallographic planes
196,197 "For the diamond-shaped mask, when the dry-etching height is 40 um, the resulting tip shape
closely resembles that of circular-shaped masks, however the apex of the tip is larger than that
obtained with the circular shaped mask. Figure 5.5 shows uniformity across array and cone angle
for the tips fabricated using 1000 ppm Triton X-405 in 25 wt % TMAH. As mentioned above, the

average apex of the tip is < 10 nm with an error range of = 20 nm.

Figure 5.5: a) Uniformity across array and b) cone angle for tips fabricated using circular shaped mask and dry etching height of

30 um.

Figure 5.6 shows the tips formed using diamond and square-shaped masks when the dry-etching

height is 40 um.
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Figure 5.6: Tips formed after silicon etching in TMAH + Triton X-405 with a) diamond and b) square-shaped masks. The dry-

etching height is 40 um for both masks.

5.1.2.3. Etching in 25 wt% TMAH + 1000 ppm Triton X-100

When 1000 ppm Triton X-100 is added to TMAH, the results are different from those obtained by
etching in TMAH + 1000 ppm Triton X-405. For a circular-shaped mask, when the dry-etching
height is 20 um or 30 um, the neck formation occurs at approximately 7 um from the sample
surface which leads to the tip height of ~ 6.5 — 7 um, with tip apex being 8 nm and aspect ratio of
6. On the other hand, when the dry-etching height is 40 pm, the average tip height is 14 um, with
an apex of ~ 8 nm and aspect ratio of 6.4. These results are shown in figure 5.7 with the inset

showing the apex of the respective tips.

102



Figure 5.7: Silicon etching in TMAH + Triton X-100 using circular-shaped mask with dry-etching height of a) 20 um, b) 30 um

and ¢) 40 um.

For the square and diamond shaped mask, etching in TMAH + 1000 ppm Triton X-100 leads to
neck formation occurring near the interface of the base and tip regardless of the dry-etching height

which leads to low aspect ratio structures to form, as shown in figure 5.8.
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Figure 5.8: Silicon etching in TMAH + Triton X-100 using a) diamond and b) square-shaped mask. The dry-etching height is 30

wm for both masks.

It is interesting to note that all structures etched in TMAH + 1000 ppm Triton X-100 are slightly
tilted. It is suggested that this occurs because of a combination of very high selective adsorption
of the Triton X-100 on certain crystallographic planes 2%®, and a slight miscut of the Si(111) wafer
which causes slightly different planes to be exposed during dry-etching on either side of the mask.
This miscut is also responsible for the formation of tail-like structure to form near the etched
structure as explained by Oosterbroek et. al.>%.

As can be seen in the previous two sections, the etching results vary drastically between Triton X-
405 and Triton X-100, although both are non-ionic surfactants, with a similar molecular structure
and identical concentration used in TMAH. The difference between the two surfactants lies only
in their polyethylene oxide (PEO) chain length, with Triton X-405 having a longer PEO chain than
Triton X-100 272, thus making it more hydrophilic. The differences in the etching characteristics

of the two surfactants were also noted by Goh et. al. 2’3, Further study on the behavior of the two

surfactants for AFM tip fabrication will be done in future work.
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5.1.3. Summary and Conclusions

Various mask shapes and dry etching heights are studied for fabrication of AFM tips using (111)-
oriented silicon wafers. Etching tests are conducted in pure 25 wt% TMAH, TMAH with 1000
ppm Trion X-405 and TMAH with 1000 ppm Trion X-100. The highest aspect ratio (11.4 and
13.8) and sharpest tips (apex < 10 nm) are obtained using circular-shaped mask with dry-etching
heights being 30 pm or 40 pm and using 25 wt% TMAH + 1000 ppm Triton X-405 as the etchant.
However, surface quality from TMAH + Triton X-405 was more rough compared to etching in
pure TMAH or TMAH + Triton X-100. The smoothest surface was obtained with the addition of
1000 ppm Triton X-100 to TMAH.

Additionally, wafer miscut leads to formation of tails near the etched tips for all etchants 2°%. This
effect was more pronounced when surfactants were added, with Triton X-100 causing more

prominent tails than Triton X-405.

5.2. ANISOTROPIC ETCHING OF (111) SILICON IN NON-IONIC

SURFACTANTS

Wet anisotropic silicon etching is widely utilized to fabricate Micro Electro-Mechanical Systems
(MEMS) for various applications 2’#?”” . Anisotropy is achieved using alkaline solutions, such as
tetramethyl ammonium hydroxide (TMAH) or potassium hydroxide (KOH), which exhibit
differential etch rates depending on the crystallographic orientation of the silicon substrate '%. As
discussed by Zubel '*°, the origin of anisotropy in these systems is attributed to the complex
interplay between the number and spatial arrangement of free bonds on different crystallographic
planes. Surface atoms on silicon crystallographic planes can be categorized based on their position

(step or terrace sites) and number of hydrogen-terminated bonds they possess, typically one or
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two. These configurations are conventionally described using the following nomenclature: step-
monohydride (SM), step-dihydride (SD), terrace-monohydride (TM), and terrace-dihydride (TD).
Among the low-index silicon planes, atoms on the (100) surface are predominantly characterized
as SD-type, possessing two hydrogen-terminated bonds. In contrast, atoms on the (110) and (111)
planes are primarily identified as SM and TM types, respectively, each exhibiting a single
hydrogen-terminated bond at step or terrace sites respectively. In alkaline solutions, terrace atoms
exhibit significantly lower reactivity compared to step atoms ' which contributes to the (111)
plane having the slowest etch rate. Additionally, it has been observed by Zubel ' that surfaces
composed predominantly of SM-SM bonds, such as the (110) plane, etch more rapidly than those
with SD-SD bonds, as observed on the (100) plane, despite SD atoms possessing two hydrogen-
terminated bonds. This counterintuitive behavior is attributed to the influence of surface atomic
configurations, including the distribution and nature of reactive sites, which may facilitate
enhanced etching kinetics on certain planes. Variations in etch rates among crystallographic planes
are therefore governed by the specific arrangement, bond saturation, and hydration characteristics
of the surface silicon atoms.

Applications such as micro-needles, or tips for atomic force microscopy (AFM) require high aspect
ratio structures 2’*, which can be realized through careful control of various design parameters,

such as mask shape #°!, orientation 2¢!-27

, as well as by manipulation of etchant properties such as
temperature °!, concentration 27°, and addition of tensioactive compounds '**2°1:27* When silicon
surface is masked, the final shape of the etched structure is heavily influenced by the mask
geometry and orientation. In general, if the mask geometry has convex corners, the final profile of

the etched structure will be composed of fast etching planes, while in the case of mask having

concave corners, the final structure will be composed of planes having the slowest etching plane
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270 The emergence of different planes as a result of mask geometry is explained in detail by Pal
et. al. 27

280, 281

The addition of tensioactive compounds, such as alcohols , or surfactants 2** to alkaline

264,282  e. the slowest local etching rate plane

etchants can significantly influence the anisotropy
may be changed and thus the final stable profile can be manipulated. This effect arises from the
preferential adsorption of these compounds on crystallographic planes rich in step-monohydride
(SM) sites, which have lowest density of hydrogen terminated sites, such as (111), while minimal
adsorption occurs on planes dominated by step-dihydride (SD) configurations '*% 7. Adsorbed
tensioactive molecules act as barriers, restricting the access of etchant species to the surface and
thereby reducing the etch rate of the affected planes. In practice, isopropyl alcohol (IPA) is
commonly used as an additive in KOH-based etchants, whereas surfactants are typically employed
with TMAH solutions. The effectiveness of alcohols in manipulating etch behavior is contingent
upon the saturation of the etchant with the tensioactive species 2%3. However, in order to achieve
saturation in TMAH, significantly higher amount of alcohol is required compared to KOH '%°.
Addition of high concentration of alcohol decreases TMAH concentration which equally decreases
etch rates of all planes, thus the anisotropy remains unaffected '°%2%4. On the other hand, a small
concentration of surfactant in TMAH can cause pronounced change in anisotropy '°*. The degree
and nature of the modification are highly dependent on both the type and concentration of
surfactant, as well as specific properties of the etchant. For example, Yang et. al. reported that
cationic ASPEG, when added to 10 wt% TMAH, results in the lowest surface roughness for (100)-
oriented silicon 2**. On the other hand, researchers in '** found that anionic SDSS, when added to

KOH, produced the smoothest (100) surface, while the same surfactant in TMAH resulted in

highest roughness. An interesting feature of non-ionic surfactant addition to TMAH when etching
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pillars on (111)-oriented silicon wafer, is the formation of neck-like feature along the pillar length.
Since both the top mask and bottom (111) plane are etch-stop, the neck should theoretically lie at
the mid-point of the pillar height. This behavior has been discussed in our earlier work ?°! and has
also been noted by others 2. The presence of this neck-like feature facilitates the fabrication of
structures with higher aspect ratios than those achievable through etching in pure TMAH alone. It
has also been reported that non-ionic surfactants in TMAH provide the smoothest surface along
with high anisotropy '*°. Among these, Triton X-100 is one of the most widely used non-ionic
surfactants in TMAH. It shares structural similarity with Triton X-405, with both being
polyethylene oxide (PEO)-based non-ionic surfactants with octylphenol hydrophobic head group
285 The primary difference lies in the length of their PEO chains, with Triton X-100 containing an
average of 9.5 PEO units and Triton X-405 containing an average of 35 PEO units.

Previous studies have shown that when (100)-oriented silicon is etched in KOH containing these
surfactants, Triton X-405 results in a lower etch rate for the (100) plane than Triton X-100 at
concentrations between 1-10 ppm, suggesting greater surface coverage due to the longer PEO
chain 273. However, at higher concentrations (e.g. 100 ppm), Triton X-100 decreases the (100) etch
rate more effectively than Triton X-405. In this study, we investigate the influence of varying
concentrations of Triton X-100 and Triton X-405 on the etching behavior of silicon pillars on (111)
oriented wafer using 25 wt% TMAH.

5.2.1 Experiment

(111)-oriented silicon wafer is cleaned in oxygen plasma for 1 minute, after which 1 pm silicon
dioxide (Si0) is deposited using Plasma Enhanced Chemical Vapor Deposition (PECVD). Next
S1811 resist is spin coated and patterned using UV direct write system (MLA150, Heidelberg

Instruments) to pattern 15 um diameter circular masks on the wafer. RIE is used to transfer patterns
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to oxide hard mask. Given that (111) plane is almost resistant to wet anisotropic etching, Reactive
Ion Etching (RIE) is performed to expose the sidewall surface which then undergoes lateral wet
etching. Si RIE is done with oxide hard mask using standard Bosch etching for 73 cycles
(deposition: SFe/CsFs : 1/160 sccm, ICP: 1000 W, RF : 5 W, 20 mTorr, 5 seconds; etching:
SFe/CaFs : 160/1 sccm, ICP: 1000 W, RF: 20 W, 25 mTorr, 7 seconds), resulting in 30 um tall
pillars.

After Bosch etching, samples are cleaned in oxygen plasma again to remove fluorocarbon residue.
Before wet anisotropic etching, the samples are dipped in 1:10 HF for approximately 10 seconds
in order to remove native oxide. The samples are then rinsed with deionized water and dried using
nitrogen before being placed in the alkaline etchant. Etchants used in this work are 25 wt% TMAH
obtained from Acros Organics, TMAH + Triton X-100 (100% iso-octylphenoxy
polyethoxyethanol) and TMAH + Triton X-405 (70% polyoxyethylene alkyl phenyl ether). Both
surfactants are obtained from Sigma Aldich and their concentration is varied from 1 to 1000 ppm.
Etching is done at 70 °C for 5 minutes without stirring.

The surfactant modified etchants are prepared by first making a stock solution of 1000 ppm by
adding 0.15 mL of surfactant to 150 mL of TMAH, followed by manual stirring for 15 min. The
100-ppm solution was obtained by mixing 5 mL of the 1000 ppm stock solution with 45 mL of
TMAH and stirring manually for 15 min. Similarly, the 10-ppm solution was prepared by diluting
5 mL of the 100-ppm solution with 45 mL of TMAH, and the 1 ppm solution was prepared by
diluting 5 mL of the 10-ppm solution with 45 mL of TMAH. Both were stirred manually for 15

min.
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5.2.2. Results and Discussion

Circular masks are chosen to eliminate the complexity which arises due to mask shape and
orientation %% 287 After dry etching the pillars have an angle of 90° with respect to the (111)
surface, thus revealing the (110) plane and other planes.

Figure 5.9 shows the pillars after Bosch etching (figure 5.9 a) and after 5 minutes of subsequent
TMAH etching (figure 5.9 b). It is observed that in pure TMAH (i.e. 25 wt% TMAH solution
without surfactant), etching proceeds uniformly along the pillar length, resulting in a broader base
that reveals the fastest etching (113) planes. Continued etching under these conditions leads to the
dominance of this plane, ultimately producing a low aspect-ratio pyramid-like structure. This is in

line with results obtained by others where (311) has the local highest etching rate in TMAH 1288,

Figure 5.9: a) Pillars formed on (111) surface after Bosch etching. b) Etching profile after TMAH etching.

Figure 5.10 shows the etching results for surfactant added TMAH etching. With surfactant-added-
TMAH (figure 5.10), etch profile becomes non-uniform along the pillar length. This deviation is
attributed to the significant alteration in anisotropy caused by selective surfactant adsorption on

different crystallographic planes. Consequently, the final etched geometry is significantly different
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from that produced by pure TMAH. Notably, for both surfactants examined, a characteristic neck-
like feature forms along high index planes, enabling the realization of higher aspect ratio structures.
At 1 ppm surfactant concentration, the etching is visibly non-uniform across the length of the
pillars for both Triton X-100 and Triton X-405, indicating incomplete adsorption and insufficient
surface saturation by the surfactant molecules. This problem is substantially mitigated at higher
surfactant concentration (> 10 ppm). At this concentration, the (113) plane remains the dominant
etching facet for both surfactants; if etching proceeds, the final morphology will comprise of low-
index, pyramid-like structures, consistent with pure TMAH.

As surfactant concentration increases, greater adsorption on the (110) pillars suppresses etching,
yielding a more uniform profile along the pillar height and revealing clear dominant sidewall
planes. For Triton X-100 the sidewall evolves to (133) plane whereas for Triton X-405 in TMAH
it evolves to (210). Because adsorption on (110) alters etch anisotropy, the profiles deviate from
those in pure TMAH. At 10 ppm, Triton X-405 yields a (210) sidewall, even after mask
detachment, whereas 10 ppm Triton X-100 produces either (133) or (113), indicating similar etch
rates for these planes. Importantly, the low-concentration X-100 response more closely resembles
pure TMAH, consistent with its shorter PEO chain being less effective at blocking etchant species;
by contrast, the longer-chain X-405 more strongly perturbs anisotropy. It is important to note that
at 10 ppm, the surfactant concentration remains below the saturation threshold for surface
adsorption, with this saturation likely occurring between 100 and 1000 ppm 285 2%,

At higher surfactant concentrations, (113) plane is suppressed for both surfactants and the
sidewalls are composed solely of high index planes: (210) for TMAH + Triton X-405, (133) for
TMAH + Triton X-100. This suggests that Triton X-100 can produce slightly steeper tips than

Triton X-405.
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Figure 5.10: Etching profiles after wet anisotropic etching in a-b) 1 ppm, c-d) 10 ppm, e-f) 100 ppm, g-h) 1000 ppm
surfactant concentration. The Millar index for various planes are inserted according to our best understanding
using stereographic projection of (111) silicon as well as literature.
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Figure 5.11 shows the AFM tips fabricated using pure TMAH as well as TMAH + 1000 ppm Triton
X-100 and Triton X-405. As evident from the figure, pure TMAH etching results in very low aspect
ratio tips having (113) plane as the sidewall. However, the addition of both Triton X-100 and

Triton X-405 results in higher aspect ratio compared to that obtained by pure TMAH.

Figure 5.11: AFM tips fabricated using a) pure 25 wt% TMAH, b) TMAH + 1000 ppm Triton X-100 and c) TMAH + 1000 ppm
Triton X-405.

Figure 5.12 shows a decrease in undercut as surfactant concentration increases, indicating higher
surfactant adsorption. For this work, undercut is the difference between mask dimensions and the
pillar width immediately below the mask. For Triton X-100, the reduction in undercut is gradual
and uniform, whereas Triton X-405 exhibits a sharp decline in undercut between 10 and 100 ppm,
as shown in figure 5.12. These results are in agreement with those reported by Goh. et. al. ?’?, and
likely indicate a change in adsorption mechanism of Triton X-405 between this range.

A clear distinction occurs between Triton X-100 and Triton X-405 in terms of undercut, and
sidewall smoothness across all tested concentrations. Triton X-100 consistently results in lower
undercut but produces rougher sidewalls compared to Triton X-405. This is attributed to the longer

PEO chains in Triton X-405 which are more effective at facilitating hydrogen bubble removal
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during etching, leading to smoother sidewall profiles compared to the shorter-chain Triton X-100.
At higher surfactant concentration (> 100 ppm), the etch rate suppression is higher by Triton X-
100 compared to Triton X-405. This behavior is likely attributed to the greater steric hindrance
associated with the longer polyethylene oxide (PEO) chains of Triton X-405, which limit the
number of surfactant molecules that can effectively adsorb onto the silicon surface. Additionally,
both surfactants exhibit saturation in their undercut profile between 100 and 1000 ppm, as
evidenced by the plateauing of undercut values in this concentration range. These findings are

consistent with previously reported results by other researchers 2728,
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Figure 5.12: Undercut at different surfactant concentrations.

A tail-like feature is also observed at the base of the wet-etched pillars, as shown in Figure 5.13.

This structure likely arises due to the off-axis orientation of the (111) silicon wafers 2°%. This tail-
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like feature is most pronounced in samples etched with pure TMAH and progressively diminishes
with increasing surfactant concentration. This trend suggests enhanced surfactant adsorption on
the (111) surface, which suppresses the formation of the tail-like structure by reducing etch rates

along the miscut planes.

Figure 5.13: Top view of sample etched in pure TMAH.
5.2.3. Conclusion
The effects of non-ionic surfactants Triton X-100 and Triton X-405 on the anisotropic wet etching
behavior of (111)-oriented silicon in 25 wt% TMAH were systematically investigated. Both
surfactants enabled the formation of high aspect ratio pillar structures. At low concentrations (1
ppm), incomplete surface coverage led to non-uniform etching profiles. This issue is resolved at
higher surfactant concentrations (> 10 ppm).
When surfactant concentration reaches > 100 ppm, Triton X-100, characterized by a shorter

polyethylene oxide (PEO) chain, exhibits greater etch rate suppression due to higher adsorption
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density. In contrast, Triton X-405, with its longer PEO chain, was less effective in etch-rate
suppression but resulted significantly smoother sidewalls, likely due to better removal of hydrogen
bubbles. A sharp decrease in undercut was observed for Triton X-405 between 10 and 100 ppm,
suggesting a change in adsorption behavior within this concentration range.

Additionally, the formation of tail-like structures at the pillar base, which was previously attributed
to wafer mis-cut, was most prominent in pure TMAH and significantly reduced with surfactant
addition, indicating effective surfactant adsorption even on the (111) plane.

Overall, this study demonstrates that tuning surfactant type and concentration can provide etch
profiles with desirable structural characteristics, such as smoother sidewalls, higher aspect ratios,

and controlled undercut.
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CHAPTER 6: FABRICATION OF TETRAHEDRAL TIP ON

SILICON

6.1. TETRAHEDRAL AFM TIP

Tetrahedral tips are specialty AFM tips having tip at the very end of the cantilever. One end of the
tip is usually perpendicular to the cantilever while the other side is sloped. This architecture allows
for accurate imaging of near-vertical steps >°°, with exceptional lateral resolution 2°!, as well as
having ease of positioning on the sample surface. As shown in figure 6.1, the tip positioned at the
edge of the cantilever allows easy positioning of the tip with the area of interest on the sample
surface while the vertical sidewall of the tetrahedral tip allows for accurate measurement of the
trench aspect ratio. However, the accuracy of measurement is strongly dependent on the sidewall
angle of the vertical side of the tip which must be close to 90° to allow for accurate measurement

of the trench.

Figure 6.1: Imaging of trench using tetrahedral AFM tip. Reproduced with permission from Oxford Instruments *%°.
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The requirement for vertical sidewall makes the fabrication of tetrahedral tip difficult — if not
impossible — by mask manipulation or additives to the etchant. This is because the vertical
sidewalls on (100) surface would be formed by either {021}, {002}, {110} or {022} planes, all of
which do not emerge as stable planes during anisotropic etching in alkaline solutions such as
TMAH or KOH 2® or by any additives used in literature so far '°*2%, Although (110) silicon wafer
can be wet etched to form very high aspect ratio structures 2’7, the requirement for one side of the
tip to be sloped, makes use of (110) silicon unfeasible. This is why dry etching cannot be used to
fabricate tetrahedral tips. For this reason, tetrahedral tip is fabricated using a combination of dry
etching, to form vertical sidewalls, and wet etching to form the slope and to provide cone shape to
the tip. This work is typically carried out using (100) silicon wafer which anisotropically etches to
expose (111) plane having an angle of 54.7° from the wafer surface. Additionally, (111) plane is

270

exposed during concave corner etching <" of the (100) planes and is almost exclusively the plane

h 24 regardless of

which is exposed when (100) silicon is anisotropically etched to form a trenc
the type of alkaline etchant used !%°. This fact removes the need for manipulation of process
parameters. However, the need for vertical sidewalls does require some design manipulation.

In this chapter, we have developed two methods for the fabrication of tetrahedral tips using (100)

oriented silicon wafers.

6.2. FABRICATION OF TETRAHEDRAL TIP USING SizNs MASK

6.2.1. Experiment
Figure 6.2 shows the fabrication of tetrahedral tip using 50 nm LPCVD Si3N4 as mask. First,
HMDS is coated on the sample, followed by resist coating of 3 um NLOF-2035 (figure 6.2 b). The
sample is then patterned by photolithography using direct write UV lithography system (MLA150,

Heidelberg Instruments) using 375 nm laser, 220 mJ/cm? dose and -10 defocus. Next the sample
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undergoes post exposure bake at 110°C for 1 minute. The pattern is then transferred to Si3N4 by
RIE (SFs: 45 scem, RF: 20 W; ICP: 2000 W; 10mTorr; 5C) (figure 6.2 c), and trenches are formed
in the (100) oriented silicon using a combination of pseudo-Bosch (C4Fs/SFe: 40/20 sccm, RF:
50W, ICP:1200W, 10mTorr, 15C) and standard Bosch etching (Etch: 20 W RF power, 1000 W ICP
power, SF¢/C4Fs flow 160/1 sccm, 25 mTorr, 6s; Passivation: 5 W RF power, 1000 W ICP power,
SFe/CsFg flow 1/160 sccm, 20 mTorr, 6s) (figure 6.2 d). This combination allows for smooth
sidewalls to be formed on the top of the trench which is useful in oxidation sharpening of the final
formed tip. The silicon is etched down to the oxide etch stop. Remaining resist is then removed by
Remover PG. Next the substrate undergoes thermal oxidation at 1000°C for 3 hours which results
in 200 nm oxide formation on the sidewalls of the silicon substrate (figure 6.2 e), but not on the
top surface since the nitride layer blocks the oxidation process. The Si3N4 is then removed using
RIE (figure 6.2 f) and the silicon undergoes wet etching in 25 wt% TMAH at 70°C (figure 6.2 g).
The oxide is then removed by 1:10 BOE for 10 minutes (figure 6.2 h). After tip fabrication, 10
um of AZ4602 resist is spin coated on the front side of the sample. This resist acts as protection
for the tip as well as used to pattern the cantilever using photolithography (405 nm laser, 1000
mJ/cm? dose and 0 defocus) (figure 6.2 i). The large width of the cantilever mask allows room for
misalignment. Next the sample undergoes 3 um deep reactive ion etching to pattern the cantilever
(figure 6.2 j).

For handle fabrication, both front and backside of the sample are coated with 10 pum AZ4620 resist
(figure 6.2 k). The front side coating acts as a passivation layer during backside patterning and
etching. After coating, the backside resist is patterned by photolithography (laser 405 nm, dose:
900 mJ/cm?, -10 defocus). After development, the sample is hard baked at 120°C for 5 minutes

before undergoing dry etching for handle fabrication. Dry etching is performed by 700 cycles of
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Bosch etching (Etch: 20 W RF power, 1000 W ICP power, SFe/C4Fg flow 160/1 sccm, 25 mTorr,
6s; Passivation: 5 W RF power, 1000 W ICP power, SF¢/CsFs flow 1/160 sccm, 20 mTorr, 6s)
(figure 6.2 1). Finally, the resist is removed from front and backside of the sample, and the tip is

released (figure 6.2 m).
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Figure 6.2: Process flow for tetrahedral tip fabrication using SizN+ mask.

6.2.2. Results and Discussion

As mentioned above, the tetrahedral tip has different profile on two sides of the mask. For this
reason, a symmetrical mask cannot be used. Instead we require a mask with at least one side that
can produce vertical sidewalls. For this purpose several mask designs were tested, such as square
(two sides parallel to <110> flat), diamond (two sides having 45° angle with <110> flat), and V-
shaped masks. The results after silicon etching in TMAH are shown in figure 6.3. As detailed by

authors in reference 2’°, when four sides of a square-shaped mask are aligned with the (110)
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direction, the (111) planes emerge as slopes along the sides but not at the corners. Since tip
formation requires the slope to originate from the corner, a square mask aligned in this manner is
not suitable. In contrast, the diamond-shaped mask exposes corners from which the (111) planes
develop, enabling the formation of a tetrahedral tip. However, because the diamond-shaped mask
produces tips at all four corners, it is not suitable for cantilever fabrication. Thus we chose a V-

shaped mask for tip formation, which is shown in figure 6.4.

Figure 6.3: SEM image afier silicon etching in 25 wt% TMAH at 70°C for 20 minutes using a) square, b) diamond and c) V-

shaped masks.
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Figure 6.4: Mask for tetrahedral tip fabrication

The width of the V-shaped mask is fixed at 10 um, while the length is fixed at 60 pm with neither
parameter affecting the shape of the tip. The tip apex is solely determined by the opening angle of
the V-shaped mask. For this purpose, several opening angles were tested between 40° to 80°. It
was found that the sharpest tip was formed when the opening angle of the V-shaped mask was 50°.
Figure 6.5 shows the trend for apex size versus mask opening angle.

The larger apex diameter observed for smaller opening angles is likely due to the bird’s beak eftect
during masked oxidation 2°°. This arises from the lateral diffusion of oxygen beneath the SisNs
mask, which oxidizes the underlying silicon. As the silicon at the apex is consumed, the remaining
silicon becomes less sharp, with the effect being more pronounced at smaller opening angles where
lateral oxide growth beneath the V-shaped corner is more severe. Although this effect decreases as
the tip mask becomes wider, increasing the opening angle also leads to a broader, less sharp silicon

apex. Consequently, the smallest apex diameter is obtained at a moderate opening angle of 50°.
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Figure 6.5: Trend for mask opening angle versus tip apex diameter.

To evaluate the effect of V-shaped trench etching depth, we considered cases where the silicon
was not etched completely to the buried oxide layer of the SOI wafer. In such cases, because the
cantilever pattern cannot be perfectly aligned with the V-shaped tip pattern, the tip must be
included within the cantilever design. This requires the cantilever to extend beyond the tip apex,
leaving a thin silicon base beneath and around the tip tetrahedral pyramid. Furthermore,
insufficient trench depth allows lateral etching beneath the silicon at the trench bottom, which can
attack the silicon on the inner side of the V-shaped opening. The effects of this effect is shown in

figure 6.6
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Figure 6.6: Tip obtained after TMAH etching, a) when silicon is not dry etched to expose underlying oxide in SOI wafer and b)

silicon is dry etched to the expose underlying oxide in SOI wafer.

The etch rate of (100) oriented silicon wafer in 25 wt% TMAH is 350 nm/min at 70°C. The top
layer of SOI wafer was 10 um and we require 3 um thick cantilever. Thus, the tip height was set
to be 7 um which was achieved by 20 minutes of etching in 25 wt% TMAH at 70°C. The sloped
side of the tip formed has an angle of 54.7° with the (100) surface, thus it is classified as (111)
plane. Due to the presence of oxide on one side of the silicon trench, that area is not etched by
TMAH. Once the oxide is removed by BOE, the resulting tip has one side with 54.7° slope, while
the other side is perpendicular to the surface. Figure 6.7 shows the SEM image of the resulting tip.

The tip apex is ~ 95 nm without oxidation sharpening and the tip height is 7 pum.
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Figure 6.7: SEM image of tetrahedral tip after TMAH etching.

Due to the large width (10 pm) of the tip mask, the cantilever does not require precise alignment,
and the tip can be easily patterned to be on the edge of the cantilever. Figure 6.8 shows the sample
after cantilever patterning and subsequent RIE. The cantilever height is 3 um and the length is 400

pm.
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Figure 6.8: SEM image of tetrahedral tip after cantilever patterning. a) top view, b) tilted view.

6.3. FABRICATION OF TETRAHEDRAL TIP BY ION MILLING

The fabrication technique detailed in section 6.2 requires the use of LPCVD nitride mask to prevent
the top silicon surface from oxidation. However, the formation of LPCVD nitride is a complicated
and expensive process and not readily available in many research laboratories. Other materials

such as PECVD nitride are not able to withstand the high temperature annealing required for
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thermal oxidation, and PECVD nitride is much less resistant to KOH or TMAH etching than
LPCVD nitride. Another issue with the previous method is the “bird-beak” that refers to the lateral
oxidation of the silicon beneath the nitride mask and affects the final tip apex sharpness.

Though it is possible to use SOI wafer without a nitride layer and oxidize the silicon surface along
with sidewalls, the subsequent removal of the oxide from the surface by RIE will almost certainly
remove some sidewall oxide. In this section we have developed a novel method, which allows for
removal of only surface oxide mask without effecting the sidewall oxide necessary to form vertical

tip. The process uses angled ion milling of the oxidized silicon surface.

6.3.1. Experiment
The process flow for our developed method is shown in figure 6.9. First an SOI wafer with 15 um
thick top layer is cleaned by acetone and sonication (figure 6.9 a), followed by HMDS and
photoresist coating. The resist is chosen to be NLOF 2035 which is patterned by photolithography
using 375 nm laser, 220 mJ/cm? dose and -10 defocus (figure 6.9 b). After development, the resist
acts as a mask to etch silicon using a combination of pseudo-Bosch (CsFs/SFs: 40/20 sccm, RF:
50W, ICP:1200W, 10mTorr, 15C) and standard Bosch etching for 75 cycles (Etch: 20 W RF power,
1000 W ICP power, SFe¢/C4Fs flow 160/1 sccm, 25 mTorr, 6s; Passivation: 5 W RF power, 1000
W ICP power, SF¢/C4Fs flow 1/160 scem, 20 mTorr, 6s). The reason for two recipes to etch silicon
is the same as that stated in section 6.2, i.e. to obtain smooth sidewall on top of the tip which later
assists in oxidation sharpening (figure 6.9 c). Next the resist is removed by PG-remover, and the
sample undergoes thermal oxidation at 1000°C for 3 hours which results in ~200 nm oxide formed
(figure 6.9 d). The steps described so far are almost identical to those mentioned in section 6.2
(except for hard mask patterning). However, unlike the method stated in section 6.2, the oxide is

formed on the top surface of the (100) wafer as well as the trench sidewalls. In order to remove
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the oxide from only the top surface, while allowing the sidewall oxide to remain intact, ion milling
is performed at an angle (figure 6.9 ¢). Once the oxide is removed from the surface, the sample
undergoes TMAH etching (figure 6.9 f) and oxide removal (figure 6.9 g) to form the tetrahedral
tip.

After tip formation, 15 pum thick AZ4620 resist is coated on the silicon wafer which serves as
protection layer for the newly formed tip and is patterned for cantilever fabrication (figure 6.9 h).
The cantilever is fabricated by etching 3 um silicon by Bosch etching for 12 cycles (Etch: 20 W
RF power, 1000 W ICP power, SFe¢/CsFg flow 160/1 sccm, 25 mTorr, 6s; Passivation: 5 W RF
power, 1000 W ICP power, SFe/CsFg flow 1/160 sccm, 20 mTorr, 6s) (figure 6.9 1).

Finally, the handle is fabricated. First both front and backside of the sample are coated with 15 um
thick AZ4620 resist. The front side coating acts as a protective layer for tip and cantilever during
handle fabrication while the backside layer is patterned to form handle (figure 6.9 j). After
development, the sample is hard baked at 120°C for 5 minutes. During the subsequent RIE the
resist acts as a mask against 700 cycles of Bosch etching (Etch: 20 W RF power, 1000 W ICP
power, SF¢/C4Fs flow 160/1 sccm, 25 mTorr, 6s; Passivation: 5 W RF power, 1000 W ICP power,
SFe/CsFg flow 1/160 sccm, 20 mTorr, 6s) to form the handle (figure 6.9 k). Finally, the resist is
removed from both front and backside of the sample using PG remover, and the probe is released

(figure 6.9 1).
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Figure 6.9: Process flow for fabrication of tetrahedral tip by ion milling.

6.3.2. Results and Discussion

The pattern design for tip fabrication was the same as the one that was optimized in section 6.2
The width of the V-shaped mask was fixed at 10 pm, the length was 60 um and the opening angle
was 50°. Since we require that the ion milling process should only etch the top surface, while
allowing the sidewall to remain intact, the ion bean should be at an inclination from the sample
surface so that the sidewalls are not exposed to the energetic ions. It is known that the etch rate of
any material is affected by the angle between the beam and the sample surface 2°°. For this reason,
the etch rate of thermal oxide was tested at various tilt angles between the beam and the surface.
The beam voltage was set at 400 V, and the current was fixed at 190 mA. The results for etch rate

of thermal oxide are shown in table 6.1.
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Angle between beam and surface Etch rate (nm/min)
20° 19.3
30° 24
40° 28.6
50° 28.3
60° 31.6
70° 28.6
75° 20
80° 11

Table 6.1: Etch rate of thermal oxide at various tilt angles between ion beam and sample surface.

Next, the patterned sample was etched at each angle, according to the etch rate obtained in table
6.1. We found that when the angle between the beam and sample surface was between 90° and
60°, no tip was formed after TMAH etching due to the sidewall oxide being etched away. However,
when the angle was 50° some sidewall passivation began and tip was formed after TMAH etching,
although the tip sidewall was not vertical since some of the sidewall oxide was etched during ion
milling. Figure 6.10 shows the SEM image of the tip formed after TMAH etching for 20 minutes,
when the angle between the beam and sample surface is 50°. It is proposed that the sidewall
roughness observed after TMAH etching originates from localized oxide removal during the ion

milling step or barely adequate oxide thickness. Once oxide in some random spot on the sidewall
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is consumed during TMAH etching, the exposed silicon in these regions is rapidly etched by

TMAH, amplifying the roughness as the silicon etching rate is ~1000x% that of oxide.

Figure 6.10: SEM image of tip formed after TMAH etching, when tilt angle between ion beam and sample surface is 50°.

Once the tilt angle is between 40° to 20°, most of the sidewall oxide was preserved and tetrahedral
tips were obtained after TMAH etching. However, the apex of the tips formed was not uniform for
all tilt angles. Instead, the apex increased with decrease in tilt angle between 40° and 20°, with the
smallest apex being obtained at 40° tilt. The average apex was < 50 nm without oxidation
sharpening. We suspect that the reason for this increase in apex is due to slight broadening of the
V-shaped mask due to ion bombardment at certain angles. Figure 6.11 shows the tip formed using

40° tilt between sample and ion beam, while figure 6.12 shows the uniformity across the array
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when tips are fabricated using ion beam milling method. As mentioned above, the average apex

for the tips fabricated using this method is < 50 nm with an error of =10 nm.

Figure 6.11: SEM image of tip formed after TMAH etching, when tilt angle between ion beam and sample surface is 40°.
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Figure 6.12: SEM image showing uniformity across array after TMAH etching, when angle between ion beam and sample

surface is 40°.

Following the fabrication of tetrahedral tip, the cantilever and handle are fabricated by the same
method described in section 6.2. Figure 6.13 shows cantilever fabricated for the tip shown in figure
6.11. The tip apex after cantilever fabrication is ~ 50 nm without oxidation sharpening, which

shows the ability to achieve excellent tip apex using careful ion milling of SOI wafer.
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Figure 6.13: SEM image for cantilever fabricated on tip shown in figure 6.11.

6.4. CONCLUSION

In this work we have used two methods to fabricate tetrahedral AFM tips. In the first method,
LPCVD nitride is used as a mask to prevent oxidation of the silicon surface. However, this method
requires high cost and not readily available LPCVD nitride as the masking material. Thus we
developed a novel method which uses commonly available SOI wafers. During the oxidation step,
both the trench sidewalls and surface of the silicon wafer are oxidized. However, by careful ion
milling of the sample using tilted ion beam, the surface oxide can be removed without affecting
the sidewall oxide necessary to provide perpendicular sidewall for the tetrahedral tip. For our work
the lowest apex was obtained when the angle between the sample surface and the ion beam was
40 ° and was less than 50 nm without oxidation sharpening. The apex achieved by angled ion

milling is much smaller than that using LPCVD nitride mask.
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CHAPTER 7: CONCLUSION AND FUTURE WORK

This work focuses on the fabrication of high aspect ratio AFM tips using silicon and diamond apex.

The major findings of this work are stated below:

1.

High aspect ratio diamond AFM tips are fabricated using RIE. In the first method, diamond
is etched in O2/CHF; plasma and cone shaped tip is formed by using shrinking Al>O3 mask.
It is found that the lateral etching of the mask is proportional to its vertical etching rate.
Thus, when patterning 700 nm thick diamond, mask size should be at least 450 nm in
diameter. Additionally, to prevent diamond apex from becoming blunt during the
fabrication of silicon base, mask thickness is increased such that after diamond RIE, the
apex is made of AlO3; which then acts as a mask during Pseudo-Bosch etching of silicon.
Here, the mask thickness must be carefully adjusted so diamond apex is exposed after
fabrication of silicon base. Using this approach we have fabricated AFM tips with aspect
ratio of 9.63 with an average apex of 29.5 nm.

The second method for diamond tip fabrication is designed to reduce the strict limitations
of mask dimensions stated in the above process. In this method, the base of the AFM tip is
fabricated before the diamond tip fabrication. For this purpose, we designed a novel method
based on T-shaped mask. First the wider part of the T-shaped mask is used to pattern the
silicon base. This top mask is then selectively removed by removing the oxide on which it
sits, and the narrower part of the mask is used to pattern the diamond film. In this case,
02/C4Fs plasma is used to pattern the 300 nm thick diamond. Using this process, we are
able to achieve aspect ratio of 7.5 and diamond tip apex of ~10 nm.

High aspect ratio tips with silicon apex have also been fabricated. For this purpose, we

used (111) oriented silicon wafer, which is first dry-etched before undergoing wet
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anisotropic etching in TMAH or surfactant-added-TMAH. We studied the effects of several
design and process parameters. First, we investigated the effect of mask shape and dry
etching height on the shape and apex diameter of the tip. We found that dry-etch height of
at least 30 um is necessary to obtain high aspect ratio tip structure. We also found that
circular mask provided optimal tip width required to sustain imaging for long periods of
time. Additionally, we studied the effect of two types of non-ionic surfactants on the etching
profile of the silicon AFM tip. We concluded that when 1000 ppm Triton X-405 is added
to 25 wt% TMAH, the resulting tip has the highest aspect ratio (13.8) and sharpest apex (<
9 nm). However, the smoothest surface is obtained when 1000 ppm Triton X-100 is added

to 25 wt% TMAH.

. We have also studied the effects of surfactant concentration on the etching profile of (111)

silicon wafer when etched in 25 wt% TMAH at 70°C. We found that etching in pure 25
wt% TMAH results in low aspect ratio structures, while a small amount of non-ionic
surfactant can drastically improve the aspect ratio by changing the anisotropy. In this work
we have used non-ionic Triton X-100 and Triton X-405, which have same chemical
composition of both their polar head group and PEO chain. However, Triton X-405 has a
longer PEO chain compared to Triton X-100. We found that at low surfactant concentration
e.g. 1 ppm, the lack of surfactant molecules leads to non-uniform etching for both
surfactants. However, this issue is mitigated with increase in surfactant concentration. We
have also found that at high surfactant concentration ( > 100 ppm) Triton X-100, having
smaller PEO chain length provides better etch rate suppression than Triton X-405 which
has longer chain length. However, Triton X-405 provides much smoother sidewalls due to

longer chain lengths facilitating hydrogen bubble removal. At all surfactant concentrations
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tested, both surfactant are capable of producing high aspect ratio tips. Additionally, the tail-
like feature which appears due to wafer miscut is significantly reduced with increased
surfactant concentration and is the least pronounced when using 1000 ppm Triton X-100.
Two methods were developed for tetrahedral AFM tip fabrication. The Si:N4 mask method
yields good tip shapes but requires costly LPCVD nitride. The ion milling method
eliminates this requirement by using tilted ion beams to remove only surface oxide,
achieving sharper apexes (< 50 nm) than the nitride-based method. This approach offers a
cost-effective, high-precision alternative for tetrahedral tip fabrication using standard SOI
wafers.

The cost of the tips fabricated using the proposed methods is summarized in Table 7.1. Our
results demonstrate that both diamond and silicon AFM tips produced in this work can be
fabricated at significantly lower cost compared to commercially available alternatives. The
main factor contributing to this cost reduction is the fabrication approach. Most commercial
diamond tips are produced using focused ion beam (FIB) processing, where Ga* ions are
implanted into the diamond to define the tip mask. This is inherently a serial process,
requiring precise alignment and multiple deposition steps, which increases fabrication time
and expense. In contrast, the method developed in this study employs shrinking masks
deposited across an entire wafer using electron-beam evaporation. Owing to the parallel
nature of both e-beam evaporation and reactive ion etching (RIE), several hundred diamond
tips can be fabricated simultaneously, leading to substantial improvements in scalability
and cost efficiency. Additionally, our tips produce lower apex and higher aspect ratios than

commercially available tips due to the innovative process flows developed in this work.
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DIAMOND
Tip-1 (shrinking mask) Tip-2(T-shaped Commercial
mask)
Apex (nm) 29 10 10-50
Aspect ratio 10 7.5 2-6
Cost (C$) 11 14 350 —-700
SILICON
Si(111) Tetrahedral Commercial
Apex (nm) <10 <50 <20
Aspect ratio 11.4-14 NA 7-9
Cost (CS) 7 7.5 25-70

Table 7.1: Apex, cost and aspect ratio of AFM probes fabricated using this work versus commercially available diamond and

silicon AFM tips.

In the future, probe testing should be done by fabricating cantilever and handle for diamond and
Si(111) AFM tips. For the fabrication of high aspect ratio tips using (111) silicon wafer, effects of
different types of surfactants in KOH can be studied and compared to the results obtained in this
work.

Additionally, effects of other etchant gases, such as O»/CHF3/Ar can be explored for diamond
etching. During our work we also found reasonable etching of Al,O3 in both Oo/CHF3 and O2/C4Fs
plasma. This effect has not been previously studied to the best of our knowledge and should be

further studied.
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APPENDIX A: SUPPLEMENTARY INFORMATION —

DIAMOND SHRINKING MASK

This section details the processing steps for fabrication of high aspect ratio diamond tips using
shrinking mask (chapter 3)
1. Spin coat ~ 70 nm thick ZEP resist using undiluted ZEP at spin speed of 1000 RPM. Bake
at 180°C for 5 minutes
2. EBL: Circular patterns with diameter 800 nm, dose 500 uC/cm?, current 8 nA, shot pitch
10 nm. Develop in ZED-N50 for 90 seconds, rinse in IPA for 30 seconds and drying with
No.
3. Deposit 550 nm Al>O3 using e-beam evaporation.
4. Liftoff using Remover PG at 80°C with sonication for 20 — 25 minutes
5. Diamond RIE using O2/CHF3: 47/5 sccm, RF: 50 W, ICP:1000 W, 10 mTorr for 13
minutes (measured etch rate: 53 nm/min). After diamond etching, apex should be Al,Os.
Diamond etching recipe can be optimized according to system and diamond film
properties. Some examples of possible optimizations are listed below:
o In case of low diamond etching rate = increase percentage of O> (total gas flow
constant at 52 sccm).
o In case of high Al,O3 etching rate (low selectivity) = increase percentage of CHF3
(total gas flow constant at 52 sccm).
o In case of sidewall profile being too vertical > decrease RF power.
6. Si etching using non-switching pseudo-Bosch etching to etch to 9 um Si. C4Fs/SF¢: 40/20

sccm, RF: 20 W, ICP: 1200 W, 10 mTorr, 15°C for 25 minutes.
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APPENDIX B: SUPPLEMENTARY INFORMATION —

DIAMOND T-SHAPED MASK

This section details the processing steps for fabrication of high aspect ratio diamond tips using T-
shaped mask (chapter 4)
1. Deposit 350 nm a-Si on diamond (SiH4: 500 sccm; RF: 15 W; pressure: 1000 mTorr; temp:
250°C)
2. Deposit 100 nm PECVD Si0; (SiH4/N2O: 170/710 sccm; RF: 20 W; pressure: 1000 mTorr;
temp: 330°C)
3. Spin coat resists
a. PMMA A4: 2000 RPM; bake at 180°C for 10 minutes; second spin at 2000 RPM;
bake at 180°C for 10 minutes (total thickness: 500 nm)
b. PMGI: 5000 RPM; bake at 180 °C for 5 minutes (total thickness: ~ 80 nm)
c. ZEP undiluted: 2000 RPM; bake at 180 C for 3 minutes (total thickness: 500 nm)
4. EBL: circular patterns with diameter 250 nm (PMMA) and 500 nm (ZEP), dose: 2000
puC/cm? (PMMA) and 300 pC/cm? (ZEP) current: 8 nA, shot pitch: 10nm.
a. Develop ZEP in ZED-NS50 for 90 seconds followed by rinse in IPA for 30 seconds
and drying with nitrogen gas.
b. Develop PMGI in MF319 for 60 seconds followed by rinse in DI water for 30
seconds and drying with nitrogen gas.
c. Develop PMMA in MIBK:IPA for 90 seconds followed by rinse in IPA for 30

seconds and drying with nitrogen gas.
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10.

1.

12.

13.

14.

15.

16.

17.

. Etch Si0; by C4Fs/O2: 40/5 sccm; RF: 100 W; ICP: 2500 W; 10mTorr ; 50°C.

Etch a-Si by SFs: 160 sccm ; RF: 10 W ; ICP: 1000 W ; 15 mTorr ; 15°C
o Etch through the a-Si, allowing the Al>O3 to deposit on diamond in next step.
Etch PMMA in O; plasma O»: 100 sccm, RF: 100 W; ICP: 2500 W; 10mTorr ; 40 °C
Deposit 300 nm Al,O3 by e-beam evaporation (deposition rate: 1 A/s)
15 minutes O2/SFs clean before RIE
Etch SiO; by C4Fg/O2: 40/5 sccm; RF: 100 W; ICP: 2500 W; 10mTorr ; 50°C.
Etch a-Si by standard Bosch:
o Etch: 20 W RF, 1000 W ICP, SF¢ / C4Fs : 160/1 sccm, 25 mTorr, 6s.
o Passivation: 5 W RF, 1000 W ICP, SF¢/C4Fs :1/160 sccm, 20 mTorr, 6s.
Etch diamond by O»/C4Fg:52/3 scem; 50 W ; 1000 W ; 10mTorr ; 40°C.
15 minutes O2/SF¢ clean before RIE.
Etch Si by Bosch to required base height.
o Etch: 20 W RF, 1000 W ICP power, SF¢/C4Fs : 160/1 sccm, 25 mTorr, Ss.
o Passivation: 5 W RF, 1000 W ICP power, SF¢/C4Fs : 1/160 sccm, 20 mTorr, 6s.
o In case of negative taper during RIE, increase passivation time.
I-minute O> Plasma cleaning to remove fluorocarbon before BOE: O2: 100 sccm, RF: 100
W; ICP: 2500 W; 10mTorr ; 40 C.
Remove SiO; by 1:10 BOE for 10 minutes (with stirring).
Etch diamond by O2/C4Fg:50/5 sccm; 50 W ; 1000 W ; 10mTorr ; 40°C to form apex.
o Optimization of diamond etching recipe can be done using the same method

explained in appendix A.
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APPENDIX C: SUPPLEMENTARY INFORMATION — Si TIP

This section details the processing steps for fabrication of high aspect ratio Si tips using Si(111)

(chapter 5).

1.

2.

Clean Si wafer using acetone and O plasma.
Deposit 1 um PECVD SiO; (SiH4/N2O: 170/710 sccm; RF: 20 W; pressure: 1000 mTorr;
temp: 330°C).
Spin coat 1 pm S1811 resist at 3000 RPM.
Photolithography: circular patterns diameter 15 pm, laser 405 nm, dose: 105 mlJ/cm?,
defocus: 0.
o Develop in MF319 for 60 seconds, followed by rinsing in DI water for 30 seconds
and drying with No.
Etch SiOz by C4F3/O2: 40/5 sccm; RF: 100 W; ICP: 2500 W; 10mTorr ; 50°C.
Etch Si by standard Bosch to 30 um.
o Etch: 20 W RF, 1000 W ICP, SFs / C4Fs : 160/1 sccm, 25 mTorr, 6s.
o Passivation: 5 W RF, 1000 W ICP, SF¢/C4Fs :1/160 sccm, 20 mTorr, 6s.
I-minute O Plasma cleaning to remove fluorocarbon: O: 100 sccm, RF: 100 W; ICP:
2500 W; 10mTorr ; 40 C.
Etch Siin 25 wt% TMAH + 1000 ppm Triton X-405 for 13 — 15 minutes or until mask falls

off.
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APPENDIX D: SUPPLEMENTARY INFORMATION —

TETRAHEDRAL TIP

This section details the processing steps for fabrication of tetrahedral Si tips (chapter 6).
1. Clean SOI wafer using acetone and O> plasma.
2. Spin coat 3 um AZ Nlof 2035 resist at 3000 RPM, bake at 110°C for 90 seconds
3. Photolithography: V-shaped patterns with width: 15 um, length: 60 um, opening angle: 50°
laser 375 nm, dose: 220 mJ/cm?, defocus: -10
o Post exposure bake at 110°C for 90 seconds
o Develop in MF319 for 60 seconds, followed by rinsing in DI water for 30 seconds
and drying with No.
4. Etch Si by non-switching pseudo-Bosch etching for 1 pm.
o C4F3/SFs: 40/20 sccm, RF: 50W, ICP:1200W, 10mTorr, 15°C
5. Etch Si by standard Bosch to expose oxide of SOI wafer.
o Etch: 20 W RF, 1000 W ICP, SF¢ / C4Fs : 160/1 sccm, 25 mTorr, 6s.
o Passivation: 5 W RF, 1000 W ICP, SF¢/C4Fs :1/160 sccm, 20 mTorr, 6s.
6. Remove remaining resist using Remover PG for 15 — 20 minutes.
7. Perform thermal oxidation of Si at 1000°C for 3 hours (~ 180 — 200 nm thermal oxide).
8. Remove surface oxide using ion milling
o Angle between surface and ion beam: 40°.
9. Etch Siin 25 wt% TMAH for 30 minutes.
o Before etching native oxide is removed by placing the sample in 1:50 HF for 30 —

45 seconds.
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o After TMAH etching, sidewall oxide is removed by placing the sample in 1:10 HF
for 5 — 7 minutes.
10. After tip fabrication, coated the front side of the sample with 15 pum thick AZ4620 resist
by spin coating at 1000 rpm, bake at 100°C for 90 seconds.
11. Photolithography: cantilever pattern aligned with tip, laser 405 nm, dose: 1000 mJ/cm?,
defocus: 0
o Develop in AZ400K 1:4 developer for 3 — 4 minutes
12. Etch Si by standard Bosch for 3 — 4 um to fabricate cantilever.
o Etch: 20 W RF, 1000 W ICP, SF¢ / C4Fs : 160/1 sccm, 25 mTorr, 6s.

Passivation: 5 W RF, 1000 W ICP, SF¢/C4Fs :1/160 sccm, 20 mTorr, 6
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