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Abstract 

This thesis is mainly focused on the research in the field of nanofabrication and 

application related to atomic force microscope (AFM) system. AFM tip is the most 

important part of AFM imaging to obtain the surface information by touching the substrate 

and “feeling” the force interaction. However, the scanned image using regular commercial 

tips is not accurate when scanning across areas with deep/tall and narrow structures. To 

overcome the drawbacks, high aspect ratio (HAR) tip was introduced to obtain high-quality 

and accurate images with high resolution and clear restoration. Several common fabrication 

techniques of HAR AFM tip including focus ion beam milling, electron/ion beam induced 

deposition, carbon nanotube tips and Nauganeedle method are reviewed, but batch 

production is hard to achieved due to the tips are fabricated one by one in these methods. 

Here we present a novel method based on dry etching to fabricate HAR AFM tips with 

high throughput, and some important steps such as electron beam lithography and etching 

process during the fabrication will also be discussed in this work. 

 

The long-term goal of dry etching for our purpose is to have high etching rate, high 

etching selectivity to mask material, and controllable vertical profile with smooth sidewall, 

so non-switching (i.e. introduce SF6 and C4F8 gas into the chamber simultaneously) 

pseudo-Bosch recipe was developed and optimized, to replace the standard Bosch process 

that gives wavy and rough sidewall. Moreover, when switching between SF6/C4F8 etching 

and O2 cleaning, that is, adding periodic oxygen (O2) plasma cleaning step to the pseudo-
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Bosch etching process, the etching rate of silicon structures can be significantly improved 

without any adverse effect. The obtained profile of pillars is slightly positively tapered 

which is optimal for HAR tips. 

 

The fabrication of HAR tips is similar to that of HAR nano-pillars, and the same nano-

pillars can be extended to the biomedical application of nanoneedles. As such, here we 

present a new method to fabricate ultra-high aspect ratio silicon nano-pillar arrays using 

reactive ion etching and subsequent sharpening/thinning down by wet etching, which 

features high viability and high throughput. The results show that the aspect ratio of the 

fabricated nano-pillars can be up to 125. 
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Chapter 1 Introduction to atomic force microscopy (AFM) 

 

This Chapter gives a brief introduction, working principles and research motivations to 

AFM system. 

 

1.1 Introduction 

Microscopy offers a viable solution for exploring structures and properties of objects 

that are not within the resolution range of the unaided eye. With the development of 

innovative techniques, three main types of microscopy including optical, electron and 

scanning probe microscopy (SPM) come into view. Optical microscopy, also called light 

microscopy, is the most direct technique to view the sample through the magnification of 

lenses with visible light, but the obvious drawback to it is that the diffraction limits the 

resolution to approximately 0.2 micrometers [1]. Electrical microscopy offers much better 

resolution than optical microscopy, so scanning electron microscopy (SEM) and 

transmission electron microscopy (TEM) become two of the most common microscopy 

tools over the world in some essential fields for research. However, high cost and strict 

requirements of vacuum environment and conducting surface of sample limits some 

research. Scanning tunneling microscopy (STM) and atomic force microscopy (AFM) are 

two most common scanning probe techniques. Since STM was invented by Gerd Binnig et 

al. of the IBM Research Center in 1982 [2] and then the introduction of AFM in 1986 [3], 

more quantitative and qualitative information based on properties such as morphology, 
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surface roughness, and texture are observed and analyzed. Table 1.1 represents the 

comparison of optical microscopy, SEM and SPM; it shows SPM can keep the performance 

of low cost and good resolution at the same time. 

 

 

Table 1.1 Comparison of optical microscopy, SEM and SPM 

 

As we mentioned before, both STM and AFM can be categorized as SPM, but they are 

quite different in use. STM works by scanning sample surface with a sharp metal tip by 

quantum mechanical tunneling effect and piezoelectric effect [4], and Figure 1.1 shows the 

schematic of STM. Electrons apply a quantum mechanical effect to tunnel from the tip to 

the sample surface, and the tip is moved by piezoelectric positioning. Then the feedback 

loop can monitor the tunneling current and the position of tip to generate a 3D image of 

surface topography. According to the STM system and working principle, two main 

limitations will affect the usage and results in research. The first one is the tip and material 

surface must be conductive and extremely clean, and the second one is that STM is very 

sensitive to mechanical noise and electrical noise.  
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Figure 1.1 Schematic representation of STM system 

 

Instead of measuring the tunnel current between one atom at the sharp tip apex and the 

sample surface in STM system, AFM measures the force between the tip apex and the 

sample surface. It means that the tip and sample can be non-conductive, and it can work in 

ambient, liquid, and vacuum conditions. 

 

1.2 Working principles 

1.2.1 Mechanism of AFM system 

In AFM system, a flexible cantilever with a sharp tip is the most essential part, and all 

the information including the surface properties of a material is gathered by the changes of 

weak interatomic interaction between the sharp tip and the sample surface [5]. Figure 1.2 

shows the structure of AFM [6], and it mainly consist of three parts. 
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Figure 1.2 Schematic representation of AFM system  

(adopted with permission from Ref. [5])  

 

The first part is the force detection part. The van der Waals interaction between atoms 

and atoms is the dominant force in AFM system. Therefore, in system, the AFM probe with 

a cantilever holder, a cantilever and a sharp tip is used to detect the changes of interaction 

between atoms. The micro-cantilever is approximately 100-500 micrometer long and 500-

5000 nanometer thick [7] with the sharp tip in the range of 3-20μm height, and both silicon 

and silicon nitride are good choices to be the materials of the probe. As different types of 

probes can be selected according to the characteristics of the sample and the mode of 
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operation, the force detection part provides possibilities in different detecting environment.  

The second part is the position detection part. After the cantilever bending due to the 

interaction between the tip and the sample, the position of the reflected light will be also 

changed when the laser is illuminated at the end of the micro-cantilever. In the entire system, 

recording and converting the offset into the electrical signal by the laser spot position 

detector is the most important process, which is called signal processing. 

The third part is the feedback loop. After the signal is taken in via a laser detector, the 

feedback signal, which can be considered as an internal adjustment signal, drives a 

piezoceramic scanner moving appropriately to maintain a certain force between the sample 

and the tip. 

 

1.2.2 Scanning modes 

AFM can be operated in three conventional modes including contact mode, non-

contact mode and tapping mode, and a new scanning mode named peek force tapping mode 

is recently introduced by Bruker [12]. 

 

1.2.2.1 Contact mode and non-contact mode 

Conceptually, the most direct and convenience imaging mode is the contact mode in 

AFM system. During the entire scanning imaging process, the tip presses the specimen 

surface with an adjustable force, and the repulsive force can lead to the contact of the probe 

as shown in Figure 1.3(a).  
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Figure 1.3 Primary force in (a) Contact mode (b) Non-contact mode 

 

Figure 1.4 also shows that repulsive force dominates when the gap between the tip and 

the specimen is small in contact mode, and the force increases when the gap becomes 

smaller [8][9]. In contact mode, constant force mode and constant height mode can be used 

in different situation. When the tip is kept at constant height, the scanning speed is high, 

and the sample must be relatively flat to avoid terrible damage. When the tip is kept at 

constant force, the tip is continually adjusted which can increase its service life comparing 

to constant height mode. However, the lateral force exerted on the sample surface is quite 

high, and this will lead to sample damage or the movement of special loosely attached 

objects. Soft sample is not advisable to be analyzed by the contact mode.  
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Figure 1.4 The curve of interatomic force versus distance 

 

For the non-contact mode, the tip apex does not touch the sample surface, and the 

cantilever oscillates at a distance of 5-15 nm above the sample [10] to detect the attractive 

interaction mainly created by van der Waals force in Figure 1.3(b). Figure 1.4 shows that 

attractive force dominates when the gap between the tip and the specimen is small in 

contact mode, and the force decreases when the gap becomes larger. The van der Waals 

interaction is weak, thus the non-contact mode has the limitations including small distance 

between tip and sample, low amplitude and low scanning speed. Furthermore, one of the 

biggest drawbacks is the difficulty in achieving this mode in liquid environment or fluid 

layer. If the thickness of fluid layer goes beyond a certain range (5-10 nm), the tip will be 

trapped into it, and then force feedback will be inaccurate. In reality, the non-contact mode 

will stop working properly when the ambient relative humidity is well above 20%. 
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1.2.2.1 Tapping mode and peak force tapping mode 

In tapping mode operation, the oscillating frequency of cantilever is close to the 

cantilever resonance [11] because of using amplitude modulation detection, and the 

cantilever amplitude is maintained by changing the tip-sample spacing. Tapping mode is a 

kind of combination of contact mode and non-contact mode as shown in Figure 1.4, and 

the force curve of tapping (intermittent contact) mode is constructed by summation of long-

range attractive force and short-range repulsive force. The cantilever is released from a 

location within the range of z-piezo position with a triangular waveform applied to it in 

each contact. The attractive interaction dominates when the probe is approaching the 

sample until contact is happened, and repulsive force dominates from this point on. It 

results in less lateral damage than contact mode and more accurate imaging feedback than 

non-contact mode when moisture is present. 

It is worth mentioning that an average response of many interactions is obtained instead 

of measuring a direct force in tapping mode, and the cantilever dynamics are complicated 

when cantilever is oscillated at its resonance frequency. This will lead to inherently 

unstable feedback situation and restrictions of the information beyond sample topography 

[12].  

Peak force tapping mode has the similar fundamental principle to tapping mode, but it 

is operated in a non-resonant mode. The oscillating frequency is two orders below the 

cantilever resonant frequency to avoid the dynamics of a resonating system, and the 

oscillating amplitude is also much lower than the conventional tapping mode operation. 
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The lack of resonance facilitates the close following of the tip apex to the sample surface. 

Force curves for a silicon cantilever operated in peak force tapping mode are shown in 

Figure 1.5 [12]. This mode avoids unwanted resonances at the turnaround points in each 

contact, and the z-position is modulated by a sine wave instead of a triangular one in 

conventional tapping mode. 

 

 

Figure 1.5 Force curves versus time and z-position for a silicon cantilever operated in 

peak force tapping mode [12] 

 

According to the plot of force as a function of time, the peak tapping force can be 

measured when the horizontal dashed line is established as the zero-force reference (the 

force is zero when the tip is not interacting with the sample). The peak force in Figure 1.5 
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can be recognized below the zero-force reference, and it indicates that operating at very 

low forces is now possible. That is to say, soft samples like cells in a liquid environment 

can be applied to this mode. Comparing to the contact mode and tapping mode, the peak 

force tapping mode combines the benefits of less damaging lateral force and direct 

feedback with non-resonant mode [13]. 

 

1.3 Summary and research motivations 

As mentioned before, three essential parts in a probe are tip, cantilever, and cantilever 

holder, and they make up the force detection part to sense the sample surface in AFM 

system. Figure 1.6 is a brief diagram of probe structure. 

 

 

Figure 1.6 The structure of AFM probe including holder, cantilever and tip 

 

Also, various materials are tried for fabricating AFM tips, and silicon is the most 

suitable and common material due to its low cost, high efficiency and availability. A good 
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SEM image of the silicon AFM probe which is captured during this research time is shown 

in Figure 1.7. According to the process of image formation in AFM system, the function of 

the tiny tip is extremely important, because it will affect the quality and resolution of the 

imaging results directly. Shaper tips lead to higher resolution [14], so the most effective 

way to improve the images of AFM is tip sharpening. For tip fabrication, high aspect ratio 

AFM tip fabrication is the most effective way to obtain the sharp tips. 

 

 

Figure 1.7 SEM image of a silicon AFM tip 

 

Overall, this work mainly focus on the fabrication of high aspect ratio (HAR) silicon 

AFM tip, and two derivative topics including effect of oxygen plasma cleaning on non-

switching pseudo-Bosch etching of high aspect ratio silicon pillars and fabrication of ultra-

high aspect ratio silicon nanoneedle array will be covered later in Chapter 4 and Chapter 5 

in details. 
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Chapter 2 HAR silicon AFM tip fabrication techniques 

 

This chapter will mainly review several common fabrication techniques for HAR AFM 

silicon tip including focus ion beam milling, electron/ion beam induced deposition, carbon 

nanotube tips and Nauganeedle method. 

 

2.1 Introduction to high aspect ratio AFM tips 

Comparing with standard commercial silicon AFM tip, higher aspect ratio tip leads to 

higher resolution and clear restoration in imaging process. As shown in Figure 2.1, the final 

image is not accurate when AFM tip cannot reach to the bottom of the trench, so high aspect 

ratio tip is needed for better quality of scanning images. In usual, the length of high aspect 

ratio tip is three times longer than the diameter of tip base, so it can get into narrow gaps 

or special topography which will give more accurate results. 

 

Figure 2.1 Schematic representation of AFM scanning process using normal tips 
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 Four novel methods of fabricating the high aspect ratio AFM tips including focus 

ion beam milling, electron/ion beam induced deposition, carbon nanotube tips and 

Nauganeedle method are presented here. 

 

2.2 HAR AFM tip fabrication by focus ion beam (FIB) milling techniques 

Focus ion beam technique is a novel method that combines micro-analysis and 

machining, and it uses a liquid metal ion source (LMIS, usually gallium) as an ion gun with 

highly focused charged ion beam to scan or cut the substrate surface. This technique is 

similar to SEM technique, but it uses ion beam instead of electron beam. The size and the 

mass of ions are larger than electrons in the meantime, so the penetration into the substrate 

is shallower which makes them suitable for precise milling.  

 The experiment usually starts with the commercial silicon AFM tips or AFM probes 

with blunt tip [15][16]. To obtain a sharp tip, a small ring-shape area with inner radius to 

define the tip part is exposed to focused Ga+ ion beam and milled away, and this process 

can be repeated to shrink tip size depending on needs. The tip apex radius is determined by 

the designed inner radius of pattern, and the sample can be rotated to desired position and 

angle to make the fabrication process controllable and precise. A research team from 

Southern Federal University published a high-performance AFM tip with apex radius of 5 

nm in 2015 [17], and many companies such as NanoWorld [18] and NanoSensors [19] also 

offer AFM tips with high aspect ratio well beyond 10:1. SEM images of AR10-NCHR 

AFM tip by NanoSensors are shown here in Figure 2.2; the tip is FIB milled to achieve a 
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high aspect ratio portion of 12:1 with sidewall angles approaching 90° [19]. 

 

 

Figure 2.2 The front view of high aspect ratio AR10 AFM tip  

(adopted with permission from Ref. [19]) 

 However, the tips are processed one by one in a serial manner, and the operator has to 

focus and adjust the electron and ion beam before milling each tip. As a result, he overall 

FIB milling process for one tip takes tens of minutes that results in poor throughput and 

very high cost. 

 

2.3 HAR AFM tip fabrication by electron/ion beam induced deposition (EBID/IBID) 

techniques 

 In addition to function of imaging and milling, focus ion beam can also be used to 

deposit materials contained in a precursor gas injected into the nearby area of the 

electron/ion gun excit and sample surface. This process is termed as ion beam induced 
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deposition (IBID); and electron beam induced deposition (EBID) is similar to it except 

using focused electron beam. With the gaseous presursor is introduced into the vacuum 

chamber, the electron/ion beam scans the substrate surface and decomposes the gaseous 

materials into volatile and non-volatile species. The non-volatile species will be deposited 

on the scanning (target) area, and volatile species will be pumped away. 

 Many materials can be used to deposit by EBID/IBID, and the most common materials 

are carbon, silicon, oxide (SiOx, TiOx), and metals (Cr, Fe, Cu, Al, Au, Ni, Pt, W) [20]. 

Researchers at the University of Bath has fabricated thin carbon tip with the resolution of 

sub-20 nm by EBID in 2012 [21], but the fabrication time is quite long. Another example 

of HAR PtC AFM tip is shown in Figure 2.3 [22], where the IBID technique was used in 

the modification of tip apex. Research team of Nanda [22] achieved high aspect ratio tip 

with tip radius around 13 nm in 2015. 

 

 

Figure 2.3 Modification of HAR tip apex by IBID grown PtC-nanowire  

(adopted with permission from Ref. [22]) 
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 Compared with FIB milling, EBID/IBID techniques can create higher aspect ratio 

structures up to 1000:1. Although perfect profile of designed structures and accurate 

electron/ion beam deposition control can be achieved by EBID/IBID techniques, this 

technique is also costly and time-consuming. 

 

2.4 Carbon nanotube (CNT) HAR AFM tip 

 Carbon nanotubes (CNTs), cylinder rolls formed by graphene sheets [23] in Figure 2.4, 

was first discovered by Lijima [24] in 1991, and they possess unique properties such as 

high mechanical flexibility and excellent thermal properties that makes CNTs have very 

long lifetime.  

 

Figure 2.4 Schematic representation of the formation of S Single-walled CNTs 

 

Single-walled CNTs (SWCNTs) is more popular than multi-walled CNTs (MWCNTs). 

The diameter of SWCNTs ranges from 0.4 nm to 3 nm, and the length of it can reach to 10 

mm [25]. The controllable length and extremely high aspect ratio make SWCNTs good 

AFM tip material. 
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The most common methods to fabricate a CNT HAR AFM tips are attaching or 

growing by chemical vapor deposition (CVD) including thermal CVD, plasma enhanced 

CVD (PECVD) and floating catalyst CVD (FCCVD). The CNT AFM tip apex diameter 

can reach to around 10 nm which is fabricated by Nano Science & Technology team [26], 

and it offers smaller tip apex diameter with longer pillar height than the tips fabricate by 

EBID/IBID techniques. However, one of the biggest challenges is attaching or growing a 

CNT directly on tip apex with fixed position, orientation and length.  

 

2.5 Needle-shaped HAR AFM tip 

 A relatively new method based on the self-assembly of silver-gallium alloy (Ag2Ga) 

at room temperature [27] has been demonstrated and commercialized by NaugaNeedles 

company [28] in Figure 2.5. This process is similar to CNT growth, so the needle tips also 

have extremely high aspect ratio.  

 

Figure 2.5 The profile of needle-shaped HAR AFM tip by NaugaNeedles [28] 
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However, the length of needle tips is hard to control due to the statistic nature of 

crystallization. The report shows the X-ray diffraction pattern of many needles grown 

simultaneously on a thin flat film instead of needles on real AFM tips, so the volume 

production method of fabricating needle-shaped HAR AFM tips with volume production 

is not realized yet. 

 

2.6 Fabrication of HAR AFM tip by one-step lithography on bilayer resist and dry 

etching process  

All the methods reviewed above have a common drawback of low cost-efficiency. In 

order to achieve high throughput of HAR AFM tips, a regular pyramid-shaped silicon tip 

can be sharpened by an oxidation under roughly 1000oC and etching process by  

hydrofluoric acid [29]. The basic theory of oxidation sharpening is the silicon on curved 

surface (high-stress surface like concave or convex [29]) has slower oxidation rate. 

Apparently, silicon near the tip apex has the smallest radius of curvature, and silicon farther 

away from the apex has the larger radius of curvature [30]. That means silicon farther away 

from the apex will be oxidized more than the silicon near the apex, so the tip will be sharper 

after the removal of silicon oxide. This process is simple, and a wafer of tips can be 

processed simultaneously. However, the original cost of commercial tips is high, and the 

improvement of aspect ratio is hard to guarantee. Here we present a novel method to 

fabricate hundreds of high quality HAR AFM tips simultaneously on a wafer with low cost.  
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The fabrication of HAR AFM tip starts with a bare silicon wafer with chromium oxide 

(Cr2O3) hard mask on it, then the bilayer of electron beam photoresist including poly-

methyl methacrylate (PMMA) and hydrogen silsesquioxane (HSQ) was spin-coated. 

Electron beam lithography was performed for the pattern of tip part and cantilever part. 

The cantilever pattern which is defined on HSQ is transferred to silicon wafer using 

standard Bosch process, and the tip part is defined on PMMA can be transferred by non-

switching pseudo-Bosch process. The detailed background information and fabrication 

process will be introduced in Chapter 3. 

 

2.7 Summary 

 This chapter reviewed several commonly used high aspect ratio (HAR) AFM tip 

fabrication techniques. To obtain high quality images and accurate information on sample 

topography, HAR AFM tip that can fully follow surfaces with deep/tall and narrow 

structures is needed. All the reviewed methods including FIB milling, IBID, EBID, CNT 

and needle-shaped tip by NaugaNeedles can be used for the fabrication and provide high-

performance HAR tip, but batch production is not achieved as the tips are fabricated one 

by one in these methods. In order to increase the throughput with low cost, a novel method 

based on dry etching will be introduced in the next chapter. 
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Chapter 3 HAR AFM tip fabrication 

 

In this chapter, we present a novel and high throughput method (our method) to fabricate 

HAR AFM tips by using one-step lithography on bilayer of resists and dry etching process. 

Background information of techniques used in this work will be discussed here in detail. 

 

3.1 Electron beam lithography (EBL) system 

 The first EBL machines were developed from SEM in the late 1960s [31], and it is a 

useful technique for creating extremely fine patterns. The aim of using electron beam 

lithography is to create a template on mask, and then the pattern on template will be 

transferred into target layers by etching process. The main attribute of EBL is the high 

resolution when working with variety materials in nanofabrication, but it is complicated 

and expansive. The schematic of electron beam lithography system [31] is depicted in 

Figure 3.1. 

 

Figure 3.1 Schematic representation of electron beam lithography system 
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The EBL system includes three important parts including an e-beam generator, an 

electron accelerator, and electron-optical systems. After the electron flow is generated by 

the electron emission gun, it will be accelerated to obtain high kinetic energy. Then, the 

electron beam will be focused on one spot by a series of condenser lenses to achieve the 

final focused spot size of around 1nm, and the deflection coils scan the surface coated with 

electron beam resist [32]. 

 

3.2 Choice of electron beam resist 

3.2.1 Poly-methyl methacrylate (PMMA) 

Poly-methyl methacrylate (PMMA), also known as acrylic glass, is a macromolecule 

polymerized from monomer methyl methacrylate, and the structure of repeating unit and 

polymerization process is shown below in Figure 3.2.  

 

      

Figure 3.2 Schematic of the polymerization of methyl methacrylate 
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In nanofabrication techniques, PMMA has been used as a positive electron beam resist, 

offering extremely high resolution and ease of handling in a long time [33], and the positive 

characteristics occurs as PMMA polymer can be scissored into small chains under electron 

beam [33][34]. These short-length chains can be easily dissolved in an appropriate solvent 

such as methyl isobutyl ketone (MIBK) diluted with isopropanol. However, if the exposure 

dose is high or the exposure time is long enough, the carbonization [34] also occurs in these 

chains, and they will be crosslinked and transformed into an insoluble material, thus acting 

as a negative resist. The native tone character in high electron beam irradiation is used in 

this work, and the detailed information including the thickness of the resist and the dose 

for designed pattern will be detailed in chapter 3.6. 

 

3.2.2 Hydrogen silsesquioxane (HSQ) 

Unlike transforming from positive to negative tone under overexposure of PMMA, 

hydrogen silsesquioxane (HSQ) is a high-resolution negative-tone e-beam resist all the 

time. It is a highly ordered cage-like oligomer [35] as shown in Figure 3.3, and it can be 

dissolved in methyl isobutyl ketone (MIBK) and developed by alkaline developer such as 

AZ300 MIF developer (contains tetra methyl ammonium hydroxide, TMAH). 



 23 

 

Figure 3.3 Schematic of the crystal structure of hydrogen silsesquioxane (HSQ) 

 

 HSQ is a good resist with extremely high resolution and large etching resistivity, and 

it was reported that the application of HSQ resist includes the fabrication of MOSFET gate 

with critical dimensions within 20nm [36], masks in bilayer lithography [37][38] and 

imprint templates [39]. However, one of the biggest drawbacks of HSQ is the shelf life. In 

this experiment, HSQ is stored at 5℃ and it will expire within six months (depending on 

the storage condition), becoming gel-like substance. This limits the usage of HSQ in many 

aspects of research. 

 

3.3 Etching techniques 

The etching technique is used for etching or removing patterns from the surface of a 

substrate [40], and it can be divided into isotropic etching and anisotropic etching. Figure 

3.4 shows the isotropic etching via a chemical process will etch in all directions within the 
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substrate instead of a single direction, whereas the anisotropic etching etches in one single 

vertical direction [41]. Usually, most wet etching processes are isotropic and dry etching 

processes are anisotropic. 

 

Figure 3.4 Etching direction in (a) Isotropic etching (b) Anisotropic etching 

 

3.3.1 Wet etching 

Most wet etching processes are isotropic such as SiO2 hydrofluoric acid (HF) etching and 

buffered hydrofluoric acid (BHF) etching [42]. There also exists wet etching process that 

is anisotropic, achieved such as with Si etching using hydroxides of alkali metal such as 

potassium hydroxide (KOH). Different silicon crystal orientation is shown in Figure 3.5. 

The crystal plane <111> has the highest surface density, so silicon etching rates at <111> 

plane is much slower than <110> and <100> plane [43]. These differences can lead to 

anisotropic etching on silicon wafer. 
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Figure 3.5 Wet etching process in different silicon crystal orientation 

 

3.3.1.1 Chemical etching by HNO3, HF and CH3COOH/H2O 

Although wet etching process are not suitable for the fabrication of complex and 

extremely tiny structures or devices due to the isotropic nature and poor reproducibility 

[42][44], it is a low-cost etching method for high volume production.  

An effective and convenient chemical etching process, by using the mixture of 

hydrofluoric acid (HF), nitric acid (HNO3) and acetic acid (CH3COOH) or water (H2O), 

can sharpen/thin down silicon pillars. Here the etching is mainly determined by HF and 

HNO3, and CH3COOH or H2O are diluents. The reaction mechanism of chemical etching 

is proceeded by the oxidation of silicon with HNO3 first [45]: 

Si − 4e−  →  Si4+ 

Here silicon dioxide is produced on the sample surface to prevent further oxidation. 

The process is followed by the dissolution of the oxide with HF:   

SiO2 + HF →  SiF6
2− 
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where the product H2SiF6 is soluble.  

The sharpening principle using this chemical etching system is shown in Figure 3.6. 

Apparently, the etching rate of the top part is faster than the bottom part of structures as the 

edge is exposed to solution in both vertical and lateral directions, hence high aspect ratio 

conic tip shape structures could be obtained.  

 

Figure 3.6 The principle of chemical etching system using HNO3, HF and 

CH3COOH/H2O 

 

3.3.2 Dry etching 

Dry etching in Figure 3.7 was introduced to integrated circuit manufacturing in mid 

1960s [46], and it is a revolutionary extension of etching technique by exposing the 

substrate material to free radicals and the bombardment of ions. 
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Figure 3.7 Schematic representation of dry etching process 

 

The plasma of reactive gases such as chlorine and sulfur hexafluoride can be used [47]. 

When gases exist in the form of a plasma, it has two fundamental characteristics which are 

suitable for dry etching. The first one is the chemical reactivities of gases in the plasma is 

much stronger than that in the normal state, and the etching rate is faster if one selects gases 

suitable to the substrate materials. The second one is that the electric field can guide and 

accelerate the ions to have a certain energy, and the surface of materials is etched when the 

ions bombard on it. According to the Table 3.1 [48] shown below, the reason that dry 

etching is wildly used for micro-fabrication in modern times can be easily found. 
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Table 3.1 Comparison of wet etching and dry etching 

 

There are three types of dry etching operation modes: physical sputtering, plasma 

etching and reactive ion etching. 

Physical sputtering uses a glow discharge to ionize gases such as argon into positively 

charged ions, then bias voltage can accelerate the ions and push them hitting on the surface 

of target materials [49]. This process is completely a physical energy transferring process, 

and it can obtain a nearly vertical sidewall profile with good directional etching. These 

phenomena can be categorized as an atomic collision [50]. However, the ions hit uniformly 

the sample surface, and both the etching mask and the material will be etched which results 

in low selectivity. Therefore, completely physical sputtering method is rarely used in the 

ultra-large-scale integrated circuits fabrication process. 

Plasma etching is the use of plasma to ionize gas to form charged particles, molecules 

and highly reactive atomic groups, and they diffuse to the surface of the target film. Since 
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it mainly utilizes chemical reactions, the etching process is similar to the wet etching 

described above except the state of the reactants and products is changed from a liquid state 

to a gaseous state, and plasma is used to accelerate the reaction rate. Therefore, chemical 

dry etching has advantages and disadvantages similar to wet etching, and the purely 

chemical etching method is applied only in processes which does not require pattern 

transfer in the semiconductor fabrication.  

Reactive ion etching is the combination of chemical reaction and ion bombardment, 

so it has high etching rate and high anisotropy. The etching is mainly carried out by 

chemical reaction, and the effect of adding ion bombardment is in two aspects. First, it can 

destroy the chemical bond on the surface of target materials to increase the etching rate. 

Second, it can attack the passivation materials created by etching process deposited as a 

film.   

As a result, reactive ion etching is the most effective type of dry etching, and a new 

technique named deep reactive ion etching (Bosch process) is introduced to obtain high 

aspect ratio structures. 

 

3.3.2.1 Bosch process 

Bosch process, also known as deep reactive ion etching (DRIE) or time-multiplexed 

etching, alternates the etching process and passivation process repeatedly to achieve highly 

anisotropic structures. In order to ensure the stability and reliability of the passivation layer 

to fabricate high aspect ratio structures with steep sidewalls, Bosch process separates the 
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deposition of the passivation layer and the etching of the single crystal silicon into two 

separate steps to avoid the interaction between deposition and etching. Sulfur hexafluoride 

(SF6) is used to etch the sidewalls and the bottom of the trenches or holes in the etching 

step, and octafluorocyclobutane (C4F8) is a protective gas used in the passivation step. It is 

worth mentioning that the passivation layer is a layer of CFx organic polymer protective 

film on the sidewall surface, and Figure 3.8 gives the schematic representation of Bosch 

process. 

               

Figure 3.8 Schematic representation of Bosch process 
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C4F8 decomposes into ionic CFx group under the plasma state, and the CFx group 

adsorbs on the silicon surface to form polymer layer (CF2)n. Then, the polymer passivation 

film is etched in a new round of etching step with more SF6 gas introduced to increase the 

F ion dissociation, and the passivation film is then etched away [49]. This can lead to deeper 

sidewall with cycles of Bosch process to achieve effective anisotropic etching. The reaction 

mechanism is followed by a type of dissociation reaction [51]: 

SF6 + e− → SF5
+ + F + 2e−  

where SF6 is dissociated to SF5+ and fluorine atom. The silicon reacts with fluorine, so the 

etching step is 

Si + 4F → SiF4 

where atomic fluorine and the product SiF4 are gas phase. The passivation step is  

C4F8 + e− → C3F6 + CF2 + e− 

Then CF2 group absorbs on the silicon surface to form polymer layer (CF2)n.  

In experiment, the recipe of standard Bosch process is shown below in Table 3.2. In 

the Bosch etching step, the gas flow of SF6 is 160 sccm, with ICP power 1000W, RF power 

20W, pressure 15 mTorr; and in the Bosch passivation step, the C4F8 gas flow is 160 sccm, 

with ICP power 1000W, RF power 5W, pressure 20 mTorr.  
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Table 3.2 The recipe of standard Bosch process 

Although Bosch process can create high aspect ratio structures, the profile of sidewall 

is rough/wavy [52] which is shown in Figure 3.9. This is caused by the different etching 

rate of the bottom and the sidewall when alternating the etching step and passivation step, 

and the rate of etching in vertical direction is much faster than that in horizontal direction. 

In order to improve the undercut and roughness, non-switching pseudo-Bosch process can 

be applied. 

 

 

Figure 3.9 The SEM image of sample after Bosch process [52] 
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3.3.2.2 Cryogenic etching process 

 Unlike the Bosch process, cryogenic etching (cryo etching, at <~80oC) is a continuous 

process with SF6 and O2 gas in the vacuum chamber simultaneously. Silicon is removed in 

the form of volatile SiF4 by reacting with SF6 gas, and a blocking layer of SiOxFy is formed 

on the sidewall instead of using fluorocarbon passivation layer in Bosch process [53]. Note 

that SiOxFy becomes not volatile at such low temperature, thus acting as a sidewall 

passivation layer needed for anisotropic etching. With help of cryogenic temperatures, the 

fluorine radicals are inhibited to attack the blocking layer. It has some advantages such as 

offering smoother sidewalls and perfect positive profiles over Bosch process, but the 

limitations of etching rate and cryogenic temperatures are still existing. 

 

3.3.2.3 Non-switching pseudo-Bosch process 

Non-switching pseudo-Bosch process is a process similar to Bosch, but here the two 

gases are used (co-exist) at the same time in the chamber. The first one is SF6 to etch silicon, 

and the second one is C4F8 to deposit a chemically inert passivation layer. In order to 

achieve positively tapered tip profile, the gas flow ratio of C4F8 and SF6 can be chosen to 

adjust the sidewall taper angle, with ICP power 1200 W, RF power 20 W, pressure 10 mTorr. 

As a result, high aspect ratio nanostructures with smooth sidewall can be fabricated by the 

non-switching pseudo-Bosch process, so this process is suitable for fabricating HAR tip in 

AFM system.  

Also, the non-switching pseudo-Bosch process can be improved by introducing 
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oxygen plasma cleaning step into it, and the detailed principle is presented in Chapter 4. 

 

3.4 Experiment process and results 

Figure 3.10 represents the fabrication steps of HAR silicon AFM tip. All techniques 

including e-beam evaporation, bilayer photoresist method, e-beam lithography and etching 

process are used in this work. Here, the detailed information will be discussed. 

 

 

Figure 3.10 The fabrication steps of HAR silicon AFM tip 
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A silicon wafer is first cleaned with acetone and isopropanol (IPA) rinse, and 2-minite 

oxygen plasma with 20sccm O2 gas flow under 20W RF power and 20mTorr chamber 

pressure conditions. After cleaning process, 150nm Cr2O3 is evaporated by Intlvac e-beam 

evaporator on bare silicon (Figure 3.10a). Cr2O3 is suitable to be the hard mask of silicon 

with high selectivity, and the rate of layer deposition is 0.1nm/s to ensure the uniformity of 

the mask. Then, the bilayer of e-beam photoresist including PMMA and HSQ is spin-coated 

on hard mask. The first layer of 500nm PMMA (8% in anisole) is spin-coated at 3000rpm 

for 50 seconds and baked on hotplate at 180 ℃ for 10 minutes, and the second layer of 

500nm HSQ (10% in MIBK) is spin-coated at 2000rpm for 50 seconds and baked on 

hotplate at 90 ℃ for 5 minutes (Fig 3.10b). Then electron beam lithography using a Raith 

150TWO system at 20kV is applied to pattern structures. In order to test the repeatability and 

reduce risks of broken, we designed 9 tips on one cantilever. Tip pattern is determined by 

PMMA resist at the dose of 10000 µC/cm2 to present negative tone, and cantilever pattern 

is determined by HSQ resist at the dose of 50 µC/cm2 (Fig 3.10c). Note that the PMMA 

will not be affected by the low dose of 50 µC/cm2, and over-exposure of HSQ with a dose 

of 10000 µC/cm2 at the tip pillar site will not damage it, either. 

Next, the unexposed area of HSQ resist is removed by AZ300 MIF developer for 1 

minute, and HSQ can be the mask to etch PMMA by 30 sec oxygen plasma etching with 

20sccm O2 gas flow under 20W RF power and 20 mTorr chamber pressure conditions (Fig 

3.10d), and Cr2O3 hard etching mask was obtained by wet etching for 5 minutes. The 

cantilever pattern is then transferred to the following silicon layer by 8 cycles of standard 
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Bosch process at a ~400 nm/cycle etching rate (Fig 3.10e). After the fabrication of 

cantilever part, HSQ can be removed by 1:50 diluted hydrogen fluoride (HF) solution for 

60sec. To fabricate tip part, PMMA is first developed by anisole for 3min, and it can be 

used to be the mask of Cr2O3 (Fig 3.10f). After wet etching or metal RIE etching of Cr2O3 

(Fig 3.10g), 40min non-switching pseudo-Bosch process with gas flow of 60 sccm (42 

sccm C4F8 + 18 sccm SF6) is applied to obtain tip structure (Fig 3.10h). After the removal 

of the remaining Cr2O3 layer, the HAR tip on the cantilever is obtained finally.  

The SEM image of final structures of tip and cantilever is shown below in Figure 3.11. 

The block in front of the tips can be used as a mark which was exposed at the dose of 3000 

µC/cm2, and it also can indicate the overall height of silicon that I etched away. The average 

height of tips is around 5 μm, and the average diameter of tip apex and tip base is 18.5 nm 

and 785.2 nm, respectively. The height of the cantilever part is about 3 m. 
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Figure 3.11 The SEM images of final HAR AFM tips 

 

 According to the fabrication result and SEM images, the diameter of tip apex can reach 

to 18.5nm. Figure 3.12 gives the measurement data of Figure 3.11 (c), and it shows an 

aspect ratio better than 6 (exact value is 6.098) at a tip height of 1 μm. Due to the sharpness 

of tip apex and aspect ratio, these tips can be considered as pretty good high aspect ratio 

AFM tips, and this process is suitable for achieving the fabrication of HAR AFM tip part. 
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Figure 3.12 The measurements of aspect ratio on tip apex. The scale bar is 200 nm. 

 

However, the fabrication process can still be improved to obtain better tip profile, and 

oxidation sharpening would be the most effective ways to achieve it. After that, oxygen 

plasma cleaning after fabrication can remove the contamination residue on tips to make the 

profile better. 

Here we covered only the fabrication of the front side of a complete AFM probe. For 

patterning the tip handle part, backside patterning using deep silicon etching would be 

needed to etch through the wafer to reach the isolation layer (the oxide layer) of a SOI 

wafer. At present, the backside handle fabrication is being carried out by other group 

members. 
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3.5 Summary 

 In this chapter, a method to fabricate HAR AFM tips by EBL on the bilayer of electron 

beam resist and RIE is introduced to tackle the issue of low throughput and high cost of 

other HAR tip fabrication process. Different doses were applied to PMMA and HSQ resist 

in EBL, and tip pattern and cantilever pattern were transferred to silicon by dry etching. In 

the experiment, the diameter of tip apex can reach to 18.5nm, and the aspect ratio is better 

than 6 at a tip height of 1 μm. This method is suitable for achieving the fabrication of HAR 

AFM tip part. The fabrication of tip handle part will be carried out later on using deep 

silicon etching. 
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Chapter 4 Effect of oxygen plasma cleaning on non-switching 

pseudo-Bosch etching of high aspect ratio silicon pillars 

 

This chapter is related to non-switching pseudo-Bosch etching process. Here we present 

an improved method by introducing oxygen plasma cleaning step, and this work is 

published in Journal of Vacuum Science & Technology B [54]. I would like to express my 

gratitude to Dr. Ferhat Aydinoglu, he provided many ideas of adding oxygen plasma with 

different recipe and helped me to prepare the samples. I would also like to thank my 

colleague Chenxu Zhu, he finished the additional testing of etching rate and helped me a 

lot with analysis of results. 

 

4.1 Introduction and motivations 

Dry etching of silicon is widely used in nanostructure fabrication, as it works better 

than wet etching due to high anisotropy and selectivity [55]. The long-term goal of dry 

etching is to have high etching rate, high etching selectivity to mask material, vertical or 

controllable sidewall profile, and smooth sidewall, so non-switching pseudo-Bosch recipe 

was introduced to this area since standard Bosch process leads to wavy/rough sidewall 

profile by switching between SF6 and C4F8 gas [56][57][58]. In the process, SF6 and C4F8 

gases are existed simultaneously to obtain nanostructures with smooth sidewall profile 

instead of switching the etching step and passivation step. It is reported that the sidewall 

taper angle is tailored over a broad range from zero degree to forty degree when different 
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ratio of SF6 and C4F8 gases mixture are introducing to the chamber [58].  

However, one of the challenges in non-switching pseudo-Bosch process is the 

formation of contaminations such as excess passivation residues and silicon fragments 

produced during the process that will influence the etching rate and profile of structures 

[40]. The problem of passivation residues also exists in standard Bosch process. To 

overcome the problem, many attempts have been made. Some authors added a third 

individual step which is called depassivation step by introducing argon (Ar) and/or O2 gas 

into the chamber after the passivation step [59][60][61] since O2 and Ar plasmas are two 

usual mechanisms for depassivation step in standard Bosch process which do not 

chemically react with Si. Although Ar plasma can remove the passivation polymer residue 

by physical sputtering, the argon plasma is very directional that helps removal of 

passivation polymer at the base faster than the sidewalls which will lead to redeposition of 

the polymer on the sidewalls that results in a non-uniform etching. O2 plasma can remove 

the fluorocarbon polymer chemically at horizontal surface, and the etch product is volatile. 

Here we show that, by introducing periodic O2 plasma cleaning step, that is, switching 

between SF6/C4F8 etching and O2 cleaning, the etching rate can be significantly improved, 

without any adverse effect. 

 Similar to the depassivation step in standard Bosch process, we divided non-switching 

pseudo-Bosch process into many discontinuous steps/cycles, with cleaning steps using 

oxygen plasma inserted in-between these etching steps. Oxygen plasma is preferred to 
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effectively remove the contaminations without significant attack of silicon and chromium 

mask.  

 

4.2 Experiment 

In the experiment, E-beam lithography and lift-off was performed to form the Cr hard 

mask, and oxford Instrument PlasmaLab100 ICP 380 was employed for the etching study. 

Silicon was etched by alternating SF6/C4F8 and O2 plasma, rather than adding O2 gas into 

SF6/C4F8 gas mixture. That is, the process is a switching one. Below Table 4.1 shows the 

etching and O2 plasma cleaning recipe. 

 

 

Table 4.1 The recipe of etching step and cleaning step  

 

Thirteen samples with different conditions to evaluate the effect of periodic oxygen 

plasma cleaning are shown in Table 4.2. All samples were first cleaned with 60 sec oxygen 
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plasma before the Si etching started and cleaned again after the end of the Si etching. In 

the etching step, the total etching time was kept constant at 2400 sec; total gas flow of 60 

sccm (42 sccm C4F8 + 18 sccm SF6), 1200 W ICP power, 20 W RF power and 10 mTorr 

pressure at 15 °C were maintained for all samples. In the depassivation step, the O2 gas 

flow is 20 sccm, with ICP power 1200 W, RF power 20 W, pressure 10 mTorr, and 

temperature 15 °C. 

 

Table 4.2 Summary of varied etching parameters 

 

As mentioned before, etching taper angle can be controlled by tuning the gas flow ratio. 

Since the gas flow ratio of SF6/C4F8 = 18/42 was selected, the etched pillar has a slightly 
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positively tapered sidewall profile (the ratio of 22/38 will lead to vertical profile as shown 

in previous study [58]). The reason for choosing the gas flow ratio of 18/42 with a higher 

flow of C4F8 is to observe the effect of the O2 plasma cleaning more obviously. On the 

other hand, too much C4F8 slows the etching significantly that would make the pillar height 

differences less apparent. 

 

4.3 Results and discussion 

The detailed information of etched pillars is shown in Table 4.3.  

 

Table 4.3 Summary of etching results 

*The pillar diameter is the average diameter of pillar top and base; the etching rate is the 

etched height divided by the sum of etching and depassivation time. 
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 Sample 1 is the control group to be the comparison with other samples, and it is 

obtained by 1 cycle of 40min etching step without the depassivation step. The overall 

etching step with etching rate of 139 nm/min results in a pillar with 5.57 µm height and 

1:5.1 aspect ratio. For sample 2, there are 4 cycles of switching 600 sec etching step and 

30 sec depassivation step, so the etching/depassivation time ratio is 20. Sample 3 is similar 

to sample 2 with 8 cycles of switching 300 sec etching step and 20 sec depassivation step, 

so the etching/depassivation time ratio is 15. The SEM images of sample 1, 2 and 3 are 

shown in Figure 4.1. 

 

 

Figure 4.1 SEM images of sample 1, 2 and 3 

*The heights are indicated in images, and the Cr hard mask was not removed. All scale 

bars are 1 µm. 
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 The results indicate that the etching rates of sample 2 with addition of 4 cycles of 

depassivation step and sample 3 with 8 cycles are 172 nm/min and 196 nm/min, and the 

aspect ratio is 1:5.1 and 1:5.2, respectively. It is obvious that more cycles of depassivation 

step inserting to the etching step boosted the etching rate, and the aspect ratio is slightly 

improved when the total etching time was maintained at 40 min all the time. 

 For the following conditions of sample 4 to 7, the depassivation duration was kept 

constant at 10 sec/cycle, and the total etching time was also 40 min. There are 13, 20, 40, 

80 cycles of switching etching step and 10 sec depassivation step for sample 1, 2, 3, 4, so 

the etching/depassivation time ratio is 18, 12, 6, and 3, respectively. The SEM images of 

sample 4 to 7 are shown in Figure 4.2. 

 

 

Figure 4.2 SEM images of sample 4, 5, 6 and 7 

*The heights are indicated in images, and the Cr hard mask was not removed. All scale 

bars are 1 µm. 
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The results indicate that the etching rates of sample 4 with addition of 13 cycles of 10 

sec depassivation step, sample 5 with 20 cycles, sample 6 with 40 cycles and sample 7 with 

80 cycles are 216, 196, 209, 125 nm/min, and the aspect ratio is 1 over 6.9, 6.2, 7.4, 7.5, 

respectively. Comparing with sample 1, increasing depassivation frequency increased the 

etching rate from sample 1 to sample 4, and sample 6. Although the same trend was 

expected for sample 5, it showed slower etching rate. The reason could be that the factors 

such as chamber and wafer temperature, chamber contamination condition for every round 

etching in dry etching process are slightly different [62]. Further increase of the cleaning 

time in sample 7 reduces the etching rate, likely due to the formation of the hard-to-etch 

SiO2. When the excess depassivation step/oxygen time is introducing into the chamber, the 

top few nanometers silicon of sample will be oxidized, and the selectivity between Cr and 

Si is much higher than that between Cr and SiO2. Then the etching rate is obviously 

decreased in surface oxidation condition. 

 When the cycles are increasing to 160, 240 and 480 for following samples from 8 to 

10, the depassivation duration was maintained at 5 sec/cycle, and the total etching time was 

also 40 min. The SEM images of sample 8 to 10 are shown in Figure 4.3. 
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Figure 4.3 SEM images of sample 8, 9 and 10 

*The heights are indicated in images, and the Cr hard mask was not removed. All scale 

bars are 1 µm. 

 

 As mentioned before, the results show that more frequent cleaning gave higher etching 

rate and aspect ratio from sample 1 to 4 and sample 6. However, too frequent cleaning led 

to worse result, such as lower etching rate likely due to excess surface oxidation by oxygen 

plasma knowing that oxide is harder to etch than silicon (sample 7), and too much lateral 

etching causing mask falling off likely due to the excess removal of sidewall passivation 

layer (sample 8 to 10). 

As a result, sample 6 with fixing total etching time divided to different cycles has the 

highest etching rate with the highest pillar height of 9.77 μm and the aspect ratio of 1:7.5, 

and this result is obtained by 40 cycles of 60 sec etching and 10 sec cleaning. In order to 
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figure out the effect of the time of depassivation step itself to the etching rate and aspect 

ratio, conditions of same cycles of depassivation step with different oxygen plasma time 

inserting into identical cycles of etching step were also applied to sample 11-13. Here we 

fixed the etching time as 120 sec (same as the previous sample 5), and varied the cleaning 

time from 5 to 60 sec. 

The SEM images of sample 11 to 13 and sample 5 are shown in Figure 4.4. 

 

 

Figure 4.4 SEM images of sample 11, 5, 12 and 13. 

*The heights are indicated in images, and the Cr hard mask was not removed. All scale 

bars are 1 µm 

 

The results show that longer cleaning time per cycle boosted the etching rate and aspect 

ratio when the total cycle is fixed, but not dramatically, so we consider 10-20 sec as suitable 
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cleaning time. However, too long cleaning time leads to serious mask erosion (sample 12 

and 13). Apparently, the fluorocarbon polymer residue on horizontal surface is not mono 

layer covering on surface. Otherwise, it would be sufficient to remove the residue with 

several sec cleaning step, as one would imagine needed for continuous silicon etching. It 

was reported that free radicals like fluorine (F) can penetrate around 5 nm of fluorocarbon 

polymer underneath to etch the silicon [63]. Another possible mechanism is that O2 plasma 

may render the top Si surface amorphous by ion bombardment, and it becomes easier to 

etch, but this will not play a significant role since the amount of Si etched during each cycle 

is far beyond the amorphous Si layer thickness. 

 

4.4 Summary 

It was showed that the method of switching between SF6/C4F8 etching and O2 cleaning 

by introducing periodic O2 plasma cleaning step can significantly improve the etching rate 

without any adverse effect. In this experiment, a cleaning step of order 10 sec is considered 

as optimal finally. Too long cleaning step leads to slower etching rate due to hard-to-etch 

SiO2 formation, serious mask erosion and lateral/undercut etching. 
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Chapter 5 Fabrication of ultra-high aspect ratio silicon 

nanopillar arrays 

 

This chapter covers a new method using DRIE and wet etch sharpening to fabricate ultra-

high aspect ratio silicon nanopillar arrays. The results show that the aspect ratio can be up 

to approximately 130. 

 

5.1 Introduction to HAR nanopillars 

 High aspect ratio structures have potential applications in fields including high aspect 

ratio tip and micro/nano needles for clinical use. The first application, high aspect ratio 

AFM tip, can give higher resolution and clearer restoration in the imaging process. The 

cost of the conventional standard fabrication process by introducing different combinations 

of processing technology including deposition, lithography and etching is pretty high. The 

background and detailed information of HAR AFM tip are covered in Chapter 3, thus only 

nanoneedles will be introduced in this part. 

 The hypodermic needle became widely used in clinical and forensic settings in the late 

19th century [64]. The appropriate needle gauge of the most widely used as hypodermic 

needles in recent years is 25G, which means the outer diameter is 0.5 millimeters. However, 

patients are observed to resist conventional needles due to pain and anxiety [65]; 

microneedle technologies came into our views in the past decade. Usually, transdermal 

drug injection or fluid extraction only requires very small holes, so the diameter of the 
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needle tip can be reduced to several tens micrometers to minimize pain and prevent skin 

and tissue damage. Previous studies reported that microneedles with various tip diameters 

ranging from 10 to 50μm [66] can smoothly penetrate into skin in clinical use, and the tip 

radii can reach to 5μm to perform good penetrability and sufficient delivery [69]. 

Microneedles can be fabricated as hollow structure to inject drugs or extract body fluid for 

bio-detection.  

When the tip diameter decreases to sub-μm scale, it can be used to penetrate cell 

membrane in molecular delivery. The delivery of substances into cells provides an efficient 

approach to observe cell behavior and analyze its conditions. In conventional research, 

scientist tried to use liposomes [67] and viral vectors [68] to send the target functional 

biomolecules, DNAs or RNAs, into cells or tissue organs to obtain the functional product 

for the treatment of various diseases, but challenges including poor operability, low 

efficiency and biological toxicity lead to unsatisfying results. Also, it was reported that 

protein transduction domain (PTD) [69] and cell-penetrating peptides (CPP) [70] 

technologies have been successfully applied to deliver biomolecules, but they are not 

widely used in clinical treatment due to the complexity of transduction mechanism. In 

general, it is very difficult to achieve molecular delivery, as the restriction of membrane 

permeability and structural flexibility will prevent exogenous bioactive substances to 

perform therapeutic effects [71]. That has led to the development of more direct and 

physical methods to transfer biomaterials or probe and study the cell behavior, such as 

those using nano-needles.  
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High aspect ratio and nanoscale width are two fundamental requirements of 

nanopillars. Different manufacturing techniques were developed alongside the strategies 

embraced by the semiconductor industry to promote the development of application-

specific nanopillars. Vapor-liquid-solid (VLS) silicon growth is developed and widely used 

in vertically aligned nanowires synthesis [72], and it can also fabricate nanopillars. In the 

synthesis of VLS, silicon is integrated into a fluid eutectic Au-Si nanodroplet from the 

vapor phase precursor, and then silicon will nucleate into solid phase when the 

concentration exceeds saturation for the eutectic. The growth of nanopillar is strictly 

controlled by the growth temperature and equilibrium vapor pressure of catalyst [73], so 

the quality of nanopillars and throughput cannot be guaranteed by using this method. 

Metal-assisted chemical etch (MACE) for nanopillar fabrication also requires metal 

particles or patterns. Here metal nanostructures formed on top of silicon catalyzes 

nanopillars etching in a mixture of hydrogen peroxide solution and hydrofluoric acid 

(oxidizing HF solution). Although low cost and large area capabilities are really attractive, 

this method is not suitable for nanopillar technologies due to complicated etching 

parameters and uncontrollable quality of products [74]. 

 Since atomic force microscope (AFM) was invented by Gerd Binnig of the IBM 

Research Center in 1986 [3], significant experimental effort has gone into imaging and 

analyzing live biomolecules and biomaterials. The tip should not destroy the cell during 

measurements. The sharpened silicon pyramidal AFM tips have been successfully 

employed to transfer GFP-encoding plasmid DNA into single primary cultured human 
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mesenchymal stem cells [75]. Two methods are often used to sharpen AFM tips: 

oxidization and buffered hydrofluoric acid etching [76][51], and focused ion beam milling 

[77]. The latter method has high cost in production. 

This Chapter presents a combined method to fabricate high aspect ratio nanopillar 

arrays by reactive ion etching and then sharpening to nanoscale by wet etching process. 

Compared to other methods as we mentioned above, this method would offer both high 

cell viability and high fabrication throughput. Here, we demonstrate that our nanopillars 

can achieve ultra-high aspect ratio of order 100. 

 

5.2 Experiment 

The schematic of high aspect ratio nanopillar array fabrication process is shown in 

Figure 5.1. RCA cleaning process was performed on a silicon wafer with <100> surface 

orientation to remove the ionic and organic contaminations and the natural oxide layer. 

RCA 1 is a solution of hydrogen peroxide, ammonium hydroxide and deionized (DI) water, 

and RCA 2 is a solution of hydrofluoric acid, hydrogen chloride, and DI water. Then bilayer 

of positive tone resist including 250 nm ZEP-520A and 220 nm PMMA resists was spin-

coated on the bare silicon wafer, and pre-baked for 3 min at 180 C°. Electron beam 

lithography using Raith at 20 kV with dose of 500 µC/cm2 was performed to define many 

2x4 circular dot arrays with 1 µm diameter (Figure 5.1b), and both electron beam resists 

were developed with xylene for 2 minutes. According to the different dissolution rates of 

ZEP and PMMA in the developer, it can create an overhang resist pattern which is favorable 
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for lift-off process (Figure 5.1c). 

 

Figure 5.1 Schematic of fabrication and sharpening process for high aspect ratio 

nanopillar array  

 

After development, 150nm Cr is evaporated by Intlvac e-beam evaporator (Figure 

5.1d), and liftoff process is followed by acetone bath with ultrasonic agitation (Figure 5.1e). 

Then non-switching pseudo-Bosch process was carried out to obtain silicon pillar arrays 
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(Figure 5.1f). In the etching process, 22 sccm SF6 and 38 sccm C4F8 gases were introduced 

to the chamber simultaneously, and 1200 W ICP power, 20 W RF power, 10 mTorr pressure 

at 15 °C were applied in the Oxford ICP380 instrument. After the chromium mask was 

removed from the top (Figure 5.1g) of nanopillar array having 10μm height, 

sharpening/thinning down process was conducted by wet etching (Figure 5.1h). 

Hydrofluoric acid (HF) solution was diluted for more accurate volume measurement (as 

the HF concentration is extremely low in the final etchant), and then mixed with undiluted 

nitric acid (HNO3) solution to obtain a final ratio of HF : HNO3 = 1 : 200. Note that, since 

the amount of HF is very low, the water used to dilute it initially can be ignored when 

calculating the mixing ratio. Finally, the sample was put into the mixture for 8 minutes to 

sharpen/thin down the nanopillars. 

 

5.3 Results and discussion 

After liftoff to fabricate the Cr mask, the silicon plasma etching was carried out to 

obtain nanopillar arrays, which are shown in Figure 5.2 (a)(b). The measured diameters of 

top, middle, and bottom part of unsharpened nanopillar are respectively 755nm, 820nm, 

and 755nm, which shows the pillar profile is nearly vertical. A key point in the fabrication 

is the non-switching pseudo-Bosch process. In this process, SF6 and C4F8 gases are 

introduced to the chamber simultaneously, and the gas flow ratio will influence the taper 

angle of silicon nanopillar sidewall. Our study previously showed that flow ratio of 22/38 

leads to vertical profile [58], so it is chosen to etch nanopillars in this experiment.  
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Figure 5.2 (a) Nanopillar array before sharpening process. (b) Detailed information and 

profile of pillars before sharpening. The diameter of pillar top part is 755nm. (c) 

Nanopillar array after sharpening process. (d) Detailed information and profile of pillars 

after sharpening. The diameter of pillar top part is 74nm. 

 

In order to achieve needle-like structure by using isotropic wet etching, chemical 

system including HNO3, HF and CH3COOH/H2O is applied here to sharpen/thin down the 

pillars. According to Figure 5.3, the etching rate varies with different weight percentage of 

HF, HNO3 and diluent. The oxidation step is rate limiting in the high hydrofluoric acid 

region, and the oxide removal step is rate limiting in the high nitric acid region [78]. When 
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the ratio of HF/HNO3 is around 4.5, the silicon etching rate is fastest, and it is determined 

by the flow of reagent to the surface by diffusion [79].  

 

 

Figure 5.3 Curves of constant rate as a function of etchant composition in the system 49% 

HF, 70% HNO3 and diluent (adopted with permission from Ref. [79]). 

 

The addition of H2O mainly reduces the concentration of HNO3, thereby reducing the 

oxidation of silicon. The addition of CH3COOH with a relatively high dielectric constant 

reduces the dissolution/decomposition of HNO3, and it also reduces the oxidation. From 

Figure 5.3, the reaction rate with CH3COOH diluent is faster than that with H2O. When 

increasing the concentration of diluent from 0% to 10%, silicon structures will be etched 

away more rapidly with acetic acid diluent than with H2O diluent, and the sidewall profile 

is smoother for H2O diluent [80]. And in the system with H2O diluent, the sharpening is 
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more effective when the etching step (oxide removal step) is rate limiting in the high nitric 

acid region.  

The etching rate should be slow enough for precise process control in our pillar 

fabrication due to its nanoscale size, and so a ratio of 200:1 between HNO3 and HF was 

chosen in this work. One would be able to obtain similar results if using a different ratio 

such as HNO3/HF = 100:1 but adding some water as diluent. In principle, one can also 

obtain similar low etching rate using a high ratio of HF:HNO3 (i.e. HF-rich), but the etched 

surface would be quite rough. In fact, the oxidation of Si is catalyzed by HNO2 that is 

always available in nitric acid as an impurity; and when Si is etched, HNO2 is generated, 

which in-turn boost further the local Si etching rate. That is, the etching is auto-catalyzed, 

and when the concentration of nitric acid is low compared to HF concentration, the local 

etching rate would depend heavily on the initial random availability of HNO2 impurity at 

the etching site, leading to rough surface.            

After sharpening, the profile is shown in Figure 5.2 (c)(d), and the measured diameters 

of top, middle, and bottom part of sharpened nanopillar are respectively 74 nm, 221 nm, 

and 129 nm. As a result, the shrinkage of pillar top part is 681 nm, and that of bottom part 

is 626 nm.  

 

5.4 Summary 

In this chapter, a method to fabricate HAR silicon nanopillar arrays by ICP-RIE and 

wet-etch sharpening is introduced to overcome the drawbacks of low throughput and high 



 60 

cost of other conventional nanopillar fabrication techniques. Electron beam lithography 

and lift-off of metal mask was performed for forming array patterns, then ICP-RIE and 

sharpening was carried out. The pillar apex diameter is 74 nm when the pillar height is 10 

μm, so the aspect ratio is very high, approximately 130. As such, ultra-high aspect ratio 

silicon nanopillar arrays can be achieved using this cost-effective method. 
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Chapter 6 Conclusions and future direction 

All the current commercially available fabrication methods of HAR AFM tips are 

made one by one which leads to very high price compared to the regular pyramid-shaped 

tips. To reduce the cost and increase the throughput of HAR AFM tips, we have focused 

on the fabrication and developing a method to fabricate tips in a batch process. Similar to 

high aspect ratio tips, high aspect ratio silicon nanopillar array is also widely used. We also 

present a cost-effective method by using DRIE and wet etch sharpening to fabricate ultra-

high aspect ratio silicon nanopillars array. Dry etching in an essential process in micro/nano 

fabrication techniques, and non-switching pseudo-Bosch etching process can be improved 

by introducing oxygen plasma cleaning steps. 

 

 

Figure 6.1 Conclusions and future works 

Based on the experiences and findings of this project, there are several 

recommendations for future work in the field of fabrication of high aspect ratio structures 

as shown in Figure 6.1. 
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According to the fact that hollow microneedles with various tip diameters ranging from 

10 to 50μm can smoothly penetrate skins, hollow nanoneedle can be fabricated to inject 

substance. Also, different conditions can be tested to improve the results. For example, the 

mixture of oxygen and argon gas can be introduced as cleaning step into plasma etching to 

observe the effect in non-switching pseudo-Bosch etching process, and different ratio of 

hydrofluoric acid and nitric acid can be applied to sharpen the structures. Lastly, it is 

important to ensure the repeatability and achieve quantity production of the fabrication. 
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