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ABSTRACT OF THE DISSERTATION 
 

Highly Controlled Fabrication of Carbon Nanotube Based Probes for  

Atomic Force Microscopy 

by 

I-Chen Chen 

Doctor of Philosophy in Materials Science and Engineering 

University of California, San Diego, 2007 

Professor Sungho Jin, Chair 

 

This thesis describes a fabrication process to grow a single carbon nanotube 

(CNT) based probe on an atomic force microscopy (AFM) cantilever by direct current 

plasma enhanced chemical vapor deposition (DC-PECVD).  Electron beam induced 

deposition (EBID) of carbon dots is utilized for catalyst patterning without using any e-

beam resist.  Its resist-free characteristic makes EBID a good choice for fabrication of 

patterns on the edge of the cantilever.  CNT probes with < 10 nm tip radius and desired 

growth direction were produced by electric-field-guided DC-PECVD growth.  This 

process is also capable of being integrated in batch fabrication. 

A tunable CNT growth technique was also developed to control the plasma-

induced surface stresses on cantilever beams during PECVD process.  By introducing 

hydrogen gas to the (acetylene + ammonia) feed gas during CNT growth and adjusting 

the ammonia to hydrogen flow ratio, the cantilever surface stress can be altered from 

compressive to tensile stress, and in doing so controlling the degree of cantilever 

 xviii



 

bending. This technique enables us to solve the serious bending of low stiffness 

cantilevers after PECVD growth, which makes the CNT probe unsuitable for AFM 

measurements.   

High resolution imaging of thin film specimens and deep trenches were 

demonstrated using these CNT based probes in tapping-mode, as well as in contact-

mode.  The mechanical durability of CNT probes was examined by continuous 

scanning on silicon nitride surface.  No degradation in imaging performance was 

observed after 8 hours of operation.  Additionally, high coercivity iron-platinum coated 

CNT probes have been fabricated for magnetic force microscopy (MFM) applications.  

The FePt-coated CNT probe has much localized magnetic stray field due to the high-

aspect-ratio geometry and small radius of the tip. The MFM imaging on magnetic 

recording media was performed, and images with 20 nm lateral resolution have been 

demonstrated. 
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CHAPTER 1:  INTRODUCTION 

1.1 Introduction of atomic force microscopy  

Scanning probe microscopy is a new branch of microscopy that forms images of 

surfaces based on detection of interactions between a physical probe and a specimen 

surface.  The first demonstrated scanning probe microscope (SPM) was the scanning 

tunneling microscope (STM), which was developed by G. Binnig and H. Rohrer of 

IBM's Zurich Lab in Switzerland.1  In this technique, the atomic scale image is obtained 

by monitoring the electric tunneling current between a metallic tip and sample surface 

when the tip is brought sufficiently close to the surface and raster scanned. 

  STM is dependent on the conductivity of the sample being imaged.  Since a 

finite tunneling current is required, STM can not be used for imaging non-conducting 

samples.  In 1986, the atomic force microscope (AFM) was invented by Binning, Quate 

and Gerber.2 The AFM can overcome this limit and be used for imaging conducting 

specimens, as well as non-conducting ones.  AFM operates by measuring the atomic 

forces (either attractive or repulsive forces) between the probe and the surface.  AFM 

has been an important and powerful technique for resolving nanoscale features, and thus 

has been utilized for various scientific, engineering, and biological applications.  

 

1.2 Issues of the conventional AFM probe tip 

The key component of AFM is the probe tip, as the resolution and reliability of 

AFM imaging is determined by its sharpness, shape and the nature of materials.  

Standard commercial probes made of silicon or silicon nitride have tips with a pyramid 

shape (shown in Figure 1.1), which do not allow easy access to narrow or deep 

1 

http://en.wikipedia.org/wiki/Microscopy
http://en.wikipedia.org/wiki/Gerd_Binnig
http://en.wikipedia.org/wiki/Heinrich_Rohrer
http://en.wikipedia.org/wiki/IBM
http://en.wikipedia.org/wiki/Zurich
http://en.wikipedia.org/wiki/Switzerland
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structural features, and generally have a relatively blunt tip radius on the order 

of 10 nm. 

There have been several techniques developed for making high-aspect-ratio 

probes with sharp tips for AFM applications, such as using focused ion beam etching on 

Si or metal tips,3-5 focused electron beam deposited amorphous carbon tips,6,7 and 

nanowire probes by field emission induced deposition.8  However, these high-aspect-

ratio probes are not durable and are easily damaged during scanning, which doesn’t 

allow long time imaging.  In addition, these fabrication methods have their own 

disadvantages.  The methods based on focused ion beam etching, focused electron beam 

deposition or field emission induced deposition require a serial process and are only 

capable of making a single tip at a time, which is very time-consuming.  

 

 

 

Figure 1.1 SEM images of (a) a Si AFM probe and (b) a silicon nitride AFM probe. 
(Veeco Probes) 
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1.3 Methods of making carbon nanotube AFM probes and their drawbacks 

Due to its high aspect ratio geometry, small tip diameter and excellent 

mechanical properties, carbon nanotubes (CNTs) have become a promising candidate 

for new AFM probes to replace standard silicon or silicon nitride probes.  CNT tips 

could offer high resolution images, while the length of CNT tips allows the tracing of 

steep and deep features. 

However, there has been much less progress towards development of reliable 

processes for CNT AFM probes. CNTs have been attached on to pyramid tips by 

various approaches9-13 as well as directly grown using thermal chemical vapor 

deposition (CVD).14-16  The attachment methods are manual and time consuming, and 

often results in non-reproducible CNT configuration and placement.  While thermal 

CVD approach can potentially lead to wafer scale production of AFM tips, the number, 

orientation and length of CNTs are difficult to control. 

Recently, two approaches have been employed to fabricate multi-walled 

nanotube probes on tipless cantilevers by DC plasma enhanced CVD (DC-PECVD)17,18  

These approaches, however, require somewhat complicated, multiple patterning steps  

The catalyst dots in both approaches are patterned by lift-off of spin-coated polymethyl 

methacrylate (PMMA) layer following typical e-beam lithography.  Reliable and 

uniform spin coating of a resist layer generally requires a relatively large area, and is 

difficult to achieve for a tipless cantilever which has a narrow and elongated geometry.  

In one of these reports,17 patterned catalyst dots were formed before the fabrication of 

the cantilevers, but the catalyst had to be protected by PECVD-deposited Si3N4 layer in 

order for the catalyst dots to survive and preserve catalytic activity throughout the 
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subsequent microfabrication steps.  In the other report,18 the e-beam lithography steps 

had to be used twice to pattern a catalyst dot on the commercial tipless cantilever in 

order to remove extra Ni catalyst on the cantilever.  The probe tip radii reported are also 

relatively large.   

An important aspect to consider in utilizing CNT probes is that the single-walled 

nanotube probes with a desirable small diameter tend to exhibit an inherent thermal 

vibration problem if the length is made reasonably long, and hence they can not be used 

to trace deep structural profiles.  On the other hand, multi-walled nanotubes such as 

synthesized in DC-PECVD19-22 have a larger diameter in the regime of 20–100 nm and 

hence exhibit improved mechanical and thermal stability, but the catalyst particle at the 

nanotube probe tip (or the natural dome structure in a nanotube grown by a base growth 

mechanism) has a finite radius of curvature which limits the AFM resolution. 

 

1.4 Overview of thesis 

In this work, the fabrication of a sharp and high-aspect-ratio conical carbon 

nanotube probe which possesses desirable thermal stability and mechanical toughness 

has been demonstrated by employing resist-free electron beam induced deposition 

(EBID) of carbon masks combined with electric-field-controlled CVD growth.  A 

tunable CNT growth technique was also developed to control the plasma-induced 

surface stresses on cantilever beams during PECVD process.  High resolution AFM 

imaging of nano-scale features and deep trenches was demonstrated using the fabricated 

probes.  In addition, high coercivity iron-platinum coated CNT probes were fabricated 

and evaluated for magnetic force microscopy (MFM) application. 
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In chapter 2, a brief introduction of AFM is given, including its principles, 

instrumentations, commonly used operation modes and imaging artifacts from the tip 

convolution. 

In chapter 3, section 3.1 gives a brief background on CNTs, including structures, 

properties, synthesis methods and applications. Section 3.2 presents the development of 

the EBID patterning technique for CNT probe fabrication.  Section 3.3 shows geometry- 

controlled and direction-controlled growth of CNT probes on tipless cantilevers by 

PECVD. 

Chapter 4 discusses how to control the surface stresses of cantilevers during 

PECVD growth of CNTs.  Section 4.2 and 4.3 give a brief introduction and definition of 

plasma-induced stresses, and how the surface stresses cause the cantilever bending and 

thus affect the AFM measurements.  Section 4.4 shows how the surface stresses of the 

cantilevers can be well-controlled by introducing hydrogen gas and adjusting the flow 

rate. 

Chapter 5 contains all of the results and discussions of AFM and MFM imaging 

using conical CNT AFM probes.  Section 5.2 demonstrates the tapping-mode imaging 

in air, as well as in liquid.  Section 5.3 demonstrates the contact-mode images of soft 

materials and trench patterns.  Section 5.4 shows durability test on CNT probes.  

Section 5.5 demonstrates the MFM images using magnetic film coated CNT probes and 

presents some analysis on the image quality and resolution.   

Chapter 6 gives a conclusion of the main results in this study and discusses some 

ideas for future work. 
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CHAPTER 2:  FUNDAMENTALS OF ATOMIC FORCE MICROSCOPY 

 

2.1 Instrumentation 

Atomic force microscope (AFM) is a very powerful surface analysis tool which 

is capable of achieving high resolution of the three dimensional surface morphology of 

the sample.  AFM was developed to overcome the drawback of scanning tunneling 

microscope (STM), which can only allow imaging conducting or semiconducting 

samples. The AFM, however, can be used not only to image conducting samples, but 

also non-conducting specimens, including polymers, ceramics, composites and 

biological samples. 

The basic components of an AFM system are illustrated in Figure 2.1.  The 

AFM consists of a micro-cantilever with a sharp probe at its end used to scan the 

surface of a sample, which motion is controlled by a piezoelectric scanner and a laser 

diode (LD)/position-sensitive detector (PSD) integrated part with a programmable 

software to read and feedback the voltage signals and.  The cantilever is typically made 

by silicon or silicon nitride with a tip at the free-end.  In some AFM systems, the 

piezoelectric scanner is used to control the motion of the probe instead of the sample 

stage.  Besides, an optical microscope is essential for locating features on the sample 

surface and for monitoring the probe approach process.  The AFM has to be placed on a 

vibration isolation table or unit since the scanning probe techniques require 

minimization of all sources of mechanical and electrical noise.  If these types of noise 

are not well-controlled and reduced, the high resolution images are impossible to obtain. 
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Figure 2.1 Schematic illustration of the typical components to make up an AFM 
system. 

 

 

2.2 Principles of atomic force microscope 

In an AFM operation, a constant force is maintained between the probe and 

sample while the probe is raster scanned across the surface. By monitoring the motion 

of the probe as it is scanned across the surface, a three dimensional image of the surface 

is constructed.  The constant force is maintained by measuring the force by the optical 

lever technique and using a feedback control electronic circuit to control the position of 

the z piezoelectric ceramic. 

 Although the AFM can be operated without feedback control, however, if the 

tip were scanned at a constant height, there would be a risk that the tip would collide 

with the surface and cause damages on either sample surface or tip itself.  Hence, in 
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most cases a feedback control is employed to adjust the tip-to-sample distance to 

maintain a constant force between the probe and the sample.  In the commercial AFM, 

the most commonly used feedback control is the optical lever technique, developed by 

Meyer and Amer,1 where a laser is reflected from the backside of the AFM cantilever 

onto a PSD, as shown in Figure 2.1.  The voltage output from the PSD is sent to the 

computer/controller, which converts the voltage value into a distance.  Thus, the 

cantilever deflection can be monitored and controlled. 

In Figure 2.1, the sample is mounted on a piezoelectric scanner, which 

dimensions can be changed by applying an electric field.  A typical piezoelectric 

material will expand by about 1 nm per applied volt.  The piezoelectric scanner can 

move the sample in the z direction for maintaining a constant force, and the x and y 

directions for scanning the sample.  The resulting map of the xy area represents the 

topography of the sample. 

Since the atomic force microscopy relies on the forces between the tip and 

sample, knowing how the forces change as the tip moves toward and away from the 

surface is important.  Figure 2.2 shows a typical force vs. distance curve of the 

interaction between the probe tip and sample surface.  The force is not measured 

directly, but calculated by measuring the deflection of the cantilever.  When the tip is 

far away from the surface, the no forces act on the cantilever and no deflection occurs.  

As the probe tip is brought very close to the surface, it may jump into contact if it feels 

attractive force from the sample.  Once the tip is in contact with the surface, cantilever 

deflection will increase as the cantilever is brought closer to the sample.  If the 
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deflection of the cantilever is sufficiently large, the cantilever will deflect away from 

the surface and feels repulsive force.  

 

 

 

Figure 2.2 Force vs. distance curve of the interaction between the probe tip and sample 
surface. 
 

 

 

2.3 Operating modes of atomic force microscope 

The AFM can be operated in different modes, depending on the application.  

The three commonly used imaging modes are contact (also called static) mode, tapping 

(also called dynamic or intermittent-contact) mode and non-contact mode. 
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2.3.1 Contact mode 

Contact mode is commonly used in AFM imaging, which is operated in the 

repulsive regime.  As the tip is raster-scanned across the surface, it is deflected as it 

moves over the surface features. During contact-mode imaging, the tip is constantly 

adjusted to maintain a constant deflection, and therefore constant height above the 

surface. It is this adjustment that is displayed as data. However, the ability to track the 

surface in this manner is limited by the feedback circuit.  Because the tip is in hard 

contact with the surface, the stiffness of the cantilever needs to be less that the effective 

force constant holding atoms together, which is on the order of 1-10 N/m.  Most contact 

mode levers have a force constant of < 1N/m. 

 

2.3.2 Tapping mode 

When operated in air, the cantilever is oscillated at its resonant frequency and 

part of the oscillation extends into the repulsive regime, so that the tip intermittently 

touches the surface for a very small fraction of its oscillation period.  High stiffness 

cantilevers with force constant on the order of 15-50 N/m are typically used.  The 

advantage of tapping the surface is improved lateral resolution on soft samples.  Lateral 

forces such as meniscus force, common in contact mode, are virtually eliminated.  

 

2.3.3 Non-contact mode 

In non-contact mode operation, a stiff cantilever is oscillated above the surface 

of the sample in the attractive regime, which means that the tip is very close to the 

surface, but not touching it.  The forces between the tip and sample are quite low (~10-12 

 



13 

N). The detection scheme is based on measuring changes to the resonant frequency or 

amplitude of the cantilever.  Non-contact mode is very difficult to operate in ambient 

conditions with the AFM. 
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CHAPTER 3:  FABRICATION OF CARBON NANOTUBE BASED PROBES 

 

3.1 Introduction of carbon nanotubes  

Until the mid-1980 only two forms of pure solid carbon were thought to exist: 

diamond and graphite. In 1985, a brand-new carbon molecule, Buckminsterfullerene 

C60, was discovered by Harold W. Kroto, Richard E. Smalley and Robert F. Curl. 

Afterwards, other related molecules composed of only carbon atoms were also revealed. 

These carbon molecules were recognized as a new class of carbon allotropes, called the 

Fullerenes.  

Carbon nanotubes (CNTs), which were discovered in 1991 as elongated 

Fullerenes are composed of graphene sheets that are rolled up into tubes.  Since the 

discovery, CNTs have been considered to have many potential applications in various 

science and engineering fields because of their unique physical and chemical properties.  

Although most academic and popular literatures attribute the discovery CNTs to Sumio 

Iijima of NEC, a 2006 editorial written by Marc Monthioux and Vladimir Kuznetsov in 

the journal Carbon has described the interesting and often misstated origin of CNTs:  In 

1952’s Russian Journal of Physical Chemistry, L.V. Radushkevich and V.M. 

Lukyanovich published Transmission Electron Microscopy (TEM) images of 50 nm 

diameter tubes made of carbon.  It is likely that carbon nanotubes were produced before 

this date. 
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3.1.1 Structures of carbon nanotubes 

The structure of CNTs has been explored by high resolution TEM and Scanning 

Tunneling Microscopy (STM) techniques,5 yielding direct confirmation that the CNTs 

are seamless cylinders formed by the honeycomb lattice of a single layer of crystalline 

graphite, called a graphene sheet.  In general, CNTs are divided into two types, single-

walled nanotubes (SWNTs) and multi-walled nanotubes (MWNTs), as shown in Figure 

3.1.  SWNTs were discovered experimentally by Iijima et al. at the NEC Laboratory6 

and by Bethune and coworkers at the IBM Almaden laboratory in 1993,6,7 two years 

after the discovery of MWNTs.2  A SWNT is composed of only one grapheme sheet 

rolled up to form a cylindrical and seamless tube while a MWNT consists of a number 

of concentric tubes. 

 

 

Figure 3.1 The observation of SWNTs and MWNTs by TEM. (a) TEM image of 
SWNTs reported by D. S. Bethune et al.6 (b) TEM image of MWNTs reported by S. 
Iijima.2
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By rolling a graphene sheet in different directions, different types of nanotubes 

can be formed.  The graphene lattice structure can be described with the basis vectors of 

the graphene net, a1 and a2 (Figure 3.2).  A SWNT can be characterized by a chiral 

vector C = na1 + ma2 in terms of a set of two integers (n,m) corresponding to the basis 

vectors, as shown on Figure 3.2.8  The chiral angle θ is defined as the angle between the 

chiral vector C and a1 direction (m = 0).  Based on the chiral vector and angle, three 

different types of nanotubes can be generated by rolling up the graphene sheet into a 

cylinder: The tubes with m = 0 (θ = 0˚) are commonly referred to as zigzag nanotubes 

and n = m (θ = 30˚) as armchair nanotubes.  Other nanotubes corresponding to 0˚ < θ < 

30˚ are called (n,m) chiral nanotubes.   

 

a1 

a2 

C 

θ 

armchair 

zigzag 

(6,3) 
T 

 

Figure 3.2 The chiral vector C = na1 + ma2 is defined on the honeycomb lattice of a 
graphene sheet by unit vectors, a1 and a2 and the chiral angle with respect to the a1 axis, 
i.e. zigzag axis (θ = 0˚). The armchair axis is 30˚ off from the zigzag axis. A nanotube 
(6,3) is formed by rolling the graphene sheet along the chiral vector C. Also shown the 
lattice vector T of the nanotube unit cell.  

 



17 

The ideal MWNTs have concentric cylindrical layers formed by rolled-up 

graphene sheets, as shown in Figure 3.3(a).  The walls of each layer of the MWNT are 

parallel to the central axis (α = 0, α is defined as an angle between the tube axis and the 

graphene sheet surface).  In this work, The CNTs were all grown by DC-PECVD 

process which always produces CNTs with the stacked cone structure (as known as the 

herringbone or bamboo-like structures, shown in Figure 3.3b) instead of perfect tube-

shaped CNTs.  Figure 3.4(a) and (b) show TEM images of perfectly tube-like CNTs and 

herringbon-like ones.  Both bamboo and herringbone-like CNTs are sometimes called 

carbon nanofibers (CNFs) since they are not made of perfect graphene tubes.  In this 

dissertation, although some authors might claim otherwise, we prefer to use the term 

CNT to describe them. 

 

 

(a) (b) α 
α = 0 

Figure 3.3 Schematic structures of (a) tube-like carbon nanotubes and (b) stacked cone 
nanotubes.  
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(a) (b) 

Figure 3.4 (a) TEM image of a herringbone-like carbon nanotube. (b) TEM image of a 
bamboo-like carbon nanotube.9  
 

 

3.1.2 Properties of carbon nanotubes 

CNTs have remarkable mechanical properties because of the strong σ bonding 

(carbon-carbon bonds) of the graphene sheet and, they also possess excellent electronic 

properties and other unique characteristics.  From the previous section, we know that 

CNTs have many different types of structures and geometries (such as the chiral angle 

and diameter) which may lead to various and interesting properties.  For these reasons, 

CNTs have attracted much academic research interest to explore these properties and 

develop CNT-based devices.  

Electronic properties of CNTs have received a lot of attention in the past few 

years.10,11  Their extremely small size and high-aspect-ratio geometry offer a great 

model for studying one dimensional quantum effects.  Both theoretical calculations12,13 
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and experimental results14-19 have shown that CNTs possess various interesting and 

excellent electronic properties.  

The mechanical properties of CNTs have also been studied experimentally and 

theoretically.  Most theoretical calculations are carried out for CNTs with defect-free 

structures.20,21  Table 3.1 shows the mechanical properties of carbon-based materials.  

From the calculations, CNTs are predicted to have exceptional mechanical properties, 

particularly high stiffness and axial strength, as a result of their seamless graphitic 

structure.  The Young’s modulus of perfect SWNTs is ~ 1 TPa, which is comparable to 

that of the diamond, the material with the highest stiffness.20 The calculation is in 

agreement with experiments on average.22,23   

 

Table 3.1 Mechanical properties of carbon-based materials 
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SWNTs are also the strongest known material with a specific tensile strength as 

high as 100 times that of steel.24.  Theoretically, the Young’s modulus of MWNTs takes 

the highest value of a SWNT plus contributions from coaxial intertube coupling.  Thus, 

the Young’s modulus for MWNT is higher than a SWNT.25  Experimentally, however, 

the mechanical properties of MWNTs are not as good as those for SWNTs due to the 

difficulties of making them defect free.  

 

3.1.3 Synthesis methods of carbon nanotubes 

There are various growth methods for carbon nanotubes, such as arc 

discharge,2,26 laser ablation,1,7 thermal chemical vapor deposition (TCVD),27-29 and  

plasma enhanced chemical vapor deposition (PECVD).30-32  While arc discharge and 

laser ablation are very efficient methods for producing high-quality nanotubes in large 

quantities, the by-products, including fullerenes, graphitic polyhedrons and amorphous 

carbon, are always created during the processes.  Thus, complex purification procedures 

for obtaining CNT materials are required.33  Also, these methods do not offer good 

control over the spatial arrangement of the produced CNTs. 

Recently, CVD methods have been widely used to grow CNTs because it allows 

controlled synthesis of CNTs with selected catalyst patterns. While TCVD approaches 

can potentially lead to wafer scale production of CNTs, only PECVD can offer good 

control of the number, orientation and length of CNTs during synthesis.  Due to its 

highly controllable process, PECVD is the best way for growth of CNT AFM probes 

(See Ref. 34 for a review of PECVD growth of CNTs).  
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3.1.4 CVD growth mechanism of carbon nanotubes 

The CVD based growth process involves heating a catalyst material on a 

substrate to high temperatures in a chamber and flowing a hydrocarbon gas through the 

chamber for a period of time.  The main difference between TCVD and PECVD process 

is that in TCVD thermal energy is used to activate the hydrocarbon gas, whereas in 

PECVD the molecules are activated by electron impact.  The gas activation takes place 

in nonequilibrium plasma, generally referred to as a glow discharge.  The catalyst 

materials are usually transition-metal nanoparticles spread or patterned on a sample 

surface.   

There are two different growth modes that have been observed for the catalytic 

growth of CNTs.  In base growth mode, shown in Figure 3.5(a), the catalyst particle 

adheres to the substrate while the CNT is grown up above it.  In tip growth mode, the 

catalyst particle stays on the top end of the nanotube where the CNT growth occurs, as 

illustrated in Figure 3.5(b).  Tip growth mode is better for fabricating long CNTs 

because carbon vapor species interact more efficiently with the catalysts.  It has been 

proposed that the growth mode depends on the interaction of the catalyst with its 

support.35   

 Figure 3.6 shows a schematic illustration of the growth mechanism of CNTs by 

CVD.  Tip growth mode was used as an example, which is mostly observed in the 

PECVD process.  The general nanotube growth model, called the vapor-liquid-solid 

(VLS) model, involves absorption and decomposition of hydrocarbon molecules at the 

surface of the metal catalyst particle, and dissolution and saturation of carbon atoms in 

the catalyst particle.  Carbon atoms from decomposition of hydrocarbon molecules 
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diffuse through the bulk of the catalyst particle or along the surface of the catalyst 

particle. After the catalyst particle becomes supersaturated with carbon, the 

precipitation of carbon from the catalyst particle results in the formation of graphene 

planes.  The catalyst particle shape and inclined planes shown here are typical of those 

observed when Ni is used as the catalyst particle in a DC-PECVD process.  

 

 

 

Figure 3.5 Two general growth modes of nanotubes by chemical vapor deposition 
process. (a) Base growth mode. (b) Tip growth mode. 
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Figure 3.6 Schematics of the growth mechanism of carbon nanotubes. (a) Adsorption 
and decomposition of the reactant hydrocarbon molecule on the surface of catalyst, (b) 
dissolution and diffusion of carbon species through or around the metal particle, and (c) 
precipitation of carbon from the catalyst particle and formation of graphene layers. 

 

 

3.1.5 Applications of carbon nanotubes 

Carbon nanotubes have extraordinary electrical conductivity, heat conductivity 

and mechanical properties.  Since their discovery, several demonstrations have 

suggested potential applications for nanotubes, such as electron field emitters for 

vacuum microelectronic devices,36,37 nanoprobes for SPM imaging,38 field effect 

transistors,39,40 chemical sensors41 and transparent electrodes for organic solar cells.42  

Recently, aligned CNT arrays have been studied in IC packaging as electrical 

interconnections,43 as well as thermal interface materials to take heat off the IC chips.44 

Due to their high electrical and thermal conductivities, CNTs seem to be very promising 

for these applications.  Some of the above applications could become marketable, while 

most still require further modification and optimization.  
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3.2 Fabrication procedures of carbon nanotube probes 

The fabrication process used in this sutdy is schematically illustrated in Figrue 

3.7.  First, the top surface of the cantilever (NSC/tipless, MikroMasch USA) was coated 

with ~10 nm thick Ni film by e-beam evaporation.  For EBID of carbon dots, a JEOL 

IC845 scanning electron microscope (SEM) with the NPGS software (J. C. Nabity 

lithography system) was used.  The acceleration voltage was 30 kV, and the beam 

current was 50 pA.  The carbon dot deposition time was varied between 8 to 30 s 

depending on the intended size of the dot.  No special carbonaceous precursor 

molecules were introduced as the residual carbon-containing molecules naturally 

presenting in the chamber was sufficient for EBID processing to form amorphous 

carbon dots on the cantilever surface.  A single carbon dot with a selected diameter of 

~400 nm was deposited near the front end edge of the cantilever by EBID as illustrated 

in Figure 3.7(b).  The carbon dot serves as a convenient etch mask for chemical etching.  

The Ni film was then etched away by using a mixture of [H3PO4]:[HNO3]: 

[CH3COOH]:[H2O] = 1:1:1:2 except the portion underneath the mask.  The removal of 

carbon dot mask after the catalyst patterning was performed with oxygen reactive ion 

etch (RIE) for 1 min, which exposed the Ni island as illustrated in Figure 3.7(c).  The 

cantilever with the Ni island was then transferred to the DC-PECVD system for 

subsequent growth of the CNT, Figure 3.7(d).  The growth of the CNT probe was 

carried out at 700˚C for 10-20 min using a mixture of NH3 and C2H2 gas (ratio 4:1) at 3 

mtorr pressure.  An applied electric field was utilized to guide the growth of the 

nanotube along the desired direction.    In this fabrication technique, catalyst patterning 
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and PECVD growth of CNTs are the key procedures, which will be discussed in the 

following sections. 

 

 

Figure 3.7 Schematic illustration of the resist-free fabrication technique for a single 
CNT based AFM probe. (a) Catalyst deposition by e-beam evaporation. (b) E-beam 
induced deposition of a carbon dot mask. (c) Metal wet etching and removal of carbon 
dot. (d) PECVD growth of a CNT probe.  
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3.3 Catalyst pattering on cantilevers  

3.3.1 Disadvantages of conventional lithographic techniques 

One of the key processes for CVD-grown CNT probe fabrication is catalyst 

patterning which decides the position, number and diameter of the probe.  

Electrophoretically deposited45 or spin coated46 colloidal catalyst particles on Si 

pyramid tips can not provide a reliable control on the position and number of catalyst 

particles.   

Recently, two approaches have been reported to fabricate multiwall nanotube 

probes on tipless cantilevers.47,48  The catalyst pattering in both approaches were 

preceded by typical e-beam lithography and lift-off of spin-coated polymethyl 

methacrylate (PMMA) layer.  However, uniform spin coating of a PMMA or resist 

layer requires a relatively large and planar surface because step coverage of the resist is 

poor on the highly elevated or deeply etched structures. Therefore, a spin coated 

PMMA layer can not be uniformly conformal on the relatively small piece of tipless 

cantilever or on the Si pyramid tip.  In one of these reports,47 patterned catalyst dots 

were formed before the fabrication of the cantilevers, but the catalyst had to be 

protected by PECVD-deposited Si3N4 layer in order for the catalyst dots to survive and 

keep catalytic activity throughout the subsequent microfabrication steps.  In the other 

report,48 the e-beam lithography steps had to be used twice to pattern a single catalyst 

dot on the tipless cantilever in order to remove extra Ni catalyst on the cantilever.   
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3.3.2 Electron beam induced deposition (EBID) 

Due to the limitation of the conventional resist coating technique, in this study, a 

simple and novel electron beam induced deposition (EBID) technique was introduced 

and developed for catalyst pattering on the end of the cantilever.  EBID is commonly 

observed during electron microscope examination.  The earliest observation was 

reported by Watson in 1947 who found that carbon black particles appeared to increase 

in size on electron microscope specimens under electron bombardent.49  Similar 

phenomena were observed and reported by other researchers, and the sources of 

specimen contamination were investigated.50-54  

The contamination was believed to be the result of interaction between the 

electron beam and organic molecules adsorbed on the bombarded surface. Several 

models were proposed to explain this phenomenon.52,55  Early research work on EBID 

focused on reducing its effect in contaminating the sample surface during electron 

microscopy studies.  Later, EBID was used to make insulating thin films,56 repair 

photomasks,57 and construct three-dimensional nanoscale structures.58,59   

The principle of EBID is illustrated in Figure 3.8.  In a high vacuum condition, 

there are still some residual organic or hydrocarbon molecules inside the chamber, 

which are adsorbed on the substrate surface.  When an electron beam is focused on the 

substrate surface, the hydrocarbon molecules adsorbed in and near to the irradiated area 

dissociate into the nonvolatile deposit (mostly composed of amorphous carbon) and 

volatile fragments as a result of complex e-beam-induced surface reactions.  Different 

precursor gas molecules, such as organometallic compounds, can be introduced into the 

chamber for making patterns of metallic deposits.  
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Figure 3.8 Schematic illustration of the EBID process. The residual hydrocarbon gas or 
an intentionally supplied precursor gas is continuously absorbed to the substrate. An 
electron beam is focused on the substrate. The electrons are dissociating the adsorbed 
molecules and a deposit is formed on the substrate. The volatile components are 
evacuated from the deposition chamber. 

 

 

 

3.3.3 Catalyst islands made by EBID process 

EBID is a simple and fast technique to make patterns and deposit materials 

simultaneously without using any e-beam resist.  Its resist-free characteristic makes 

EBID a good choice for fabrication of patterns on the edge of the substrate, at the top of 

the terrace, or inside the trench.  Broers et al. were the first to use EBID patterns as a 

dry etching mask to fabricate metal lines.60  In this study, carbon dot made by EBID 

was used for catalyst patterning as a wet-etching mask.  
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Figure 3.9(a) shows a carbon dot of 400 nm deposited on the tipless cantilever 

by EBID.  While the use of EBID carbon patterns have been demonstrated as dry 

etching masks,60 there has been no report for their use as wet etching masks to the best 

of our knowledge.  Thus, the chemical etchability of the carbon dots was investigated in 

various acids and other chemicals such as HCl, HF, HNO3, H2O2 and acetone, and it is 

shown that the carbon dots are very stable and remained adherent on the substrate after 

immersing into these chemicals.   

The carbon dots have a unique advantage in that while they are resistant to 

chemical etching, they are easily removable by oxygen RIE.  Also, I found that the 

oxygen RIE process does not affect the Ni film and reduce its catalytic activity for CNT 

nucleation and growth.  Figure 3.9(b) shows the Ni catalyst dot on the tipless cantilever 

after wet etching and removal of the carbon dot.   

The diameter of the Ni dot can be additionally controlled by adjustment of the 

wet etch time due to the sidewall etch.  As shown in Figure 3.9(b), a Ni dot of 300-nm-

diameter can be obtained with a carbon mask of 400-nm-diameter after wet etching 

process.  In general, the sidewall etch rate is much slower than the normal etch rate.  

The periphery of the Ni dot is somewhat non-regular, but it will not affect CNT growth 

because the Ni dot will shrink and become a more or less circular Ni island after heating 

up to 700 ˚C. 
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Figure 3.9 (a) SEM image of a 400 nm EBID carbon dot on the tipless cantilever. (b) 
SEM image of a 300 nm Ni island on the tipless cantilever after wet etching and 
removal of carbon dot.  
 
 
 
 
3.4 Growth of CNT based AFM probes by DC-PECVD 

In this work, a homemade DC-PECVD system was used for growth of CNT 

probes on AFM cantilever beams.  In PECVD, the impact from ions and especially 

electrons activates the molecules in the feed gas.  The presence of the plasma reduces 

the activation energy for the growth of CNTs and allows for the deposition to take place 

at lower temperatures than those required for thermal CVD. 

A schematic illustration of the DC-PECVD process for CNT growth is shown in 

Figure 3.10.  The cantilever with an EBID patterned catalyst dot is placed on the 

cathode which is heated by a heater underneath.  An anode is placed above the cathode 

and sample.  With a controlled supply of feed gas with a certain flow ratio, a negative 

bias is applied to the cathode and with the right combination of pressure, temperature, 
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and applied bias, a dc glow discharge can occur, and a plasma sheath will form over the 

substrate. Within this sheath, a strong electric field is formed and its direction is 

perpendicular to the top surface of the cathode, which can be utilized to grow vertically 

aligned CNTs.   

 

 

Figure 3.10 Schematic illustration of the DC-PECVD process for CNT growth. 
 

 

3.4.1 Growth of a single carbon nanotube 

In order to grow a single CNT probe, the diameter and thickness of an EBID 

defined catalyst dot has to be optimized.  In this study, the thickness of Ni catalyst film 

was fixed at 10 nm.  Thus, the size of patterned catalyst dot is crucial in determining if 

single or multiple nanotubes form.  Figure 3.10 shows SEM images of growth of CNTs 
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from EBID patterned catalyst dots with various sizes.  As shown in Figure 3.10(c), a 

single CNT can be grown with a catalyst dot of 250 nm in diameter. 

Previous experimental studies on CNT growth indicate that the diameter of the 

10 nm thick Ni catalyst island should be kept smaller than ~300 nm to avoid the 

undesirable nucleation and growth of multiple CNTs.   

 

 

Figure 3.11 Growth of CNTs from the circular catalyst pattern with the diameter of (a) 
750 nm, (b) 500 nm and (c) 250 nm. 
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Transmission electron microscopy was performed on a JEOL 3010 transmission 

electron microscope (TEM) operated at 300 kV.  TEM images of CNTs grown using 

DC-PECVD with 450 V dc bias are shown in Figure 3.12.  Figure 3.12(a) shows the 

equi-diameter CNTs with Ni catalyst particles on top of them.  It can be seen that there 

is a thin amorphous carbon layer covered the surface of catalyst particles and CNTs 

after growth.  Figure 3.12(b) is a high resolution TEM image to show the detailed 

structure of CNTs.  It is clearly shown that our PECVD-grown CNTs possess the 

bamboo-like structure.   

 

 

 

Figure 3.12 (a) TEM image of carbon nanotubes grown using PECVD with 450 V bias. 
(b) High resolution TEM image to show the detailed bamboo-like structure of carbon 
nanotubes.  
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3.4.2 Geometry-controlled growth 

From our previous study, the morphology of CNTs can be controlled by 

adjusting the applied bias in DC-PECVD system.61  At a low applied voltage of 450V, 

the size of catalyst particles does not change during growth and the resultant CNTs are 

equi-diameter nanotubes as shown in Figure 3.13(a) and (b).  When the applied voltage 

is increased, e.g., 600V, the diameter of the catalyst particle on the tip can be gradually 

reduced due to plasma etching (sputtering) effect, as indicated in Figure 3.13 (c) and (d). 

The gradually diminishing catalyst size causes the nanotube diameter to change with 

growth time, resulting in a nanocone configuration and eventual complete elimination 

of the catalyst particle at the CNT tip, which is the key mechanism to obtain a very 

sharp tip.  The lateral growth and broadening of the nanocones is attributed to be 

enhanced by the incorporation of redeposited Si which is sputtered away from the 

substrate surface.  This point is supported by the previous study and EDX analysis in 

TEM.  In these experiments, all growth parameters including the temperature and feed 

gas ratio were kept constant except the applied dc bias. 

By using this technique, CNTs with sharp tips and mechanically stable cone 

bases can be fabricated, which are desired for applications of AFM imaging.  Hence, 

this growth technique was then applied to fabricate CNT AFM probes.  Shown in 

Figure 3.14(a)-(c) are the SEM images of a single CNT probe grown with a Ni catalyst 

island patterned by EBID method on a Si tipless cantilever at a dc bias voltage of 450 

V, 500 V and 550 V, respectively, for 10 min.  At the lower bias of 450 V, slender, a 

straight and equi-diameter CNT with ~70 nm diameters were grown vertically aligned 

as shown in Figure 3.14(a).   The Ni catalyst particle on the top of the CNT tip is about 
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the size of the CNT diameter.  When the bias is raised up to 500 V, the CNT probe 

(Figure 3.14b) shows the tendency toward transition to a conical shape, and the size of 

catalyst particle is apparently becoming smaller due to the sputtering effect as the 

growth process continues.  Compared to the 500 V condition, when applying 550V bias 

in10 min growth time, the catalyst particle was totally etched away and a CNT probe 

with a sharp tip was obtained, as shown in Figure 3.14(c).  

 

 

Figure 3.13 (a) Schematic illustration of equi-diameter carbon nanotube growth. (b) 
SEM image of equi-diameter CNTs grown on Si substrate at a dc bias of 450 V for 20 
min. (c) Schematic illustration of gradual reduction of catalyst particle at the CNT tip 
by sputtering and accompanying reduction in CNT diameter. (d) SEM image of conical 
CNTs with the catalyst particles completely removed at 600 V for 20min.  
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Figure 3.14 SEM images of CNT probes grown on a Ni catalyst dot made by EBID 
patterning method at a dc bias of (a) 450 V, (b) 500 V and (c) 550 V, respectively, for 
10 min. 

 

 

Figures 3.15(a) and (b) show the SEM images of a CNT probe (marked by an 

arrow) grown on a tipless cantilever.  In Figure 3.15(a), a single CNT probe grown near 

the edge of a tipless cantilever is shown.  Figure 3.15(b), a higher magnification SEM 

micrograph, shows a CNT with ~2.5 μm height, 200 nm base diameters, and a cone 

angle <5˚.  The inset in Figure 3.15(b) is an example TEM image of CNC tip which 

shows the tip radius of curvature of only a few nanometers. 
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Figure 3.15 (a) SEM image of a single CNT probe grown near on the edge of a 
cantilever (low-magnification, 30 degree tilted view). (b) Side view SEM image of the 
CNT probe.  Inset: TEM image of the CNT tip.  

 

 

3.4.3 Direction-controlled growth 

During normal AFM operations, the AFM cantilever is titled approximately 11° 

with respect to the surface normal direction of the sample for reducing the interaction 

between the cantilever beam and test sample. Thus, the growth direction of CNT probes 

needs to be well-controlled in order to compensate the operation tilt angle of the AFM 

cantilever, so that the probe itself is close to being vertical for stable imaging. 

The correlation between the alignment of CNTs and the growth mode (base or 

tip) has been studied in the PECVD growth process.62  In the case of tip growth mode, 

the catalyst particle follows the direction of the electric-field lines present in the plasma 

sheath. Thus, vertically aligned CNTs can be obtained by using PECVD growth on a 
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flat substrate since the field direction is usually perpendicular to the flat substrate.  In 

contrast, it has been shown that base-type CNTs tend to grow in random orientations.   

The alignment of CNTs by electric fields has been demonstrated by several 

groups.30, 63-65  Merkulov et al. show that he field direction can be changed by placing 

the substrate close to the edges of the substrate holder, and CNTs can be grown along  

variety of angles other than perpendicular to the substrate surface.63  The application of 

both dc and ac fields in a thermal CVD process was shown to align SWNTs and grow 

them suspended above a substrate.64  From our previous study,65 the growth direction of 

CNTs can be controlled by adding an additional metal piece close to the sample as an 

extended cathode part, which can be used to adjust the electric field direction within the 

dc plasma sheath.  

The CNT probe is grown near the free-end of the cantilever, so that the CNT 

growth direction is titled from the normal direction since electric field close to the 

cantilever end is not perpendicular to the cantilever surface.  Figure 3.16 shows a 

simulation of field lines on a cantilever beam within a plasma sheath by using 

FlexPDE5 software (PDE Solutions, Inc.).  The simulation was done with the 

assumption of a vacuum inside the chamber.  The field line direction near the cantilever 

end is ~ 12° with respect to the normal direction of the cantilever surface, which is 

approximately equal to the tilt angle of the cantilever in the AFM operation. From 

Figure 3.15(b), the PECVD-grown CNT probe is ~ 13° titled away from the 

perpendicular, which matches the simulation results very well.  Thus, no electric field 

adjustment is needed to obtain desirable tilt CNT probes during growth. 
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It should be noted that the CNT probe can be made intentionally tilted by 

manipulating the electric field direction during CVD growth by placing an additional 

metal piece close to the cantilever, as described in ref. 65.  Figure 3.17 shows some 

examples of the CNT probes grown at different tilt angles with the cantilevers.  

 

 

 

Figure 3.16 Plots of the simulated electric field lines between the anode and cathode 
and around the cantilever end with the assumption of a vacuum between the electrodes. 
Progressively enlarged areas of the cantilever part in (a) are shown in (b) and (c).  
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Figure 3.17 SEM images of CNT probes grown using electric-field-guided PECVD 
method with a titled angle of (a) 20°, (b) 10° and (c) 5°.  
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CHAPTER 4:  CONTROL OF CANTILEVER BENDING DURING GROWTH 

 

4.1 Introduction  

Although CNT AFM probes have been fabricated using PECVD growth and 

used to demonstrate tapping-mode AFM images, the direct growth of a CNT probe on a 

thin and highly flexible cantilever by PECVD for contact-mode imaging has not been 

reported.  Unlike the tapping-mode AFM cantilever beam, which is usually > 2 µm 

thick and < 125 µm long, the contact-mode AFM cantilever beam is thinner (~1 µm) 

and longer (> 250 µm) in order to image soft or fragile materials.  Plasma-induced 

surface stresses in such fabrication processes, however, tend to cause serious bending of 

these cantilevers, which makes the CNT probe unsuitable for AFM measurements.  

Here, we report a new tunable CNT growth technique that controls cantilever bending 

during deposition, thereby enabling the creation of either flat or deliberately curved 

AFM cantilevers containing a CNT probe.  By introducing hydrogen gas to the 

(acetylene + ammonia) feed gas during CNT growth and adjusting the ammonia to 

hydrogen flow ratio, the cantilever surface stress can be altered from compressive to 

tensile stress, thereby controlling the degree of cantilever bending.  The CNT probes 

grown under these conditions have high aspect ratios and are robust.  Such CNT probes 

can be useful for bio-imaging involving DNA and other delicate biological features.    
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4.2 Plasma-induced damage and stress 

4.2.1 Definition of surface stress 

Surface stress is one of the most important properties of the solid surface, which 

has huge influence on the mechanical, electrical and optical properties of the materials, 

especially for thin films.  The surface stress is often caused by strains at film interfaces, 

from surface defects, surface disorder, surface reconstruction or bonding configuration.1   

Surface stress can be defined by analogy with the stress behavior in thin films on 

a substrate.  Figure 4.1 shows the two situations of surface tress.  The thin film can 

contract (defined as a tensile surface stress by which the surface atoms are pulling 

together) thus bending the cantilever upward, or expand (a compressive surface stress 

by which the surface atoms or species are pushing one another apart) thus bending the 

cantilever downward. 

Surface stress can be seen as the change in the bulk stress tensor near the surface 

or an interface.  As shown in Figure 4.2, the bulk stress tensor τij(z) has the variation in 

the vicinity of the surface, and surface stress is defined as the change of the bulk stress 

tensor, which can be expressed as the integral:1

dzz b
ijij

s
ij ))(( )()( ∫

∞

∞−
−= τττ    (N/m)             (4.1) 

where τij
(s) and τij

(b) are the surface stress and bulk stress of the solid respectively. 

According to the equation (4.1), the unit for surface stress is force per unit length (N/m), 

as opposed to force per unit area for bulk stress. This definition, along with the 

elasticity theory, allows for the experimental determination of the change in surface 

stress, for example, through the bending of a cantilever beam. 
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Figure 4.1 Schematic illustrations of (a) compressive surface stress and (b) tensile 
surface stress.2
 
 
 
 
 

 

Figure 4.2 Schematic illustration of the variation of bulk stress τij(z) near the surface 
(bold solid line) which defines the surface stress according to equation (4.1). The 
indices i and j denote the components of the stress tensor in the x and y direction, 
respectively.1
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4.2.2 Introduction of plasma-induced damage and stress 

The surface stress has been investigated extensively for many years.  It is well 

known that the undesirable surface stress is generally induced in ion-assisted fabrication 

processes, such as ion implantation,3 reactive ion etching4 and PECVD growth of thin 

films.5  During these ion-assisted fabrication processes, the defects can be introduced by 

energetic ion bombardment, as well as the reactions between the substrate and the ions.  

With high energetic ion bombardment, the surface of the substrate may be turned from 

crystalline to amorphous structures. With low energetic ion bombardment, the ion 

species could etch or react with the sample surface at the same time, and thus the ion 

species could bind into the lattice or occupy the interstitial sites.  In either case, the 

defect layer is formed on the top of the surface, which introduces surface stresses and 

could change the surface morphology.  Such defects can also increase scattering of 

mobile charges and reduce carrier lifetimes within the material.  

 

4.3 Surface stress of AFM cantilevers induced during PECVD growth of CNTs 

4.3.1 Cantilever bending due to surface stress 

Cantilevers are presently the most widely used micromechanical structures in 

many engineering areas.  Cantilevers can be a very sensitive sensor for measurements of 

surface stress.  Koch and Abermann6 demonstrated that the change of the surface stress 

induced by the deposition of a single monolayer on one side of the cantilever can be 

detected by measuring the bending of the cantilever.  The bending can also be measured 

with sufficient sensitivity by deflection of the beam of a laser using a position sensitive 

detector, as used in AFM measurements. 
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The bending radius of curvature is directly proportional to changes of the 

differential surface stress.  If the surface stress on one side increases, that side tends to 

contract and the other side would extend. Hence, changes of the surface stress on both 

sides cause the cantilever to bend. The radius of curvature, R, is given by7

)(161
212 σσν

Δ−Δ
−

=
EtR

          (4.2) 

E is the Young’s modulus of the cantilever material, ν denotes the Poisson ratio and t is 

the thickness of the cantilever. Δσ1 and Δσ2 are the surface stress changes of the top and 

bottom side respectively. 

During PECVD growth of CNTs, the plasma density is assumed to be constant 

across the whole cantilever, and thus the uniform plasma-induced surface stress is 

obtained.  For uniform surface stress and isotropic cantilever material, the resulting 

bending over the whole length is circular with a constant radius of curvature R.  Figure 

4.3 shows that a cantilever beam is clamped on one side on which there is no deflection 

and zero slope.  In the case of circular bending, the deflection d at the free end of the 

cantilever is: 

22 LRRd −−=                 (4.3) 

where L is the length of the cantilever. 

When the deflection is not very severe (R >> L), the deflection d can be 

expressed by using the binomial series as approximately,  

R
Ld
2

2

≈                                  (4.4) 

Combining equation (4.2) and (4.4), the total surface stress σt is given by, 

 



50 

d
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2
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−
=Δ−Δ=    (N/m)             (4.5) 

This equation (4.5) is so called Stoney’s formula. 

 

 

 

Figure 4.3 Schematic illustration of a bending cantilever of thickness t. For uniform 
surface stress and isotropic material, the resulting bending over the whole length is 
circular with a constant radius of curvature R. 

 

 



51 

4.3.2 AFM cantilever bending during PECVD growth and its effect 

For surface metrology of delicate surfaces of soft materials such as living cells, 

protein molecules, DNA, fragile cell membranes or soft polymer nanostructures, low 

stiffness AFM probe cantilevers with spring constants < 0.1 N/m, which allow low 

imaging forces, are desirable to minimize structural damage during scanning. The 

plasma-induced stresses and damages introduced during PECVD growth of nanotubes, 

however, result in severely bent cantilevers when thin, low stiffness cantilever are 

utilized as a substrate.  If the bend is sufficiently large, the AFM laser spot focused at 

their end will be deflected off of the position sensitive detector rendering the cantilevers 

unusable for AFM measurements. 

An example of such an undesirable cantilever bending during CNT growth is 

shown in Figure 4.4.  The probe chip in the figure contains three 1 µm-thick silicon 

tipless cantilevers with different lengths (250, 300 and 350 µm).  It is seen that all three 

CNT-containing cantilevers are significantly bent upward after PECVD growth of 

CNTs using a feed gas mixture of acetylene (C2H2) and ammonia (NH3) gas, a 

commonly used recipe for CNT growth.  

Although AFM tapping-mode cantilevers are rather thick and possess higher 

force constant (> 10 N/m, generally), slight bending can still be observed on some kinds 

of the cantilevers from our experiments.  In general, the slight cantilever bending would 

not affect normal AFM measurements. However, for some critical and accurate 

measurements, such as critical dimension measurements, the slight cantilever bending 

can lead to severely misleading images.    
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Figure 4.4 SEM image of bent cantilevers after PECVD growth of carbon nanotubes. 
 
 
 
 
 

4.4 Controlling surface stress of cantilevers during PECVD growth of CNTs 

4.4.1 Tensile surface stress of cantilevers induced by ammonia plasma 

The CNT probes on tipless cantilevers were fabricated using the EBID 

patterning technique and DC-PECVD growth method, as described in Chapter 3.  The 

applied dc bias between the cathode and anode is 500 V during PECVD growth.  Si 

tipless cantilever chips (CSC12/Tipless, MikroMasch USA) were used for CNT probe 
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fabrication.  The length of the selected cantilevers was ~350 µm. The spring constant 

was ~0.03 N/m, about three orders of magnitude more compliant than the standard 

tapping-mode AFM cantilevers. 

As pointed out in the previous section, the bending of low stiffness cantilevers 

during CNT probe fabrication is attributed to the change in surface stresses introduced 

during the PECVD process.  A number of experiments have shown that the profile of 

low energy (< 1 KeV) ion induced damages can extend tens or even hundreds of times 

deeper than the nominal ion penetration range for the given acceleration energy (within 

~5 nm for most of ions) predicted by Monte Carlo simulation techniques.8-10  The 

primary mechanisms for extended defect profiles are radiation enhanced diffusion9 and 

channeling.10  Thus, the NH3-C2H2 mixed plasma, which was turned on with 500 V dc 

bias, is expected to interact with or induce damages on the Si substrate, especially at the 

relatively high CNT growth temperature of 700 ˚C, which can enhance thermal 

diffusion of ions and their interaction rate with Si substrate.  

Shown in Figure 4.5 are comparative, cross-sectional cantilever images for three 

different CNT growth conditions using different feed gas composition.  Figure 4.5(a) 

shows the cantilever bending after 10 min PECVD growth of CNTs using NH3 and 

C2H2 gases at flow ratio 6:1.  It is seen from Figure 4.5(a) that the surface stress on the 

top surface of the cantilever is tensile and the upward bending deflection in the 

cantilever is huge (as much as 120 µm), almost a third of the cantilever length of ~350 

µm.   
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Figure 4.5 Optical microscope images of cantilevers after plasma treatments with 
C2H2 gas and (a) NH3 gas (R=1). (b) H2 gas (R=0). (c) Mixed NH3- H2 (R=0.5).  R is 
the flow ratio of NH3/(NH3+H2) during PECVD growth of CNTs. 
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In order to investigate what kinds of plasma-induced damages and surface 

reactions happened during PECVD growth and caused the surface stress, the change of 

surface chemistry on the plasma-treated cantilevers was identified by the Fourier 

transform infrared spectroscopy (FTIR) spectra, which was carried out using a Nicolet 

Magna 550 spectrometer.  Auger electron spectroscopy (AES) and secondary ion mass 

spectroscopy (SIMS) were used to determine the concentration depth profile of various 

elements.   

An AES depth profile of a Si tipless cantilever before PECVD process was 

performed to monitor silicon, carbon, oxygen, and nitrogen components on the surface 

of the cantilever, as shown in Figure 4.6.  The Auger exciting energy of the electron 

beam was 10 keV.  It is worth noting that there is no nitrogen signal detectable. Because 

no effort was made to clean the cantilevers or to remove the native oxide present on the 

cantilever surfaces before CNT growth, some carbon and oxygen species were detected 

close to the cantilever surface due to the carbon and oxygen contamination on the 

cantilever surface.   

Oxygen may be originated from the native oxide on the silicon surface which 

may grow during the exposure in the air or water rinsing process.  Carbon may originate 

from the organic contaminants which come from the cantilever fabrication process or 

exposing to the air.  Compared with the oxygen distribution, the Auger signal of carbon 

has higher concentration near the surface and deeper depth distribution, as shown in 

Figure 4.6. 

 

 

 



56 

 

Figure 4.6 AES depth profiles of Si, C, O and N elements obtained from a Si 
cantilever before the PECVD processing. 

 

 

The SIMS depth profile measurement was performed on the Si cantilever, 

shown in Figure 4.7, which was used for PECVD growth of CNTs by using NH3 and 

C2H2 gases at flow ratio 6:1.  Compared with the composition of the cantilever surface 

before PECVD process, the nitrogen atom concentration not only rises up near the 

cantilever surface, but also is higher than the concentration of oxygen and carbon, as 

shown in Figure 4.7.  Unlike high energy ion implantation process, the nitrogen 

concentration has a peak value of 1.68×1022 atoms/cm3 near the surface and then 

decreases gradually along the penetration depth.  It can also be observed that the diffuse 
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depth of nitrogen into the Si substrate is more than 50 nm, much deeper than the TRIM 

calculation.11  Thus, the effect of diffusion on the nitrogen distribution curve at high 

temperatures is significant.  It is apparent that the thermal-radiation-enhanced diffusion 

has resulted in penetration of nitrogen atoms into the substrate.  Although the 

concentration profiles of oxygen and carbon also become a little broader due to growth 

of the native oxide and diffusion, the higher and broader concentration of nitrogen 

species is considered as the main factor causing the surface stress. 
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 Figure 4.7 SIMS depth profiles of C, O and N elements obtained from a Si 
cantilever after the PECVD processing. 
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In order to further investigate the surface chemistry, FTIR measurements were 

performed on Si samples with 1 cm × 1 cm area with various plasma treatment 

conditions.  The base signal of a non plasma-treated silicon spectrum was subtracted 

from the data.  In the FTIR spectrum of the sample after NH3-C2H2 plasma process, 

Figure 4.8(a), a large peak is seen near 840 cm-1, which is attributed to the vibrations of 

the Si-N stretching bonds.  The large deflection of the cantilever is most likely caused 

by ion-induced modification of the Si sub-surface, which can form a defect layer 

dominated by nitrogen species.  It has been reported that NH3 plasmas were used for 

nitridation of silicon.12,13  The growth rate of silicon nitride (Si3N4) is very slow (~ 5.5 

nm/hr with RF power at a higher temperature of 950 °C) because of the high density of 

the Si3N4 layer.13  In our case, however, plasma damage may be more dominant because 

a high bias voltage was directly applied to the substrate , which differs from Ref. 12 and 

13.  Thus, it is likely that both plasma damage (lattice defect layer) and perhaps some 

surface reconstruction (non-stoichoimetric nitride formation) contribute to the induced 

stress in our samples.   

The Si-C band at 790 cm-1 in the FTIR spectrum of Figure 4.8 is not obvious 

because the formation of SiC requires a higher temperature with longer annealing time.  

In addition, NH3 plasmas can etch away carbohydrate radicals adsorbed on the substrate 

surface and reduce the interaction between the surface and radicals. Therefore, nitrogen-

related damage during CNT growth from the presence of NH3 feed gas is considered to 

have a more pronounced effect on the cantilever bending than the C2H2 component of 

the feed gas.   
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Figure 4.8 FTIR spectra of the silicon substrate. (a) After plasma treatment with C2H2 
and NH3 gas (R=1). (b) After plasma treatment with C2H2 and H2 gas (R=0). 
 
 
 
 
 

4.4.2 Changing Surface stress by introducing another carrier gas  

In order to balance the undesirable tensile surface stress of the Si cantilevers 

induced by NH3-C2H2 plasma, we employed an approach of introducing another type of 

gas that could induce a stress with an opposite sign (i.e., compressive stress), and yet 

still enable the CNT growth with desirable configuration. The SiO2 film grown by 
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thermal oxidation on Si wafers14 as well as by oxygen plasma oxidation15 has been 

observed to induce a compressive stress. Although oxygen plasma can induce 

compressive stress to compensate the undesirable tensile stress caused by NH3 plasma, 

it is not desirable for use in our case because of oxidative etching of CNTs that occurs.  

The next choice of gas to be employed in our CNT growth system was hydrogen. 

It has been reported that a thin SiO2 layer can still be formed after hydrogen plasma 

treatment of a porous silicon substrate due to the residual oxygen in the plasma 

system.16 It has also been reported that hydrogen implantation may enhance oxygen 

accumulation at the buried layer,17 which may induce compressive stress. As hydrogen 

can be used as a carrier gas for PECVD growth of CNTs, we attempted to apply plasma 

treatment on the low stiffness Si cantilever using mixed H2-C2H2 gases. The results of 

this experiment indicate that the H2-C2H2 plasma treatment indeed introduces a 

compressive stress, thus enabling the downward bending of the cantilever during CNT 

growth as shown in Figure 4.5(b).   

From the FTIR spectrum, Figure 4.8(b), the peak at 1107 cm-1 becomes much 

stronger, which is attributed to interstitial Si-O-Si asymmetric stretch mode with oxygen 

in interstitial sites of bulk Si. However, there is no obvious Si-O-Si stretching band 

corresponding to SiO2 (around 1070 cm-1), which implies that SiO2 was not quite 

formed during our plasma treatment. Hence, the observed downward bending Si 

cantilever is likely caused by interstitial oxygen after the H2-C2H2 plasma treatment. 

Such interstitial oxygen can put the surrounding Si lattice under a compressive stress.18 

It is thought that the source of oxygen in our PECVD system is most likely from the 

residual oxygen since the base pressure in the CVD chamber is not very low.  The 
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possible reason for the lack of observed SiO2 is that plasma oxidation from the residual 

oxygen may be counterbalanced by the reduction reaction in the hydrogen plasma. 

Further research is needed to elucidate the exact mechanism of surface stress during the 

plasma treatments. 

To determine whether the C2H2 gas used for CNT growth has any effect on the 

surface stresses and cantilever bending, plasma experiments were carried out at the 

same temperature but without C2H2 gas. The results indicate that a similar level of 

cantilever bending is obtained without using C2H2 gas, which implies that NH3 and H2 

are the main controlling factors that influence the surface stress of the cantilever.   

 

4.4.3 From compressive to tensile stress: tunning flow ratio during PECVD 

From the results of the previous section, we know that the surface stress of 

cantilevers can be adjusted by introducing H2 into the NH3+C2H2 feed gas for CNT 

growth. Thus, by adjusting the NH3-H2 flow ratio (R) which was defined as 

NH3/(NH3+H2), different bending profiles of a cantilever can be obtained.  Here, the 

bending of the cantilevers after the plasma processing has been systematically studied 

as a function of the NH3/H2 flow ratio and the length of the cantilevers.   

The magnitudes of deflections at the free ends of the cantilevers were measured 

by an optical profiler (Veeco Wyko NT1100), which can provide high resolution 3D 

surface measurement, from sub-nanometer roughness to millimeter-high steps.  Figure 

4.9 shows an example of the deflection measurement of cantilever beams using the 

optical profiler.  The deflection of each cantilever was recorded by taking the average 

height of the free end of the cantilever with the fixed end of the cantilever as the 
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reference surface.  The measured data was also compared with that obtained from 

measuring the deflection from side-view SEM images of the cantilever.  The data from 

both measurements are similar and consistent. 

 

 

 

Figure 4.9 Example of the measurement result of the cantilever deflection by a Veeco 
Wyko NT1100 optical profiler. 
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Figure 4.10 illustrates deflection profiles vs. gas flow ratio (R) from optical 

profiling measurements.  The positive deflection represents the cantilever surface under 

tensile stress.  By decreasing the gas flow ratio R, the stress condition is changed from 

tensile to compressive stress.  For R=1 (only NH3 and C2H2), a large upward bending of 

~120 μm is obtained, while for R=0 (only H2 and C2H2), a large downward bending of 

~70 μm is observed as shown in Figure 4.10(a).  A stress-free cantilever with essentially 

flat geometry can be obtained within a window of R value between 0.45 and 0.55.  

Figure 4.5(c) displays a nearly flat cantilever beam obtained after PECVD growth of a 

CNT probe employing a gas ratio of R=0.5. 

 

Figure 4.10 Magnitude of the cantilever deflection vs. NH3- H2 flow ratio R during 
nanotube growth. 
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4.5 CNT probes grown on low stiffness cantilevers 

Figure 4.11 shows the SEM image of an AFM probe containing a single, high-

aspect-ratio CNT probe grown on a tipless cantilever.  The balanced feed gas ratio of 

R~0.5 discussed above was utilized to avoid undesirable curvature and obtain a flat 

cantilever of Figure 4.5(c).  The inset in Figure 4.11 is a higher magnification SEM 

micrograph (taken with 45° tilt) of the CNT tip. The height of the CNT was ~2.5 μm 

and the base diameter was ~250 nm. The cone-shaped probe geometry is desirable, as 

the wider base provides mechanical rigidity and adhesion strength, while the much 

sharper tip produces high-resolution imaging without encountering the thermal 

vibration problem often seen in very thin diameter probes.  

Figure 4.12 shows the resonance frequency of the cantilever before and after 

PECVD growth of a CNT probe with flow ratio R=0.5. The deviation of the resonance 

frequency is rather small, less than 1 kHz, which means the mechanical properties of the 

cantilever do not change much after PECVD growth using the (NH3+H2) mixed gas 

together with C2H2 gas. The small change in the resonance frequency might have been 

caused by the plasma-damaged layer or the slight increase in the cantilever mass after 

PECVD growth of CNTs.  
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Figure 4.11 SEM image of a single CNT probe grown near the edge of a low stiffness 
cantilever (45° tilted view). Inset: higher-magnification image of the CNT probe. 
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Figure 4.12 Resonance frequency of the low stiffness cantilever before vs. after 
PECVD growth of a CNT probe.  
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CHAPTER 5:  HIGH RESOLUITON AFM IMAGING USING CNT PROBES 

 

5.1 Introduction 

To demonstrate the advantage and performance of sharp and high-aspect-ratio 

CNT probes, AFM imaging on several different samples was evaluated and the imaging 

performance of the commercially conventional tip vs. the CNT tip was compared.  Both 

tapping-mode and contact-mode AFM imaging were performed in air, as well as in 

liquid environment.  In addition, iron-platinum-coated CNT probes were applied for 

MFM (magnetic force microscopy) applications. They were compared to iron-platinum 

coated silicon probes by performing magnetic force imaging on magnetic recording 

media with linear recording densities from 700 to 900 kilo flux changes per inch (kfci). 

 

5.2 Tapping-mode imaging 

5.2.1 Tapping-mode imaging in air for copper film surface 

 The performance of the CNT probe was evaluated in tapping mode using a 

Dimension 3100 AFM with Nanoscope IIIa controller (VEECO Instruments) for 

imaging in air.  The surface of a copper film (~300 nm thick) sputter deposited on the Si 

substrate surface was imaged by using a CNT probe, as shown in Figure 5.1(a).  The 

image clearly shows a well-defined and rounded grain structure.  The smallest structure 

imaged is in the regime of a few nanometers.  The sharper grain boundaries and image 

quality were well revealed due to the sharpness of the CNT tip.  Compared with the 

image taken by the CNT probe, the image produced by a conventional Si probe, shown 
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in Figure 5.1(b), shows less clear grains and grain boundaries, especially inside 

the groove regions. 

The section analysis of a zoom-in Cu grain image acquired by the CNT probe 

was performed by using Nanoscope software image processing.  The white line marked 

in Figure 5.2(b) was chosen to show the line-profile of the Cu AFM image.  The cut section 

shown in Figure 5.2(a) and a three-dimensional image in Figure 5.2(c) clearly indicate 

that the CNT tip can analyze the groove regions of Cu grains with nano-scale 

resolution.     

 

 

 

 

Figure 5.1 AFM tapping-mode images of a copper thin film on the silicon substrate 
using  (a) A CNC probe. (b) A commercial Si probe. 
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Figure 5.2 (a) Section analysis of the zoom-in Cu grain AFM image. (b) A zoom-in Cu 
grain AFM image. (White line was chosen to show the line-profile.) (c) The three 
dimensional image of image (b). 

 

 

5.2.2 Tapping-mode imaging in air for high-aspect-ratio patterns 

To demonstrate the advantage of a CNT probe on imaging a high-aspect-ratio 

structure, a 500 nm deep PMMA (polymethyl methacrylate) resist pattern (300 nm 

line/space) on a Si substrate was evaluated and the imaging performance of the 

conventional Si probe vs. the CNT probe was compared.  The image acquired with a Si 

probe, Figure 5.3(a), shows a misleading image pattern due to the tip convolution of the 
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pyramidal tip.  The CNT probe on the other hand reveals the much more actual 

geometry of the pattern including the configuration of the vertical walls, implying that 

the CNT probe is able to trace the contour of the deep profile pattern, as presented in 

Figure 5.3(b).   

Further section analysis of the AFM images taken by Si and CNT tips is shown 

in Figure 5.4.  The scan direction of imaging the PMMA trench pattern is zero degree, 

i.e. paralleling to longitudinal direction of the cantilever.  For the commercial Si probe, 

the front and back angle of a Si pyramidal probe (TESP, Veeco probes) are ~ 25˚ and 

12˚ respectively.  Since the mounted probe chip is tilted around 12˚ during imaging, the 

imaged right sidewall slope of  55° ~ 56° and a left sidewall slope of 86° ~ 88° of the 

pattern actually matches those of the Si pyramid shape itself, as shown in Figure 5.4(a) 

and (c).  From a calculation of geometry, the Si pyramid tip can not possibly reach the 

bottom of PMMA pattern.  The experimental results also confirmed this, as Figure 5.4(c) 

shows a 430 nm high line profile of the PMMA trench which height is 500 nm in reality.   

On the other hand, the conical CNT probe used for imaging is 2.5 µm long with 

~ 5˚ cone angle and 200 nm base width.  As predicted, the line profile of the same 

pattern acquired with the CNT tip shows near vertical slopes of 86° ~ 88° on both 

sidewall, shown in Figure 5.4(b) and (d).  The commercial Si probes possess pyramidal 

shape with different side, front and back angles, which always result in imaging 

artifacts.  The orientation angle of mechanically-attached or thermal CVD grown CNT 

probes is difficult to control, and thus causes image distortion.  Because of the 

symmetrical conical shape and well-controlled growth direction during the PECVD 

process, our CNT probe can produce correct images in any scanning direction, unlike 
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commercial Si probes or mechanically-attached or thermal CVD grown CNT probes.  

When the MWNT tips are of great length (>1 μm) and attached to high stiffness 

microcantilevers, mechanical buckling of the CNT is often encountered and imaging 

artefacts are introduced.  The data demonstrates that our conical CNT probe is 

mechanically stable, and is strong enough to trace the abrupt step structure without 

introducing artifacts or breaking the tip.  

As the experimental results shown in both this and the previous sections, the 

conical CNT probes which possess sharp tips and high-aspect-ratio geometry yield high 

resolution AFM images of nano-scale features and deep trenches. This kind of conical 

CNT probe combines the advantages of the sharp tips of SWNTs with the high stiffness 

of large diameter MWNTs.  

 

 

 

Figure 5.3 (a) AFM image of a PMMA line pattern by a conventional Si pyramid tip. (b) 
Image of the same PMMA pattern by a CNT tip. 
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Figure 5.4 (a) Schematic of a Si probe scanning on a PMMA pattern. (b) Schematic of 
a CNT probe scanning on a PMMA pattern. (c) The height profile of Figure 5.3(a). (d) 
The height profile of Figure 5.3(b).  

 

 

5.2.3 Tapping-mode imaging in liquid for stripped gold film surface 

It has been reported that CNT probes are unable to obtain the stable images 

when operating in liquid.  One possible reason is that a large acoustic vibration has to 

be applied to generate the cantilever oscillation, and thus causes serious disturbance to 

the CNT tip.1  In order to test if the conical CNT probe is capable of reliably performing 

topographical imaging in liquid, we examined a template-stripped gold film placed in 

de-ionized water using a conventional fluid cell with Multimode AFM system (Veeco 

Instruments).  The Au film had been exposed to the air for over one month without any 
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treatment before using.  In this experiment, a cantilever with a spring constant of ~ 3 

N/m was chosen for CNT growth.  Figure 5.5 shows a schematic diagram of AFM 

imaging in liquid with a conventional fluid cell. As shown in Figure 5.6(a), a clear 

image was acquired with the whole cantilever immersed in DI water. Compared with 

the image acquired by the Si probe, Figure 5.6(b), the CNT probe exhibits a better 

resolution.  To the best of our knowledge, this is the first time that successful and 

reliable AFM imaging in liquid was performed using a CNT-related AFM probe in a 

conventional fluid cell.  The better image resolution is possibly due to the larger base 

width of our conical CNT probes, which make the CNT probes more stable and 

diminish the disturbance by the surrounding liquid.  However, more experiments have 

to be carried out to test the resolution of the CNT probe for AFM imaging in liquid. 

 

 

 

Figure 5.5 Schematic illustration of AFM operation in liquid with a conventional 
fluid cell. 
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Figure 5.6 AFM tapping-mode images of a template-stripped gold film on the mica 
substrate in DI water using (a) A CNT probe, (b) A commercial Si probe. 

 

 

5.3 Contact-mode imaging 

5.3.1 Adhesive force between the tip and sample 

Contact-mode AFM imaging where the AFM tip scans the sample in close 

contact with the surface is commonly used. The force on the tip is repulsive with a 

mean value of 10 -9 N.  Problems with contact mode are caused by excessive tracking 

forces applied by the probe to the sample.  The effects can be reduced by minimizing 

the tracking force of the probe on the sample, but there are practical limits to the 

magnitude of the force that can be controlled during operation in ambient environments.  

Under ambient conditions, a thin water layer of 10-30 monolayers thick is present on 

the substrate surface.  When the probe approaches and touches this layer, a meniscus 

forms between the probe tip and the substrate surface (as shown in a schematic 

illustration of Figure 5.7a), and thus a strong capillary force is generated.  Due to such 
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capillary condensation, the adhesive force between the tip and sample governs the force 

of the AFM tip, which reduces image resolution and induces image artifacts in AFM 

applications.   

In order to obtain more reliable and accurate images in ambient conditions, a 

hydrophobic AFM tip is desirable, which can effectively reduce the adhesive force of 

the water.  As indicated in Figure 5.7(b), when imaging with a hydrophobic tip, water 

will move near the point of contact between the tip and the sample surface, and thus the 

adhesion force becomes relatively weak. The commercial contact-mode probes made of 

hydrophilic silicon nitride could contribute strongly to the adhesion force.  Several 

groups have tried to cover silicon nitride probes with a hydrophobic layer to improve 

the imaging performance.2,3  However, these hydrophobic films may be worn down 

after long time scanning or increase the tip diameter and change the tip shape.  Hence, 

the hydrophobic nature of CNT graphene sidewalls makes CNTs potentially good AFM 

tips for contact-mode imaging.   

Figure 5.8 shows the optical microscope images of a 1 µL water droplet on the 

surface of a silicon nitride and CNT film.  The CNT film was directly grown on a Ni 

coated Si substrate by DC-PECVD process.  It has been reported that cleaned silicon 

nitride surfaces are much more hydrophilic than untreated one.  The contact angle 

between the water and the untreated silicon nitride surface is around 70˚, as shown in 

Figure 5.8(a).  As is evident from Figure 5.8(b), the contact angle between the water 

droplet and the CNT film surface is around 120˚, which indicates the CNT film is much 

more hydrophobic.  
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Figure 5.7 Schematic illustration of meniscus formation between the water layer and 
(a) A hydrophilic tip and (b) a hydrophobic tip. 

 

 

 

 

Figure 5.8 Optical microscope images of 1 µL water droplet placed on (a) A silicon 
nitride surface, (b) a CNT film surface. 
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In order to compare the adhesion force using a conventional silicon nitride probe 

and the CNT probe during AFM imaging, force-distance curve measurements were 

carried out on a silicon oxide surface in air.  Force-distance curves are used to measure 

the vertical force that the tip applies to the sample surface.  Thus, the measurements can 

reveal the attractive meniscus force as the piezo-scanner lowers and pulls up the tip.  In 

the force-distance measurements, the tip is lowered to contact the surface, and then 

moved away from the surface, as shown in Figure 5.9.   

The force-distance curves measured on a silicon oxide surface in air using a 

silicon nitride probe and CNT probe are shown in Figure 5.10 (a) and (b) respectively. 

The horizontal axis corresponds to the displacement of the tip, and the vertical axis 

represents the interaction force, which is converted from the change in cantilever 

deflection voltage.  The tip approaching/separating steps of (a)–(d) marked in Figure 

5.10 (a) are correspond to those in Figure 5.9 (a)–(d) respectively.  

As the approaching force-distance curve (black) shown in Figure 5.10(a), the 

silicon nitride tip approaches the sample and is in contact with the surface at point 1 

which is set as the zero displacement point.  When the tip was pulled away from the 

surface, it does not leave the sample surface at point 1 until moving up ~ 40 nm at point 

2 where the applied force of the cantilever overcomes the adhesive force.  The adhesive 

force between the silicon nitride tip and the silicon oxide surface is around 4.7 nN.   

Figure 5.10(b) shows a force-distance curve performed using a CNT probe.  Due 

to the hydrophobic surface of CNTs, less adhesive force between the tip and the sample 

surface is expected.  As indicated in Figure 5.10(b), the adhesive force is only 0.85 nN, 

less than one fifth of that of the silicon nitride probes.  From the force-distance 
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measurements, the single hydrophobic CNT probe was confirmed to effectively reduce 

the adhesive force.  Hence, the CNT probe may be a good choice for contact-mode 

AFM imaging in air or high humidity conditions where the image distorts due to the 

water meniscus.   

 

 Figure 5.9 Schematic illustrations of steps of force-distance measurements. (a) The 
cantilever is undeflected when approaching the sample surface. (b) The cantilever is 
deflected away from the surface when touching the surface. The cantilever deflection 
is approximately linear as the tip continuously moves down. (c) As the tip is pulled 
away from the surface, the cantilever is bent towards the surface due to the attractive 
force of the water meniscus. (d)  The cantilever springs free as the piezo-scanner 
retracts enough to a certain point. 
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Figure 5.10 Force-distance curves measured on a silicon oxide surface in air with (a) 
a silicon nitride probe, (b) a CNT probe. 
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5.3.2 Contact-mode imaging on bimolecular samples 

In order to test whether CNT probes can obtain contact-mode AFM images with 

better resolution, the imaging performance of the CNT probe was evaluated in air using 

a Dimension 3100 AFM.  For surface metrology of biological samples, low stiffness 

AFM probe cantilevers, which allow low imaging forces, are desirable to minimize 

structural damage during scanning.  As described in Chapter 4, by using a tunable 

PECVD growth technique, the surface stress of the low stiffness cantilevers can be 

controlled, and thus CNTs can be grown on flat and low stiffness cantilevers for 

contact-mode AFM imaging.  

A cantilever with a spring constant of ~ 0.1 N/m was chosen for the 

measurements.  The surface morphology of a bovine serum albumin (BSA) film on a 

freshly cleaved mica surface was examined using our CNT probes and compared with 

images taken by commercial silicon nitride contact-mode probes (NP series probes, 

Veeco), as shown in Figure 5.11(a) and (b).  The BSA film was prepared by putting 

freshly cleaved mica into 0.1% BSA solution in phosphate buffered saline (PBS) and 

incubating for 20 min under 4 °C, and then drying in air.  The blurred AFM image 

acquired by silicon nitride probe reveals that the probe can not trace the surface contour 

very well, as shown in Figure 5.11(b).  As is evident from Figure 5.11(a), the CNT 

probe produces a clearer image with better lateral resolution than the silicon nitride 

probe.  The improved image quality is revealed presumably due to the sharpness of the 

CNT tip and its hydrophobic surface, which can reduce the capillary force during 

imaging resulting in more accurate.  
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Figure 5.11 (a) AFM image of a bovine serum albumin (BSA) film by a CNT tip. (b) 
AFM image of the same BSA film by a commercial silicon nitride tip. 
 
 

 

 

5.3.3 Contact-mode imaging on trench patterns 

Another comparison between a CNT probe and a commercial silicon probe has 

been made by imaging an array of polymethyl methacrylate (PMMA) polymer resist 

pattern (600 nm trench line width, 250 nm spacing, and 350 nm thickness) on a Si 

substrate as shown in Fig. 5.12(a) and (b).  Because of its high-aspect-ratio geometry, 

our CNT probe more accurately reveals the geometry of the PMMA patterns.  On the 

other hand, the silicon nitride probe shows a misleading image due to the tip 

convolution from the pyramidal tip.  As to the wear characteristics of CNT probes, we 

have shown the image quality, when operating in tapping-mode, is not degraded after 7 

hours of continuous scanning on a silicon nitride film, which implies that the CNT 

probe is very durable.  Further experiments are required to determine the durability of 

CNT probes operated in contact-mode. 
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Figure 5.12 Contact-mode AFM images of a PMMA pattern taken by (a) a CNT 
probe and (b) a silicon nitride probe. 

 

 

5.3.4 Application of a CNT array 

In order to evaluate the mechanical sturdiness and adhesion strength of the CNT 

probe, a 10 by 10 periodic array of the CNT probes, Figure 5.13(a), was prepared by 

EBID patterning and DC-PECVD growth process, as described in Chapter 3.  This bed-

of-nail type CNT array was subjected to an AFM contact-mode imaging by a standard 

Si as well as a silicon nitride probe.  As shown in Figure 5.13(b), the obtained image 

actually represents a detailed analysis of the three-dimensional shape of the silicon 

nitride pyramid probe itself due to the high-aspect ratio geometry and sharp tip of the 

CNT probes.  In the contact-mode imaging, CNT probes did not show any obvious sign 

of breakage as confirmed by SEM examination afterwards.  These results also confirm 

the strong adhesion of the CNT to the cantilever as well as the mechanical toughness of 

the CNT probe itself.  The data in Figure 5.13(b) also shows an intriguing possibility of 

using the bed-of-nails CNT array for characterization/testing of other probes such as Si 
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and silicon nitride pyramid tips, for example, as a means of screening probes with 

unsatisfactory tip sharpness or mechanical weakness.  

 

 

Figure 5.13 (a) SEM image of a periodic array of conical CNT probes fabricated by 
using the carbon-dot mask process. (b) Contact-mode AFM image of the CNT array 
acquired by a silicon nitride probe. 
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5.4 Durability of carbon nanotube probes 

In order to test the mechanical durability of the CNT tip, a continuous scanning 

operation on a silicon nitride film (~ 5nm thick) sputtered on a Si substrate was carried 

out and the AFM image quality was evaluated as a function of operation time.  Figure 

5.14(a) and (b) shows the image of the silicon nitride film acquired after scanning for 30 

min and 7 hours.  In order to avoid the possible wearing of the sample, these two 

images were scanned on different area of the same film.  As seen in Figure 5.14, the 

lateral resolution of the obtained AFM image was not noticeably changed even after 7 

hours of operation. It was confirmed by comparing the grain size, roughness and height 

with analysis software for Nanoscope IIIa.  By comparison, the Si based tips wore out 

rather easily and produced AFM images markedly deteriorated after a few hours of 

continuous operation. 

 

 

Figure 5.14 AFM tapping-mode images of a silicon nitride film on the Si substrate 
using a CNT probe. (a) Image acquired after 30 min scanning. (b) Image acquired 
after 7 hour scanning. 
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5.5 Application of metal-coated CNT probes in magnetic force microscopy 

5.5.1 Introduction 

Since the development of magnetic force microscopy (MFM) in 1987,
4,5 it has 

been widely used for study of magnetic recording media as well as other magnetic 

nanostructures.  A conventional MFM probe which possesses a pyramidal tip is made of 

silicon with a ferromagnetic thin film coating. Due to its relative blunt and low aspect 

ratio tip, the image resolution is notably limited.  To obtain images with a higher 

resolution, there have been several techniques developed for reducing the physical size 

of the magnetic material of the tip, such as focused ion beam (FIB) milled tips,6,7 

electron beam deposition (EBD) tips, 8,9 stencil-deposited metal dot on an AFM tip.10 

Recently, CNTs have been fabricated for MFM imaging either by mechanical 

attachment11-13 or direct growth on commercial Si pyramid tips.14  An iron catalyst-

capped CNT attached to a pyramidal Si tip has been applied to show the similar image 

quality compared with conventional Si MFM probes.11  Magnetic-metal-coated CNT 

tips which demonstrated 10-20 nm lateral resolution have been fabricated by sputtering 

magnetic films on CNTs either grown on a Si pyramid tip using thermal CVD14 or 

mounted12 on Si cantilevers. An iron-filled CNT has also been produced to acquire 

MFM images.13

In this study, we have investigated the performance of CNT MFM probes 

directly fabricated on tipless cantilevers using DC-PECVD process followed by coating 

and annealing of a high coercivity Iron-platinum film.  The probe fabrication process is 

amenable for integration into conventional semiconductor process for mass production. 

The CNT probe tip possesses high-aspect-ratio geometry which can reduce magnetic 
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volume on the tip, hence increase the spatial resolution of MFM images, and is also 

allowed to acquire topographical and MFM images inside deep structures.  

 

5.5.2 Principles of magnetic force microscopy 

MFM is one of the extended AFM imaging techniques that can map the spatial 

distribution of magnetism by measuring the magnetic interaction between a magnetic 

tip and sample.  Since the magnetic interaction force depends on the distance between 

the tip and the sample, it is necessary to separate the MFM imaging from the 

topography. Hence, MFM imaging is executed by a two-pass method.  Figure 5.15 

shows the schematic illustrations of MFM measurements.  In the first pass, the surface 

topography is measured in tapping-mode or contact-mode.  As shown in Figure 5.15(b), 

in the second pass, the tip is lifted to a user defined height from the sample surface and 

scanned by using the stored topography obtained from the first pass, while maintaining 

a constant height separation.  

In the MFM imaging, two basic detection modes can be applied which are 

sensitive to two different types of interaction. The static (or DC) mode detects the 

magnetic force acting on the tip whereas the dynamic (or AC) mode measures the force 

derivative.  The comparisons of the static and dynamic mode through either theoretical 

calculations or experiments indicate that the dynamic mode is favorable for high 

resolution MFM imaging.   Thus, the dynamic mode was chosen in this study. 
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Figure 5.15 Schematic illustrations of magnetic force microscopy measurements. 
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In the dynamic mode, the cantilever is oscillated at or close to its resonance 

frequency.  The cantilever can be treated as a harmonic oscillator which have the 

resonance frequency f,15

m
C

f eff

π2
1

=   (Hz) 

where m is the effective mass16 of tip and cantilever. The effective cantilever constant 

Ceff is given by 

z
FCCeff ∂
∂

−=    (N/m) 

where c is the cantilever constant.  When the tip is in the close proximity to the sample 

surface, the forces acting on the magnetic tip change when the distance between tip and 

sample is changed.  This can be described by a force derivative ∂F/∂z. This force 

derivative on the tip acts on the cantilever just like an additional cantilever constant.  

For low amplitudes, ∂F/∂z can be assumed as a constant, so that the cantilever with the 

tip interacting with the sample can still be treated as a harmonic oscillator: 

m
zFCf ∂∂−

=
/

2
1
π

   (Hz) 

The equation can be re-written as the following form which can show that a force 

derivative ∂F/∂z changes the resonant frequency of the cantilever to 

C
zFff ∂∂

−=
/10      (Hz) 

with f0 the free resonance frequency of the cantilever in the case of no tip-sample 

interaction. 
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The magnetic potential E between the tip and the sample is given by 

tipsampletipo dVHMμE
vv

⋅= ∫    (Joule) 

where Mtip is the magnetization of the tip, Hsample is the stray field of the sample and Vtip 

is the volume of the magnetic part of the tip.  The force F acting on a MFM tip can thus 

be expressed by 

tipsampletipo dVHMμEF )(
vvv

⋅∇−=−∇= ∫    (N) 

 

5.5.3 Advantages of high-aspect-ratio probes 

Since the magnetic interaction is long range, therefore, a major part of the tip is 

responsible for MFM imaging.  As can be found in magnetic recording readback, the 

MFM response shows an exponential decay e -kz with increasing tip sample separation.15  

Thus, the interaction decreases with increasing distance, and one can take into 

consideration only the effective portion of the tip of length, ignoring the effect of its 

remaining part, as shown in Figure 5.16.  One of the most critical parts of the MFM is 

the probe, which may affect the image resolution and contrast through the tip shape or 

its magnetic part.17,18   

As indicated in Figure 5.16(a), a magnetic film coated probe with a high-aspect-

ratio geometry and sharp tip can have smaller volume of the magnetic material 

contributing to the interaction, and thus high spatial resolution MFM images can be 

obtained.  On the other hand, for the probe with larger cone angle, the stray field from 

the magnetic material on the sidewalls has much more contribution in the signal and 

reduces the resolution, as shown in Figure 5.16(b).  As to the properties of the magnetic 
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material on the probe, the magnetization distribution over the volume of its magnetic 

part can be an important factor.19,20

As were noted above, the requirements for high-resolution MFM probes are a 

well-defined magnetization direction and small stray fields. In this study, a FePt coated 

CNT probes were developed for high resolution MFM imaging.  The high aspect ratio 

geometry and the sharp tip of the CNT probes can effectively reduce the stray field and 

also allow a better topographic imaging.  A well-defined magnetization direction is 

achieved by coating with a highly coercive FePt magnetic film, which also assures that 

the magnetization direction of the tip remains undisturbed by high stray field samples.  

 

 

 

Figure 5.16 Schematic illustrations of the effective portions of magnetic interaction in 
MFM measurements with (a) a tip with a small cone angle and (b) a tip with a large 
cone angle. 
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5.5.4 Imaging magnetic recording media with metal-coated CNT probes 

The CNT probes on tipless cantilevers were fabricated using EBID patterning 

technique and DC-PECVD growth method.  The detailed process of CNT probes were 

described in Chapter 3.  The FePt film of 30 nm thickness was sputtered onto the grown 

CNT probe and annealed at 650°C for 2 hr to form tetragonal L10 phase.  The spring 

constant and resonance frequency of the selected cantilevers utilized in this study are 

about 42 N/m and 330 kHz, respectively.  The fabricated CNT probe was evaluated on 

MFM imaging under ambient conditions by using a Digital Instruments D3000 AFM 

operated in tapping/lift mode with Nanoscope IIIa controller. 

A single, as-grown CNT probe at the edge of a tipless cantilever is shown in 

Figure 5.17.  By controlling the electric field direction during the PECVD growth, the 

CNC was intentionally grown ~13˚ tilted from the cantilever surface normal in order to 

compensate the operation tilted angle of the cantilever.  The tip radius of the as-grown 

CNT probe is ~5 nm.  After deposition and annealing of FePt film, FePt nanoparticles 

were formed on the CNT probe. The tip radius of the coated CNT probe becomes ~25 

nm, as shown in the inset of Figure 5.17.  The magnetization direction of the FePt 

particles on the tip can be well controlled and maintained due to the high magnetic 

anisotropy of L10 FePt phase.  It has been reported that the magnetic materials within 

250 nm away from the sample contribute strongly to the signal.14  Since the length of 

the CNT probe is long enough (>2 µm), the interaction between the magnetic film on 

the cantilever and the test sample is negligible compared to the interaction between the 

tip and the sample.   
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Figure 5.17 SEM image of a single as-grown CNT probe on a tipless cantilever. Inset: 
high-magnification SEM image of the CNT tip. 

 

To evaluate the performance of CNT MFM probes fabricated in this study, 

MFM images were obtained and compared with those acquired using a commercial 

pyramidal Si probe deposited with the identical FePt film. A high-density 

CoCrPt:SiO/Ru perpendicular magnetic recording medium with density from 700 to 

900 kilo flux changes per inch (kfci) was chosen as a test sample.  Figures 5.18(a) and 

(b) show the comparative MFM images of the three different tracks obtained using the 

FePt-coated Si probe and the CNT probe, respectively.  Obviously, the MFM image 

obtained from the CNT tip reveals much clearer magnetic domain structure 

characteristics, especially on higher track densities of 800 and 900 kfci. 
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Figure 5.18 Phase images of 700, 800 and 900 kfci recording media track obtained by 
(a) the Si MFM probe, and (b) the CNC MFM probe. 

 

 

The detailed MFM images of the 900 kfci track taken with the FePt-coated Si 

and CNT probes are shown in Figure 5.19(a) and (b), respectively.  Compared to the Si 

probe, the CNT probe provides much sharper images with a significantly improved 

resolution.  The major portion of the magnetic moment of the probe mostly comes from 

the apex.  However, the magnetic dipole interaction is a long-range interaction that 

includes not only the contribution between the sample and the magnetic material near 

the tip but also that from extended areas of the tip.  Therefore, such an improved image 

resolution is believed to be the result of a small cone angle of the CNT tip, which 

reduces lateral magnetic interaction volume on the sidewall of the CNT tip.  Another 
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significant and worth noting advantage is that a shorter tip-sample spacing is allowed in 

the case of our FePt-coated CNT probe without degrading the resolution, which can 

enhance the contrast as well as the ability to trace the surface topography of the sample. 

This is primarily due to the high aspect ratio and sharp tip geometry of the CNT probes 

in general.  

 

 

 

Figure 5.19 Zoom-in MFM image of the 900 kfci track taken with (a) the Si probe and 
(b) the CNT probe. 
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5.5.5 Analysis of the MFM images obtained by metal-coated CNT probes 

In order to understand if the CNT MFM probe can acquire correct information 

of the magnetic domain structures, the power spectra of average MFM image profiles 

of the recording media tracks obtained by the CNT probe were examined.  The 

analyzed area is selected from the recorded bit area parallel to the track direction.  Each 

spectrum was converted from ten 5 µm long line-profiles of magnetic recording 

patterns by fast Fourier transformation, and then normalized to its maxima in order to 

compare the strength of different spectra.   

Figure 5.20 shows the power spectra of 700-900 kfci tracks plotted against the 

frequency.  The inverse number of the peak position indicates the period of the bit 

length, which is double the length of the magnetic flux change by definition.  As 

expected, the highest peak in the spectrum occurring at the write frequency shifts to a 

higher value as the recording density increases.  As shown in Figure 5.20, the peak 

position in each spectrum corresponds to the wavelength (λ) of 78.8 nm, 69 nm and 

61.2 nm (i.e., 39.4, 34.5 and 30.6 nm/flux change respectively).  Compared with the 

ideal peak positions of tracks of 700, 800 and 900 kfci corresponding to 36, 32 and 28 

nm, the data acquired by the CNT MFM probe is pretty close to the expected values.  

As the recording density increases, the signal/noise ratio decreases from 9.17 of 

700 kfci to 5.44 of 900 kfci. The noise in MFM imaging may be due to the effects of 

thermal drift or environmental noise,21,22 and can be reduced by operating the imaging 

under lower temperature, which may enhance the image resoltuion.23  
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Figure 5.20 Power spectra of the averaged line profile of phase images taken with the 
CNC MFM probe.  

 

 

 

The resolution of the MFM can be characterized in real space by its “point 

response”24 or in Fourier transform space by its wave-vector (spatial frequency) 

response.15,25  In Figure 5.21, the image resolution was characterized by measuring the 

full width at half maximum (FWHM) response of small features, which corresponds to 

the real space resolution.  Dash-lines marked in the phase images of Figure 5.19(a) and 

(b) were chosen to show the line-profiles of the same position in the 900 kfci track 
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image taken with Si and CNT probes, respectively.  The CNT probe demonstrates a 

resolution of ~20 nm FWHM, as shown in Figure 5.21(b).  On the other hand, a rather 

irregular line-profile is produced by the Si probe as shown in Figure 5.21(a), which 

indicates a poor image quality.  On the Si probe tip, more magnetic materials around the 

tip end area due to its lower aspect ratio pyramidal geometry.  The contribution of those 

surrounding magnetic materials increases the phase shift and decreases the resolution. 

In this work, a Fourier transform method was also used to evaluate the MFM 

resolution.  Through this method, we can define λc, a cutoff frequence, corresponding to 

the minimum detectable wavelength, as the MFM resolution.15  The response of the 

MFM is a function of spatial frequency components in the stray field.  Such a response 

curve is called the tip transfer function (TTF).  For example,15 a slab-like tip with a 

magnetic coating on one side is characterized by the transfer functions 

)1)(
2
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k
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      (N) 

Where Msam and Mtip are the moments of the sample and the tip, respectively, k is the 

spatial frequency, z is the tip-sample distance; t is the thickness of the sample film, b 

and l are the magnetic coating thickness and length of the tip. 

The MFM response is proportional to the magnetization of tip and sample.  It 

has an exponential decay e-kz with increasing tip-sample separation.  The factor (1 − e-kt) 

describes the thickness loss, resulting from the superposition of the stray fields of the 

magnetic charge sheets on the top and the bottom side of the measured layer.  The term 

(1 − e-kl) describes the low-frequency behavior of the MFM.15  The sin(kb/2) term 
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establishes another limit for high-resolution detection and means that the transfer 

function is zero at nλ = b.  The MFM response drops below the background level (noise 

level) below this wavelength, which is the minimum detectable wavelength, also called 

cutoff wavelength, by the MFM.  The MFM resolution is defined as the half of the 

cutoff wavelength.   

 

Figure 5.21 Section profile of a 900 kfci track by (a) a FePt-coated Si probe and (b) a  
FePt-coated CNT probe. 
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Figure 5.22 shows the power spectra (in log scale) of the three different 

magnetic density tracks.  For the 700 kfci tracks, as shown in Figure 5.22(a), a cutoff 

wavelength of 34 nm corresponding to the MFM resolution of 17 nm is obtained from 

the intersection of the signal and the noise lines.  For the 800 and 900 kfci tracks, the 

resolutions obtained from the cutoff wavelengths are 17.5 and 18 nm, respectively, as 

shown in Figure 5.22(b) and (c).  The error of the resolution is about 2 nm, which is due 

to the inaccuracies of drawing the signal line and the noise line.  The MFM resolutions 

obtained from three tracks are similar and consistent with the result by measuring the 

FWHM of the MFM signals, as shown in Figure 5.21(b). 

Here, we show some example MFM results from CNT probes.  It is necessary to 

further optimize the tip radius, thickness of magnetic coating and select cantilevers with 

moderate resonant frequency in order to obtain an optimum compromise between 

image contrast and resolution.  Further improvement in the specifics of FePt deposition 

and related fabrication processes is likely to yield a sharper MFM probe and higher 

resolution.  
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Figure 5.22 MFM resolution analysis by the power spectra of the line profiles of phase 
images taken with the CNC MFM probe. 
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CHAPTER 6:  CONCLUSIONS AND FUTURE WORK 

In summary, the fabrication of a sharp and high-aspect-ratio carbon nanotube 

probe which possesses desirable thermal stability and mechanical toughness has been 

demonstrated using resist-free EBID pattering of catalyst nano-dots and electric-field-

guided DC-PECVD growth.  By adjusting the dc bias between the cathode and anode, 

the geometry of CNT can be changed from tube-like to conical shape, and the catalyst 

particle on the CNT tip can be completely removed via time-dependent size reduction 

by plasma sputtering, thus leading to an extremely sharp tip which can be used for AFM 

imaging and deep profile analysis.  This process which allows easy fabrication of a 

single nanoprobe on the commercial tipless cantilever is also capable of being 

integrated into batch production. 

  I also demonstrated that a high-aspect-ratio CNT probe on a very compliant 

and low-stiffness AFM probe cantilever can be fabricated using a tunable PECVD 

process of adjusting hydrogen/ammonia gas ratio in CNT growth and manipulating the 

surface stress conditions. 

High resolution AFM and MFM imaging were demonstrated using fabricated 

CNT based probes.  Compared with commercial Si probes, CNT probes can produce 

better lateral resolution and reduce tip convolution effect in AFM imaging, and have 

good stability after prolonged scanning.  The MFM images taken with the FePt-coated 

CNT probe also show better resolution due to the high-aspect-ratio geometry and small 

radius of the tip.  

Based on the fabrication techniques developed in this thesis, new CNT based 

probes can be further developed for nanotech and biotech related applications.  Here, I 
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will show two examples. First, the new MFM CNT based probes can be 

fabricated using high coercivity metal alloys as catalyst particles for CNT growth.  The 

brief fabrication procedures are illustrated in Figure 5.1.  By using EBID catalyst 

pattering technique and controlling sputtering etch to reduce the particle size during 

PECVD growth described in chapter 3, magnetic particle-capped CNT probes can be 

obtained for MFM imaging.  Compared with the magnetic-film-coated CNT probe, the 

magnetic moment only comes from the magnetic nanoparticle on the top of the tip.  

Thus, the magnetic interactions between the sidewalls of the probe and sample can be 

significantly reduced, and the image resolution is expected to be improved.   

 

 

 
Figure 6.1 Schematic illustration of the fabrication steps of a CNT probe with a capped 
magnetic nanoparticle. 

 

 

Second, the nanoprobes for measurements of bio-conductance or chemical 

reactions can be fabricated using CNTs with insulator coating, as shown in Figure 5.2.  

The conducting probes for chemical or biological reaction measurements have to be 

fabricated on low stiffness cantilevers, and whole body of the probe needs to be coated 
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with an electrical insulator film except at the very end of the tip, so that the 

measurement current does not diverge or leak through the fluid environment.   

CNTs have excellent conductivity and electrochemical behavior, and also can be 

functionalized with other chemicals, which make CNTs a potentially versatile electrode 

material for electrochemistry applications.  In this thesis, fabrication of CNT probes on 

low stiffness cantilevers has been demonstrated.  The challenge in future work is to 

make good insulating film coated on the whole cantilever and develop a process to 

expose the very of the probe to ensure accurate and nanoscale electrical measurements.  

 

 

 

Figure 6.2 Schematic illustration of CNT-based probes for electrochemical or 
biological applications. 
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One of the most promising and near-term applications of CNTs is as probes for 

scanning probe microscopy, which is being recognized by commercial AFM vendors.  

There are still many work needed to do to further improve the imaging performance 

and fabricate CNT probes with high yield process for large-scale production.  I believe 

that CNT probes can replace Si probes in some SPM applications after further 

improvements of the probe properties.  Hopefully, the CNT probes and related 

fabrication methodologies presented in this study will be useful for a variety of other 

nanotech and biotech related applications, and helpful for commercialization of CNT 

probes. 

 

 

 




