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Abstract 

 

Atomic force microscope (AFM) is widely used for topographical structure characterization. However, one 

serious issue with AFM imaging is the intrinsic artifact in the AFM image when mapping a none-flat surface 

(e.g. a deep and narrow hole/trench) where the tip cannot fully follow the sample surface. The natural 

solution to overcome this issue is by using thin and high aspect ratio (HAR) tips that can follow the sample 

surface more precisely. This thesis focuses on the fabrication of HAR AFM probes. The HAR tips are 

obtained by modifying regular AFM tips having a pyramid shape. The high aspect ratio structure in silicon, 

sitting on top of a pyramid base, is created by a dry plasma etching process, so the key is to form a hard 

metal dot right on top of the pyramid tip apex to act as the mask for silicon etching. 

Three approaches were developed to form the hard mask metal nano-dot on the tip apex. The first method 

(Chapter 3) employed metal deposition steps with the regular tip mounted on a tilted surface, and its etching 

back to leave behind metal only at the tip apex (the metal on the sidewall of the pyramid was etched away). 

Since both metal film deposition and its etching, as well as the subsequent dry plasma etching of silicon 

using the metal as mask to form the HAR structure, can be carried out on an entire wafer of regular AFM 

tips, this process is a low-cost and high throughput batch process. The second method (Chapter 6) utilized 

focused ion beam (FIB). FIB has been extensively used to fabricate HAR tips by milling away the silicon 

surrounding the tip axis, leaving behind a thin pillar or sharp cone of silicon at the pyramid axis. However, 

the FIB milling time for each tip is long, leading to high cost. Our method used FIB to mill away only a 

very thin layer of metal film to leave behind a metal dot at tip apex, thus the expensive FIB machine time 

is greatly reduced. The third method (Chapter 6) also utilized Ga-ion FIB, but instead of milling a metal 

dot mask pattern, the Ga ions were implanted to the tip apex area to act as a mask since Ga metal is resistant 

to fluorine-based plasma etching. 

For the above three approaches, silicon etching is very critical, so Chapter 5 covers our effort in developing 

silicon etching recipes using a non-switching pseudo-Bosch process with C4F8-SF6 gas, with a goal of 

obtaining vertical sidewall profile needed for HAR, high selectivity to mask, and high etching rate. As well, 
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the etched silicon structures must be further sharpened to reduce its apex radius to below 10nm. So, Chapter 

4 covers the process optimization of the oxidation sharpening process that involves thermal oxidation and 

subsequent oxide etching by HF. It was found that 950°C is a suitable oxidation temperature, and the 

oxidation sharpening can be carried out more than once to improve tip sharpness. 

Lastly, inspired by the first approach described above, we also developed the fabrication process for ñedge 

probeò (Chapter 3), for which the tip apex sits right at the end of the cantilever, and thus the tip location 

can be precisely determined in the view of the integrated optical microscope in an AFM system. Our method 

involves angle evaporation of a hard mask layer onto the AFM probe, followed by silicon dry etching that 

etches away the area not covered by the metal layer, i.e., the shadow area of the pyramid-shaped tip. 
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Chapter 1 

 

Overview of micro-nano fabrication techniques  

 

This chapter gives a brief introduction to the nanofabrication techniques employed in this research as well 

as the proposed thesis structure. The techniques cover evaporation, wet etch, dry etch using reactive ion 

etching (RIE), atomic layer deposition (ALD), focus ion beam (FIB), and atomic force microscope (AFM).  

1.1. Nanofabrication overview 

 

Nanofabrication 1 2 3 is the new generation of microfabrication. It is the fabrication of nanoscale features 

with sub-100 nm size. "Top down" and "bottom up" are the two processes of nanofabrication as shown in 

Fig 1.1. Top-down nanofabrication relies on three core techniques, which are lithography, thin-film 

deposition, and etching. This process is used in the industry to fabricate random access memory, integrated 

circuits, storage device, microfluidics, solar cells, etc. The bottom-up approach is done by self assembly 

nanolithography followed by pattern transfer, such as lift-off.  It is the self-assembly of nanoscale blocks 

into an ordered array of nanostructures and nanoparticles. This process includes self assembly of block 

copolymers and template-based methods that utilize self formed nano porous membranes. 
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Fig 1.1 Examples of top down and bottom-up fabrication sequences 4 

Lithography 5 6 7 8 9 10  is the transfer of the pattern to a sensitive material called resist either by mechanical 

force or by exposure to photons, ions, or electrons. Lithography techniques can be classified into two types. 

The first type uses a mask or mold, which includes x-ray lithography (XRL), deep ultra-violet lithography 

(DUVL), extreme ultraviolet lithography (EUVL), and nanoimprint lithography (NIL). It is good for high 

volume production and has a high throughput. The second type is direct patterning, which includes electron 

beam lithography (EBL), ion beam lithography (IBL), and scanning probe lithography (SPL). It is suitable 

for R&D and mask/mold production since it is time-consuming and has low throughput. 

The thin film deposition is done by either physical vapor deposition (PVD) 11 12 13 14 15 16 or chemical vapor 

deposition (CVD). PVD includes sputtering, e-beam, or thermal evaporation. CVD includes metal-organic 

CVD, plasma-enhanced CVD, and low-pressure CVD. 

The etching 17 18 19 20 is the technique for selectively removing material. Wet and dry etching are the two 

types of etching techniques. Wet etch is cheap and simple, but difficult to control and repeatability is an 

issued of concern. On the other hand, dry etching is the process of using a gas phase plasma etch in both 

chemical etching and/or physical sputtering. Etching may either be isotropic or anisotropic. Chemical 

etching is generally isotropic, whereas physical etching is anisotropic. 
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1.2. Evaporation 

Evaporation 21 22 23 24 25 26 is a physical vapor deposition technique utilizing two types of heating sources: 

thermal or e-beam heating. Both involve the heating of the source material to a high temperature, which 

results in the vaporization, traveling, and condensing of the atoms onto the substrate as a thin film. A quick 

difference is shown in Table 1.1. 

Table 1.1 27Comparison between thermal and electron beam evaporation 

 

1.2.1. Thermal evaporation 

In thermal evaporation, 28 29 30 31 heating is conducted by filament or RF coils passing an electrical current 

to heat the crucible to vaporize the material inside it. Since the heat provided in this method is limited by 

1600 , this method is good for materials with low melting points and organic materials. The most common 

materials that are handled by thermal evaporation include Au, Ag, Al, Sn, Cr, Sb, Ge, In, Mg, Ga, CdS, 

PbS, CdSe, NaCl, KCl, AgCl, MgF2, CaF2, PbCl2. It is performed in a high vacuum chamber (P < 10-5 

Torr) to minimize collisions of source atoms. The major advantage of thermal evaporation is its low-cost. 

However, the drawback is the heating of the crucible and the filament, cause more contamination. Fig 1.2 

shows a schematic of thermal evaporation. 
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Fig 1.2 Crucible and schematic of the thermal evaporation 32 

1.2.2. Electron beam evaporation 

The source of heat for this technique 33 34 35 36 37 is the focused high energy electron beam bombardment, 

which is generated by an electron gun and accelerated by a high electric field using high potential, as high 

as 10 kV. The beam is directed by a strong magnet, as shown in Fig 1.3. The crucible is not heated since 

there is a water-cooling system and the beam is localized at the source material surface. Together these 

ensure lower contamination from the crucible materials. Temperatures may reach a very high level. This is 

the reason for using e-beam evaporation on materials with high melting points. 

 

Fig 1.3 Schematic of e-beam generation and e-beam evaporation 38 
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1.3. Atomic layer deposition (ALD) 

 

The ALD history 39 goes back to the 1970s in Finland when the pioneer Tuomo Suntola demonstrated some 

of the first processes. Today, ALD 40 41 has become an important process for depositing thin films in a wide 

range of applications. It consists of a sequential self-limiting reaction, which can control the deposition 

thickness one layer at a time. Fig 1.4 shows the schematic of ALD process. It is based on a binary reaction 

sequence where two reactions occur sequentially. The process can be repeated on the desired number of 

layers. Some benefits of the ALD include Angstrom thickness precision controlled by monolayer and good 

conformal coverage of the surface with the help of self-limiting characteristics. 

 

Fig 1.4 ALD deposition steps 42 

A good model of ALD is the deposition of Al2O3. This was done using trimethylaluminum (TMA) / 

(Al 2(CH3)6) and H2O dating back to the late 1980s and early 1990s, though recently TMA and ozone are 

more commonly used. Fig 1.5 (left) shows the binary steps for the ALD of the Al2O3 while Fig 1.5 (right) 

shows Al2O3 film with a thickness of 300 nm on a Si wafer with trench structures employing ALD 

deposition. 

https://en.wikipedia.org/wiki/Aluminum
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Fig 1.5 (left) Steps for the ALD of the Al2O3
43, (right) Al2O3 film on a Si wafer with trenches structure 

1.4. Etching  

The etching is the process that selectively removes the targeted materials while having little or no effect on 

the masking material on the same substrate. The etching process includes two types: wet etch and dry etch.  

A wet etch involves liquid chemicals, whereas a dry etch involves a gas phase to remove materials and is 

commonly conducted through the plasma reactive ion etchant (RIE) technique. The main parameters used 

in the etching process are etching profile, rate, and selectivity. The etching rate is the etched thickness per 

unit time and selectivity is the ratio of the etching rate between different materials. 

1.4.1. Wet etch 

1.4.1.1. Introduction 

A wet etch 44 45 46 47 48 49 50 51 is performed through immersion of the wafers into the solution of the etchant 

and can involve higher temperatures. Isotropic and anisotropic are the two types of wet etch profiles. As 

shown in Fig 1.6 (a) isotropic etching has an equal etching rate in all directions, whereas anisotropic etching 

has different rates in different directions as in Fig 1.6 (b). Silicon etching rate using KOH is slower in <111> 

crystal plane than <110> and <100> planes. The crystal plane of silicon is shown in Fig 1.7. Table 1.2 lists 

the popular etchants for important materials. 
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Fig 1.6 Isotropic / anisotropic etch 52 

 

Fig 1.7 Crystal plans of silicone 

Table 1.2 53Etching table (material and etchant) 
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1.4.1.2. Silicon wet etchants  

 

The main Si wet etchants are potassium hydroxide (KOH), tetramethylammonium hydroxide (TMAH), and 

the mixture of nitric and hydrofluoric acid (HNO3 ï HF). 

1.4.1.2.1.  Potassium Hydroxide (KOH) 

For KOH etching of Si, the etching rate for the (111) plane is much slower than that of (110) and (100) 

planes, because the (111) plane has three of its bonds below the surface and only one dangling bond to react 

with the etchant. The etch rate anisotropy becomes a valuable property, as it offers low-cost, precise, and 

3D shapes with smooth, shiny facets, leading to complex structures with multiple functionalities. The facets 

are controlled by the fastest etched orientations for convex shapes such as the square island corners 54 55 56. 

KOH etching of silicon employs Si3N4, SiO2, Cr, or Au as a mask. The selectivity is good between Si and 

SiO2, the order of ~100, but it is much higher for Si3N4, the order of ~10000. Besides its advantage of 

providing excellent etching profiles, KOH is safe and easy to use. However, the presence of an alkali metal 

(potassium) makes it completely incompatible with MOS and CMOS processing. The etching rate ratio for 

KOH anisotropic etch are 160:80:1 for <100>:<110>:<111> orientations, which are done at a concentration 

of 35% by weight at 70°C, but the ratio changes dramatically for other conditions. The orientation-

dependent etch rate of silicon in KOH has been tested at different concentrations and temperatures by many 

researchers. Typical concentrations and temperatures are 30-50% by weight at 60-90°C. 

1.4.1.2.2. Tetramethylammonium Hydroxide (TMAH) 

The TMAH water solutions are nontoxic, easy to use, and MOSFET/CMOS compatible. However, TMA+ 

can cause breathing difficulties and may damage the nerves and muscles. SiO2, Si3N4, Cr, and Au can be 

used as masks. TMAH has an etch rates anisotropy of 70:35:1 for orientations of <100>: <110>:<111> at 

20% by weight and 80°C. The etch profile depends on concentration and temperature, which is between 

10% and 25% by weight and temperature between 60°C and 80°C. Though the TMAH etching rate 
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anisotropy is lower than KOH etching, TMAH has a high selectivity between Si and SiO2 and there are no 

harmful ions for the electrical integrated circuits. Also, TMAH etching is more sensitive to diffusion effects, 

especially at low concentrations (e.g., 10 % by weight), so the repeatability of the etch rate is lower than 

KOH. 

1.4.1.2.3. Nitric and Hydrofluoric acid (HNO3 ï HF) etch  

The combination of HNO3 and HF can etch silicon in two sequential steps 
57  58  59  60 . The first step is 

oxidation by HNO3, followed by the oxide dissolution by HF. The ratio of the two acids is the critical factor 

for etching. The etching can be represented by the following chemical equation: 

Si + HNO
3
 + 6HF Ÿ H

2
SiF

6 
+ HNO

2
 + H

2
O +H

2 

 

The resulting products are HNO2 (nitrous acid), H2SiF6 (hexafluorosilicic acid), H2, and H2O. 

The oxidation step is the rate-limiting factor when HNO3 is low with rich HF, and the oxide removal is the 

rate-limiting factor when HF is low with rich HNO3. In this low HF regime, crystal defect, surface 

orientation, and catalysis by reduced nitrogen oxide play an important role. If neither of the two components 

has a high concentration due to dilution by water or acetic acid, the etching rate will be low. 

Fig 1.8 shows the etching rate as a function of the etchant composition. The solid curves represent the 

etching rate for acetic acid dilution, whereas the dashed curves represent that with water dilution. The 

addition of a small amount of sodium nitrite enhances the rate of reaction, but too much sodium nitrite 

reduces the reaction rate by the formation of a protective film. 

There are three regions of interest: the high nitric acid, the high hydrofluoric acid, and the maximum etch 

rate region. In the high nitric acid region, the curves run parallel with lines of constant hydrofluoric acid, 

indicating that hydrofluoric acid plays an important role. This region gives a smooth polished etch surface. 

In the high hydrofluoric acid region, the curves run parallel with constant nitric acid, indicating the 

importance of nitric acid. In the maximum etch rate region, both components play an important role. 
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Fig. 1.8 Constant rate of change of die thickness as a function of the etchant composition 

1.4.2. Dry etch 

1.4.2.1. Introduction 

The main three dry etching methods are 61 high pressure plasma etching, reactive ion etching (RIE), and 

ion milling. Ion milling employs accelerated ions like Ar+ that strike the surface to remove the material. It 

has a low etch rate (few nm/min) and poor selectivity and is used to etch thin layers that cannot be etched 

by RIE. High pressure plasma etching is the use of highly reactive species to react/etch the material. 

However, the most widely used etching technique is the RIE (ion assisted chemical etching), which involves 

a combination of physical and chemical etching. 

Dry plasma etches 62 63 64 65 66 67 were introduced to nanofabrication in the 1970s. Plasma is the fourth state 

of matter; it is an ionic state of the gas. Strong electric fields can ionize the gas, usually a noble gas like 
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argon or a halogen, to free electrons from the gas atoms. DC electric fields produce DC plasma, while 

radiofrequency (RF) electric fields produce RF plasma. Fig 1.9 shows the schematic of the plasma structure. 

 

Fig 1.9 Schematic of the plasma structure 68 

The sputtering etching is a purely physical and highly directional etch, which occurs when no reactive 

chemical is added to the plasma. The accelerated ions move toward the wafer surface and knock off the 

materials. Selectivity is poor in sputtering etch and the process is inefficient and time consuming. To 

improve it, an assisted chemical etches (reactive ion etches (RIE)) is added. RIE process can be roughly 

divided into four steps, as shown in Fig 1.10.  First, neutral radicals and ions are generated in the plasma, 

and then they are transported and get absorbed on the surface to chemically react with the wafer. Finally, a 

by product is produced and the etch is complete. The ion bombardment can help the etching by damaging 

the surface to render it more reactive or removing the residue formed inhibitors such as fluorocarbon 

polymer that may otherwise block the chemical etching.  
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Fig 1.10 RIE etch steps 69 70 

Compared to the conventional parallel plate (capacitively coupled plasma), inductively coupled plasma 

(ICP) greatly enhances the plasma density 71 72 73 74 75 76. As shown in Fig 1.11, ICP utilizes a coil to 

generate the plasma. High frequency RF power is applied to the coil, generating an AC magnetic field that 

induces a circular electric field to accelerate the electrons. As the electrons move in a circular path, they 

will not get quickly lost into the chamber walls. Instead, they are more efficient to collide with gas 

molecules and ionize them.  In a typical ICP RIE setup, the ICP source controls the number of ions and free 

radicals whereas the lower bias RF power controls the ion energy. 

 

Fig 1.11 Cross sectional of Oxford Instruments ICP RIE 77 
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1.4.2.2. Deep RIE (DRIE) of silicon processes  

DRIE has two basic techniques which are Bosch and cryo-processes. Bosch process is known as "switched 

process" or "time domain multiplexed process." Both processors use fluorine-based plasma chemistry 

because of superior etch rates and high mask selectivity. The most popular hard mask used in the process 

is shown in Table 1.378. 

Table 1.3 Hard mask materials and their deposition and patterning techniques 

Material Deposition Patterning Application 

SiO2 
(PECVD) thermal 

oxidation 
HF (wet), CHF3 plasma (dry) 

Deep etching, high-temperature 
etching 

Al Sputtering evaporation H3PO4 (wet) Cl2, plasma (dry) Extremely high selectivity process 

Al2O3 Sputtering ALD HF (wet), SF6 plasma (dry) Extremely high selectivity process 

Cr Sputtering HCIO4/Ce(NH4)2(NO3)5 (wet) Extremely high selectivity process 

Ni Plating Patterned plating Quartz etching 

 

1.4.2.2.1. Bosch process 

Bosch process is an anisotropic deep silicon etching process that enables trench, hole, and pillar fabrication 

on various device applications. The Bosch process is a high aspect ratio plasma etching process. This 

process consists of cyclic isotropic etching (etching half cycle) and fluorocarbon-based protection film 

deposition (passivation half cycle). Passivation and etching gases are separately and alternately introduced 

to the chamber to form a high-density plasma, which is repeatedly done in a loop until the required depth 

is achieved. 
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Fig 1.12 (left) (a) Ideal profile (b) real profile employing Bosch process. (right) SEM image of a pillar 

etched by Bosch process79 

In a typical Bosch process, the SF6 plasma cycle etches silicon, and the C4F8 plasma creates a protective 

layer during the passivation half cycle. To achieve deep silicon etching with a high aspect ratio, both the 

SF6 plasma cycle and the C4F8 plasma cycle must be optimized. The protection film must be thick enough 

to protect the sidewall from the SF6 plasma cycle which delivers a highly isotropic silicon etching. Since 

the Bosch process consists of cyclic isotropic etching and protection film deposition by quick gas switching, 

the sidewall is wavy and not smooth as shown in Fig 1.12, and for some applications, the rough sidewall is 

very undesirable. Table 1.4 shows typical etching parameters for the "Bosch process" using different ICP 

configurations. 

There is another version of the Bosch process called pseudo-Bosch or non switching Bosch, where the two 

gases are introduced together into the chamber without switching. Bosch process (switching between the 

two cycles) leads to a rough and wavy sidewall profile while non switching gives a smooth sidewall, but 

the trade off is the lower etching rate and lower selectivity than regular Bosch. 

For deep trench/hole etching, J. Yeom et al. 80 proves that the maximum achievable aspect ratio (critical 

aspect ratio) depends on the micro loading effect, which is the total exposed area during the RIE etching.  
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The loading effect is the variation of the etch rate depending on pattern density due to reactant depletion; 

the etch rate decreases when the surrounding load (etched area) increases. If the loading effect and aspect 

ratio dependent etch (ARDE) occur together, the investigation becomes more difficult. 

Table 1.4 Typical settings for ñBosch processò using different ICP configurations 

Parameters 
Standard 

 Configuration 
High-Rate  

Configuration 

High-Rate Configuration 
and 

 "Ultrafast Switching"  
ICP power 800 W 2700W 2700W  

CCP power 8W 10W 10W  

SF6 flow 130sccm 500sccm 500sccm  

Etch cycle time 7s 10s 1.6s  

Etch cycle pressure 5Pa 9Pa 9Pa  

C4F8 flow 100 sccm 200sccm 25sccm  

Dep. Cycle presure 2.5Pa 4Pa -  

Dep. Cycle time 5s 5s 0.2s  

Net etching rate  
(for wide trenches) 

3µm/min 9µm/min 8µm/min  

Selectivity PR:Si 40:1 140:1 120:1  

Selectivity SiO2:Si 100:1 300:1 300:1  

Open Si area on 6 in. 15% 15% 15%  

 

1.4.2.2.2. Cryogenic DRIE 

Cryogenic RIE utilizes a minimum temperature of around -80 °C. It is discovered in 1988 when it was 

observed that the cooling of the silicon wafer during the RIE resulted in dramatically reduced etch rate on 

the sidewalls which improved the anisotropy 81. Besides, selectivity between silicon and masking is 

improved at cryogenic temperatures 82 83. Liquid nitrogen is used to cool down the chuck and the chuck 

temperature which is controlled by a proportional-integral-derivative (PID) controller. Fig 1.1384 shows the 

schematic chemical and physical mechanisms for silicon cryo-etching. Reduced chemical reaction on the 

sidewall is due to the silicon oxyfluoride (SiOxFy) layer formed during the cryogenic etching process in 

SF6/O2 plasma. Cold temperature also reduces the reaction of free radicals due to the Arrhenius rate law 
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which improves anisotropy and/or etching selectivity. SiO2 is the elected mask because of its very high 

selectivity (selectivity of 750 can be achieved) and low contamination. In the cryo-process, the sidewall is 

smooth, but the etch rate of silicon is lower than that in the Bosch process. 

 

Fig 1.13 Cryo-etching physical and chemical mechanisms 

A high concentration of fluorine radicals provides a high etch rate in SF6/O2 plasma. Oxygen controls the 

quality of the sidewall passivation layer, and it is the most important parameter when optimizing the 

sidewall slope. If oxygen flow is too low, an undercut profile will occur, whereas too high oxygen results 

in high passivation and silicon grass (known as black silicon).  

Fig1.14 85 demonstrates that when the temperature is increased, the silicon etches rate increases while the 

photoresist etches rate decreases. Temperature below ī90 ÁC results in anisotropy without mask undercut, 

as lateral etch is reduced by sidewall passivation. The etch profile is mainly controlled by the temperature 

and oxygen flow rate. Low oxygen flow results in reduced passivation and enhances isotropic etch, whereas 

high oxygen flow may lead to a ñpinch offò of the trench or hole when the formation of oxide at the trench 

bottom causes a narrowing of the trench. Temperature reduction introduces more passivation and may 

improve the profile. An increase in bias power or decrease in pressure can make the sidewall profile more 
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vertical. Increasing the oxygen flow rate will decrease the etch rate and the fluorine/oxygen ratio can modify 

the etch profile from a positive to a negative taper. 

 

Fig 1.14 Cryogenic processes etch characteristics 

As an example of the cryogenic etching process, P. Doll et al. 86 employed an Oxford Plasmalab 100/ICP 

380 system with the recipe of -110 °C temperature, gas mixture of 20 sccm SF6, 10 sccm O2 and 10 sccm 

Ar, 750W ICP and 100W RF power to achieve an etch rate of Ḑ20 nm sī1. They fabricated 100, 50, and 

20 nm pillar arrays using electron beam lithography and HSQ (a negative high-resolution e-beam resist) as 

a mask and obtained silicon nanopillars with an aspect ratio of 5 to 10. 

Another three different processes are presented in Table 1.5. All these processes utilize temperatures around 

-100 °C and have similar process pressures, but the gas flows and RF powers are different. ICP power and 

SF6 flow determine the etch rate, whereas the oxygen flow rate controls the passivation layer quality that 

affects the sidewall angle and undercuts, which is close to - 90° in all three processes. 








































































































































































































































