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ABSTRACT

Modification of used atomic force microscope (AFM) cantilever by carbon
nanotube (CNT) attachment and its imaging performance was demonstrated. CNTs
were directly grown on the apex of used Si AFM cantilevers by Ni catalyst-assisted
chemical vapor deposition (CVD) using ethanol as the carbon source. The Ni catalyst
film was deposited on the pyramid shape of the cantilever by the electroplating
method. To obtain CNTs protruding from the apex, the electroplating was performed
‘at the optimal condition with Ni plating solution temperature of 40°C for 6 s at the
applied voltage of 1.4 V, current of 0.01 A and the distance between anode and
cathode of 13 cm. The CVD was operated at the optimal growth temperature of
850°C for 20 min. The' field-emission electron microscope, the transmission electron
microscope and the -Raman spectrometer were utilized for the characterization of
the synthesized CNTs. There were 1-2 of thin tubular structures protruding from the
apex of cantilever with the length of approximately 465 nm and the diameter of
approximately 17.29 nm. The synthesized CNT were multi-walled carbon nanotube

structure. For the imaging performance test, the AFM standard sample of



micro-pattemned Pt films on silicon dioxide was used as a test sample. Superior -to
new and used AFM cantilevers, the CNT-modified AFM cantilevers exhibit

high-resolution imaging in both lateral and vertical resolution.
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CHAPTER 1

INTRODUCTION

1.1 Background and Problem

Atomic force microscopy or AFM is a technique for surface analysis such as
surface topology and there are many applications in several industries such as data
storage, semiconductors and coating. It uses mechanical force interaction between
tip and sample for surface imaging. Imaging resolution determines by tip geometry.
Conventional cantilever is Si cantilever with a sharp pyramidal tip. The resolution of
AFM imaging depend.on tip sharpness, it is necessary to develop a novel cantilever
with a sharp apex to obtain the high resolution image [1]. Nowadays, there are
ongoing efforts of design and manufacturing of novel cantilever by utilization of

nanomaterials such as carbon nanotube [2].

Carbon nanotube (CNT) is a graphite sheet rolled up into cylindrical shape
with a nanoscale diameter. The major types of carbon nanotube are single-walled
CNTs and multi-walled CNTs. Important properties of CNTs are high aspect ratio up
to 3,300,000. It can be either metal or semiconductor depending on graphite roll up
direction and it has high current density up to 4 x 10° AMem’ {3]. For mechanical
property, it has higher Young’s modulus and higher tensile strength than steel [4].
From the excellent properties of CNT, CNT is an ideal material for use as tip in AFM.

Figure 1 shows schematic view of CNT-modified cantilever.

Cantilever

- CNT

Figure 1 Schematic view of CNT-modified cantilever.



To fabricate CNT cantilever, CNT is attached to the Si pyramid shape
(conventional tip) of cantilever by three main methods; (1) using acrylic adhesive {5],
(2) manipulation in scanning electron microscopy [6-71 and (3) direct growth of CNT
on the Si pyramid shape by chemical vapor deposition (CVD) [8-11]. Direct growth
gives a good mechanical contact between CNT and Si cantilever because Van der
Waals forces between each CNT and the Si tip might play an impartant role in
holding the CNT in place and maintaining its orientation. CNTs possess mechanical
robustness because of its rooted growth from the network [14]. However acrylic
‘adhesive method is easy but not good contact.

In Hard Disk Drive factory, AFM is the important tool for scan slider and media
surface analysis. A lot of used cantilevers are used for characterization. So it is
necessary to modify used AFM cantilever for imaging improvement and reduce the
expense of the company. In this study, the used cantilever was used as a platform
for CNT attachment by direct growth method of Ni catalyst-assisted CVD using

ethanol as carbon source.

1.2 Objectives

1.21.  Toestablish a method to attach CNTs on the used AFM cantilever.

1.22.  To establish a method for metal catalyst thin fitm deposition on the
pyramid shape of cantilever.

1.23.  To establish the optimal conditions of chemical vapor deposition
(CVD) for direct growth of CNT on used AFM cantilever.

1.24. To investigate the imaging performance of the modified used-AFM

cantilevers by attachment of CNTs on the apex.



1.3 Scope of Research

13.1.

1.3.2.

1.33.

1.34.

1.3.5.

Design AFM cantilever fixture to fix cantilever during electroplating
process.

Investigate optimal conditions and Ni electroplating on pyramid shape
of cantilever.

Investigate optimal conditions of CVD for direct growth of CNT on used
AFM cantilever.

Characterize the morphology and structure of the synthesized CNT by
field emission scanning electron microscopy (FESEM), high resolution
transmission electron microscopy (HRTEM) and Raman spectrometer.
Investigate AFM imaging performance of the CNT-modified AFM

cantilever and compare with those of new and used AFM cantilevers.

1.4 Expected Results

14.1.

1.4.2.
1.4.3.

1.4.4.

Establish the method to deposit metal catalyst thin film on the
pyramid shape of used AFM cantilever.

Establish the method to attach CNTs on the used AFM cantilever.
Improve the imaging performance of used AFM cantilevers by
modification with CNT on tip apex.

Reduce the expense of th,e. company and high resolution AI;'M

cantilever.



Chapter 2
LITERATURE REVIEW

This chapter is a summary of the critical points of current researches on
fabrication of carbon nanotubes (CNTs) for AFM tip and W tip application, and
preparation of Ni thin film by electroplating technique for CNTs growth.

E. Yenilmez et al. improved fabrication of carbon nanotube for AFM tip in mass
production by wafer scale production technique[12]. The method for CNTs synthesis
was catalyst-assisted - chemical vapor deposition (CVD)- method. Their method
reproducibility leads to the growth of single-walled CNTs (SWNTSs) extending from Si
tips on the wafer more than 90%, thus accomplishing-a. major. task for mass
production of nanotube probe tips. The catalyst-patterning step. is accomplished by
lplacing a cata(yst onto 375 prefabricated Si tips by a simple technigue that involves
photoresist spin: coating, catalyst deposition, and liftoff. For CVD, methane was used
as the carbon- feedstock. CVD system was heated to 900°C in an Ar flow. Ultrahigh
purity methane 99.99% (flow rate of 1500 scem) mixed with hydrogen (flow rate of
125 sccm) were switched into the CVD system for a growth time of 7 min, followed
by cooling of the system to room temperature in @ H, flow. The schematic view of

the process is shown in Figure 2.1.
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Figure 2.1 (a) Photograph of a 4 inch wafer containing 375 AFM cantilevers with integrated Si
tips (photo courtesy of D. Adderton, Nanodevices Inc). (b) Schematic process flow for placing
catalyst onto Si tips on a wafer. (c) CVD setup for growth on a wafer. (d) Long nanotubes
extending out of the Si tips are shortened [12].

TEM reveals that the structures extending outward from the Si tips consist of
either individual SWNTs (2 nm-in diameter) or bundles of SWNTs with diameters up
to 10 nm. Van der Waals . forces between the nanotubes and the pyramids are
responsible for holding the.nanotubes in. place. The SWNTs grown from the Si
pyramids typically extend outward. from the tips 1-10 Mm. These nanotubes are
shortened to about 30-100 nm to obtain mechanically rigid nanotube probe tips for
AFM operation by etching from oxygen discharge. Figure 2.2 shows SEM and TEM

images of as-grown nanotube tips.

Even though, this process can produce CNT-AFM tip for mass production but
preparing of catalyst on the Si tip by lithography was quite complicated and high
cost of budget. Furthermore, the resultant of CNT length is too long, thus step of
shortening CNTs on AFM tip is required.



Figure 2.2 (a), (b) SEM images of as-grown nanotube tips. 10 nm of

Ti was evaporated onto the samples for SEM imaging. (c) TEM
image of a SWNT extending from a Si tip [12].

K. Takagahara et-al. has developed the technique to increase the yield of CNTs
at the apex of AFM probes [13]. CNTs were synthesized at the apex of the
commercial AFM tips by CVD. process with applying an electric field. The yield of AFM
probes with CNTs at the apex increased approximately 52%. A voltage of 40 V was
applied between a titanium jig and a silicon counter electrode. The gap between the
probe apex and the counter electrode was 60 um. The AFM probes have electrical
contact with the jig. An electric field produced by the voltage concentrates at the
probe tips because their apexes are very sharp. Thermal oxidation was carried to
form a glass (SiO,). layer on the AFM probes because catalysts for the CVD process
were fixed only on the SiO, surface. Fe and Co were used as catalytic metals for the
CVD process. Fe and Co acetate was dissolved in ethanol to form a metal acetate
solution, both metals were prepared equally at 0.01 wt%. A catalyst layer was
formed on the surface of the AFM probes by dip-coating for 10 min. After catalyst
coating, the probes were dried in a 400°C of oven to remove organic residues and to
form oxidized bimetallic particles on the SiO, surface. Then, SiO, layer was partially
removed by HF to make an electrical connect with the jig. For CVD process, the
quartz tube was heated up to 800°C under atmosphere of Ar/H, (3% of H, gas) gas at
a flow rate of 300 sccm at a pressure of 40 kPa. When the temperature reached to
800°C, the Ar/H, gas was stopped and the quartz tube was evacuated with a vacuum
pump. A voltage of 40 V was applied between the probes and the counter

electrodes by a voltage controller. Then ethanol vapor was introduced into the



quartz tube, keeping the ethanol pressure at about 1.4 kPa for 25 min.
The schematic view of the process is shown in Figure 2.3. The synthesized CNTs had
5-15 nm diameters and 300-5000 nm lengths. The CNT-AFM probes showed higher
horizontal resolution than the standard commercial AFM probes. Figure 2.4 shows

SEM images of side views of the AFM probes and close-up views of the tips after the

CVD process.

CNTs grown
at the tip of
an AFM
probe

Si counter electrode

AEM probes
covered with a
catalyst layer

60 um Electric field

Titanium jig

Ethanol vapor
oy to set AFM probes

atomosphere at 800 °C t

Figure 2.3 Schematic diagram of batch fabrication of CNTs at the tips of AFM probes [13].
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Figure 2.4 SEM images of side views of the AFM probes and close-up views of the tips after
the CVD process. (a) A probe tip with a straight CNT (b) A probe tip with a curved CNT [13].



The key point of this paper is the design of jig in order to hold wafer of AFM tip.
Each probe tip has the same distance to the counter electrode and the probe tip is
protected from mishandling of load - unload to the quartz tube of CVD process.
However, CVD process of this paper was quite complicated and it also need vacuum
system. Moreover dip coating for metal catalyst in this paper give abundance of CNTs

on the cantilever as shown in Fig. 2.4.

W. Wongwiriyapan et al. successfully synthesized SWNTSs protruding from the W
tip apex and this process is reproducible [14]. An electrochemically etched W tip
with a diameter of 0.25 mm and a cumnature radius of approximately 100 nm
[Fig. 2.5(a)] was used for SWNT growth. Prior to thermal CVD growth, Fe (0.5 - 2 nm)
catalytic thin films‘with a support layer of Al (5= 10 nm) were deposited on the W
tip by E-beam evaporation at room temperature. The W-tip was laid parallel to the
gas flow direction. To form-catalyst nanopartides, the tip was annealed in a quartz
tube at 850°C for 30 min under a flow of Ar gas at a flow rate of 300 sccm. Then, Ar
gas was replaced with pure CH, (99.99%) as a source gas with a pressure of 53 kPa
at a flow rate of 300 sccm, The CVD growth of CNTs was carried out at 850°C for 5
min. Figures 2.5(b)«d) show SEM images of the resultant ' SWNTs at the optimal
catalyst thickness; Fe (2 nm)/AL(10 nm). Figure 2.5(b) shows SEM image of the SWNTs
grown on region A of Figure 2.5(a) where the circumference of the tip was
approximately. 5 mm. A high-yield growth of SWNT networks with an approximately
uniform diameter was observed. The ~density of the SWNT networks gradually
decreased with proximity-to the W tip apexas shown in Figure 2.5(c). The SWNTs that
protruded from the W tip apex were relatively ‘straicht with diameters ranged from
0.9 to 3.7 nm and lengths from 200 nm to 1 mm. The Raman spectrometer data also
gave evidence of the growth of SWNTs. The sharp and branched peak of the G band
(at approximately 1590 cm ') with a very small D band (at approximately 1350 cm ')
and the radial breathing mode (at approximately 150 — 280 cm ) implied the high-
yield production of SWNTs on the W tip.



The key point of this report is the effective role of the Al layer was attributed to
the high-yield growth of SWNTs. The Al layer transformed into Al oxide clusters, it
acting as a catalyst support. It is likely that the Al layer also acts as a reaction barrier
against the formation of Fe-W alloy, resulting in the activation of the Fe catalyst.
The drawback is preparing of Fe/Al catalytic thin films by electron-beam evaporation

was quite complicated.

10 tm I im I m 250 nm

Figure 2.5 (a) SEM image of W.tip before thermal CVD growth. (b)~(d) SEM images
of W tip after thermal CVD growth in regions A, 8, and Cin (a), respectively [14].

C.S. Han et al.reported the fabrication and characterization of CNT tip modified
by focused ion beam (FiB) [15]. First, dielectrophoresis method was used for CNT
attachment on AFM probes due to its easy experimental setup, low cost, and a high
success rate. For the excellent imaging capability, CNT-AFM tip should satisfy suitable
length and vertical angle to the substrate, otherwise, imaging quality would be
degraded. To make the high’ performance CNT-AFM tip, FIB technique was used to
align the attachment angle-and-to cut the length.of the CNT. In this paper, it was
focused on the performance evaluation of the FIB-modified tip in terms of wear,
image resolution and trench structure. FIB-modified CNT tip showed better
characteristics than normal Si tip. Figure 2.6 shows AFM results of AAO nano
structures along with the scanning area. However, for practical application, FIB

machine is highly expensive and complicated using.
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Figure 2.6 AFM results of AAO Nano Structures along with the scanning area [15].

J. Kim et al. demonstrated growth and field emission of carbon nanotubes on
electroplated Ni catalyst coated on glass substrate [16]. The Ni catalyst was prepared
by electroplating-method. CNTs were synthesized from Ni catalyst coated on soda-
lime glass substrates using CVD of C,H, gas at 550°C. A 25x25-mm sized soda-lime
glass was used as a substrate. Ag film, which is used as a cathode electrode, was
printed by the screen. - printing method of Ag paste DS - 7068. The printed pattern
was a stripe type, 500 mm wide with 500 mm pitch. After printing the Ag film, it was
dried at 150°C for 10 min and heated at 550°C for 10 min. The final thickness of the
Ag film was about 5 mm on the glass substrate. The 200 nm thick Ni film was only
coated on the patterned Ag film as a stripe line using the electroplating method to
produce self-aligned CNTs grow on the line patterned Ni/Ag film. The electroplating
bath consists of nickel sulfate (NiSO46H,0) 150 ¢/, ammonium chloride (NH,Cl)
15 ¢/, and boric acid (H;BO;) 15 ¢/l. The temperature and pH of the electroplating
bath were 40°C and 4.5, respectively. In the electroplating bath, an anode (+) of dc

power source HC - 1330A was connected to a Ni metal plate and a cathode (-) was



connected to the Ag coated glass substrate. The dc current ; 20 mA at 2 V was
applied for 20 s. Figure 2.7 shows SEM micrographs of the CNTs grown on the
Ni/Ag/glass substrate at 550°C using C,H, gas with a flow rate of 20 sccm for 10 min.

Raman spectrum reveals that CNTs have a defective graphite structure at the wall.

Figure 2.7 SEM micrographs of the CNTs grown on the Ni/Ag/glass substrate at
550°C using C,H, gas with a flow rate of 20 sccm for 10 min, in the presence of

a Pd gas activator. (a) SEM image of CNTs on the substrate. CNTs are selectively
grown on the Ni catalytic metals. (b) A magnified SEM image (40000x) of CNTs [16].

M. K. Singh"et al..showed the technique to synthesize high density of CNTs on
Cu substrate by microwave plasma chemical vapor deposition (MPCVD) using
electroplated Ni ‘as catalyst [17).. Thin Cu foil was used as the substrate for the
nanotube deposition. The foils. have polycrystalline nature and have commercial
grade purity (98%) without any special pre-treatment to improve their smoothness.
The electroplating of the Ni.coatings on Cu foils was performed in an electroplating
bath. The Cu foil was used as cathode anda thin platinum wire was used as anode.
Commercial grade nickel sulfate (NiSO,7H,0); nickel chloride (NiCl,6H,0) and boric
acid (H;BO;) were used as electrolytes in a dc electroplating process. The bath
temperature was maintained at 60°C and its pH was 3.5. The Ni layers having a
thickness 15 um were treated in plasma of NH; gas for 2 min prior to the deposition
of CNTs in MPCVD apparatus. The temperature of the NH; treatment was 800 + 20 °C
and its flow rate was 180 sccm at a pressure of 20 mbar. CH4 and H, were used as
the precursor gases and their flow rates were 6 and 20 sccm, respectively.

The substrate temperature during the nanotubes growth was 840 + 20°C. Figure 2.8



shows SEM image of the tubes on Cu substrate. The synthesized CNTs have length of

40-50 pm and inner diameter in the range 20-50 nm.

Figure 2.8 SEM image showing the morphology of the tubes on Cu substrate.
The exceptionally long CNTs nearly parallel to the substrate are noteworthy [17].

There are many research papers regarding growth of CNTs on Si AFM probe tips.
However, all of them were demonstrated by using the new commercial Si AFM
cantilever as a platform. In this study, the used cantilever was demonstrated to be
reused by CNT attachment by direct growth method of Ni catalyst assisted CVD using

ethanol as carbon source.

To synthesize CNT by CVD method, metal catalyst must be formed prior CVD
process. For metal catalyst preparation, sputtering or e-beam evaporation were
adopted. These techniques require vacuum system and_expensive. Although, dip-
coating is a simple method but it is hard to control area of catalyst on AFM
cantilever. It occasionally need to have cover layer (mask) to protect the unwanted
of coating area. In this study, Ni electroplating method was chosen for metal catalyst
because it is simple and metal catalyst can selectively attach at the tips easily due
to the high density of electric field at the tip apex according to its sharpness. For
CVD process, growth of the CNT on AFM tip can carry out without vacuum system
but it is necessary to investigate the optimal condition such as electrode distance
variation, plating time of catalyst formation, flow rate of ethanol during CVD process,

CVD temperature and sample position in the quartz tube.



CHAPTER 3

THEORY

3.1 Atomic Force Microscopy (AFM)

3.1.1 Principle

The principle of operation of the AFM is-a-sharp cantilever tip interacts with the
sample surface sensing the local forces betweenv the m-olecules of the tip and
sample surface. The most characteristic property of the AFM is that the images are
acquired by measuring the sample surface without using light. In this way, not only
the sample topography can be recorded with good resolution, but also the material
characteristics and the strength of interaction between the sample surface and the
cantilever tip. ‘Due to the fact that no light is involved in acquiring the sample
properties, the AFM reaches a resolution far below. the diffraction (imit offered by the
optical microscopy. lts resolution is limited only by the tip radius and the spring

constant of the cantilever [18]. Figure 3.1 shows schematic diagram of AFM.

Figure 3.1 Schematic diagram of AFM [19].



3.1.2 Mode of AFM Operation

Atomic Force is potential changes depending on the distance between two
atoms. Figure 3.2 shows Lennard Jones Potential, relation between atomic force and

distance.

Lennard Jones Potential
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Figure 3.2 Lennard Jones Potential [20].

3.1.2.1 Contact mode

In the static mode operation, the static tip deflection is used as a feedback
signal. Because the measurement of a static signal is prone to noise and drift, low
stiffness cantilevers are used to boost the deflection signal. However, close to the
surface of the sample, attractive forces can be quite strong, causing the tip to "snap-
in" to the surface. Thus static mode AFM is almost always done in contact where the
overall force is repulsive. Consequently, this technique is typically called "contact
mode". In contact mode, the force between the tip and the surface is kept constant

during scanning by maintaining a constant deflection.



3.1.2.2 Tapping mode

In ambient conditions, most samples develop a liquid meniscus layer.
Because of this, keeping the probe tip close enough to the sample for short-range
forces to become detectable while preventing the tip from sticking to the surface
presents a major problem for non-contact dynamic mode in ambient conditions.
Dynamic contact mode (also called intermittent contact, AC mode or tapping mode)
was developed to bypass this problem [21]. In tapping mode, the cantilever is driven
to oscillate up and down at near its resonance frequency by a small piezoelectric
element mounted in the AFM tip holder similar to non-contact mode. A tapping AFM
image is therefore produced by imaging the force of the intérmittent contacts of the

tip with the sample surface [22].

3.1.2.3 Non-contact mode

In this mode, the tip of the cantilever does not contact the sample surface.
The cantilever is instead oscillated at either its resonant frequency. The van der
Waals forces, which are strongest from 1 nm to 10 nm above the surface, or any
other long range force which extends above the surface acts to decrease the
resonance frequency of the cantilever. This decrease in resonant frequency
combined with the feedback loop system maintains a constant oscillation amplitude
or frequency by adjusting the average tip-to-sample distance. Measuring the tip-to-
sample distance at each (x,y).data point allows the scanning software to construct a
topographic image of the sample surface [23]. Equation 3.1 and 3.2 show finding of

frequency of vibration and simple harmonic oscillator, respectively [20].

d
keff = kO = a—i (3.1)

where
ko : Intrinsic spring constant

ks : Effective spring constant



Simple harmonic oscillator

,k
w= [=L (3.2)
m

3.1.3 Imaging Resolution

Figures 3.3 and 3.4 show effect of tip sharpness on imaging resolution.
For sharp tip, image resolution depends-on. haft-cone angle as shown in Fig. 3.3.
However for dull tip, image resolution depends on tip size and has the different

geometry from the sample as shown in Fig. 3.4

D = resolution
r = tip size

R = sample size

6 = half-cone angle

Resolution depends on half-cone angle (8)

Figure 3.3 Effect of sharp tip on imaging resolution [20, 24].



D = resolution
r =tip size
R = sample size

Figure 3.4 Effect of dull tip on imaging resolution (20, 24].

3.2 Carbon Nanotubes

3.2.1 Types of CNTs

There are two basic types of CNTs: single-wall carbon nanotubes (SWCNTSs)
which are the fundamental cylindrical structure and multi-wall carbon nanotubes
(MWCNTSs) which are made of coaxial cylinders having interlayer spacing close to that
of the interlayer distance in graphite (0.34 nm). These cylindrical structures are only
few nanometers in diameter, but the cylinder can be tens of microns long, with most
end capped with half of a fullerene molecule. It was first discovered by M. Endo in
1978, as part of his Ph.D. work at the University of Orleans in France, but real interest
in CNTs started when lijima (1991) first reported it in 1991 [25]. Figure 3.5 shows
schematic diagrams of SWCNT and MWCNT. ‘
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Figure 3.5 Schematic diagrams of SWCNT-and MWCNT [25].

3.2.2 Synthesis of CNTs

3.2.2.1 Arc discharge

The carbon arc discharge, method, -initially used for producing Cg, fullerenes,
is the most common and perhaps easiest way to produce CNTs. But this technique
produces graphitic. impurities-such as carbon soot containing’ amorphous carbon,
anions and fullerenes. In this. method an inert gas atmosphere is created in the
reaction vessel by passing an inert gas at controlled pressure. Two graphitic rods
constitute the electrodes, between which a potential difference is applied. As the
rods are brought closer, a discharge occurs, resulting in formation of plasma. The
deposit, which contains CNTs, forms on the large negative electrode (cathode) while
the smaller positive electrode (anode) is consumed. When a metal catalyst is used
along with graphite, a hole is drilled in the carbon anode and it is filled with a
mixture of metal and graphite powder. In this case, most nanotubes are found in
soot deposited on the arc chamber wall [26]. Figure 3.6 shows schematics of plasma

arc discharge.
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Figure 3.6 Schematics of plasma arc discharge [27].

3.2.2.2 Laser ablation

Laser ablation uses an intense laser pulse to-vaporize a carbon target, which
also contains small amount of metals such as nickel and cobalt and is placed in a
tube furnace at'1200°C.-As the target is ablated, inert gas is passed through the
chamber carrying the grown nanotubes on a cold finger. for collection. This method
mainly produces SWCNT in the form of ropes [26]. Figure 3.7 shows schematics of

laser ablation.
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Figure 3.7 Schematics of laser ablation [27].



3.2.2.3 Chemical vapor deposition

In this process a mixture of hydrocarbon, metal catalyst along with inert gas is
introduced into the reaction chamber. During the reaction, nanotubes form on the
substrate by the decomposition of hydrocarbon at temperatures 700-900°C and
atmospheric pressure. The diameters of nanotubes that are to be grown are related
to the size of the metal particles. This mechanism of CNT growth is still . being
studied. The first ‘tip growth mode’ where, the catalyst particles can stay at the tips
of the growing nanotube during the growth process and second ‘base growth mode’
where, catalyst particles remain at the nanotube base, depending on the adhesion
between the catalyst particle and the substrate. This technique offers more control
over the length and structure of the produced nanotubes compared to arc and laser
methods. This process can also be scaled up to produce industrial quantities of CNTs
[26]. Figure 3.8 shows schematics of chemicat vapor deposition oven. Figure 3.9

shows growth mechanisms for CNTSs: (a) tip-growth model, (b) base-growth model.
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Figure 3.8 Schematics of chemical vapor deposition oven [27].
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Figure 3.9 Growth mechanisms for CNTs: (a) tip-growth model, (b) base-growth model [26].

3.2.3 Properties of CNTs

Main properties of CNTs;

3.2.3.1 High aspect ratio (length/diameter)
It has a radius as small. Length is in the range from 200 nm - 1mm up and diameter

is in the range from 3.A - 200 nm. Aspect ratio is approximately 5,000~ 3,300,000.

3.2.3.2 Electrical properties

It can be either metal or semiconductor depending on graphite roll up direction and
it has high current density. Highest current density is at 4 x 10’ A/cm’ [3]. Figure 3.10
shows a sheet of graphite rolled to show formation of different types of single walled
carbon nanotube. Armchair is conductor. Zigzag are conductor and semiconductor.

Chiral is semiconductor.
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Figure 3.10 A sheet of graphite rolled to show formation of different types of single
walled carbon nanotube [28].

3.2.3.3 Mechanical properties:

It has higher Young’s modulus and higher tensile strength than steel. Table 3.1 shows

mechanical properties of CNTs.

Table 3.1 Mechanical properties of CNTs'[4].

Young's modulus Tensile Strength Density

(Gpa) (Gpa) (g/em’)
MWNT 1200 ~150 2.6
SWNT 1054 75 13
SWNT bundle 563 ~150 1.3
Graphite (in-plane) 350 25 2.6

Steel 208 0.4 7.8




3.2.4 Applications of CNTs

With their excellent range of properties, CNTs have opened up a new age of
advanced multifunctional materials. Incorporation of CNTs in polymer matrices
provides materials that could be used for many high performance engineering
applications. Currently, the most widespread use of CNT nanocomposites is in
electronics. These nanocomposites could be used to shield electromagnetic
interference and as electrostatic-discharge components. The microwave-absorbing
capability of nanotubes could be exploited to heat temporary housing structures and
may have applications in space-exploration. Thin layers of nanotubes on plastics
might also be used in transparent conducting composites. High mechanical strength
of these nanocomposites could be ' utilized to make some high-end sporting goods
such as tennis rackets, baseball bat etc, and thus delivering superior performance

[26].

3.3 CNTs for AFM Cantilevers

Scanning probe microscopes, such as atomic force microscopes (AFM) and
scanning tunneling microscopes (STW). are- widely -used -now by the research
community to image, characterize and manipulate surfaces, atoms and molecules
and also by the semiconductor industry as a metrology tool. A serious problem in
scanning probe microscope is the availability of tips having well-known structural and
electrical properties as well as good mechanical and chemical stability. For example,
a typical AFM probe consists of a silicon or silicon nitride cantilever with a pyramidal
shaped tip. This tip can be made as small as 10-20 nm offering reasonable
resolution. However, the large cone angle of this tip (30-35 deg.) makes it difficult for
probing narrow and deep features. Another serious drawback is that the tip is brittle
thus limiting its use in applications; either the tip breaks after only a limited use or

becomes blunt.
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CNTs have nanometer scale diameter and high aspect ratio, are robust and
stable under a wide range of applied physical conditions and can be functionalized.
For these reasons, CNT tips have become an attractive alternative in scanning probe
microscope. CNTs probes can be manually glued to the apex tip of an AFM
cantilever suing acrylic adhesives or attached via electron beam deposition of
amorphous carbon. Manipulation in scanning electron microscopy is one alternative.
Alternatively, carbon nanotubes can be directly grown on the tips via CVD methods.
In a well-characterized CVD process, it may be possible to control the length of the
probe by selecting the growth time. On the other hand, it is possible to shorten
a long tip to the desired length by the application of an electric field to etch away

the carbon atoms.

AFM carbon nanotube tips prepared as above described, have demonstrated
high resolution and superb stability: with no damages for both tip and sample and
consequent long lifetime, in-imaging biological material, carbon nanotubes and deep
sharp grooves, as well as in nanolithography patterning. The usefulness of carbon
nanotubes as STM tips with atomic resolution has been demonstrated in air on

chemically inactive surfaces [26].

There are three main methods for CNT- cantilever preparation. One method is
acrylic adhesive technique, another one is SEM manipulation technique. Another one
is direct growth by chemical vapor deposition or CVD. Direct growth method gives a
good contact between CNT and cantilever. However acrylic adhesive method is easy
but not good contact [12, 28, 29]. Figure 3.11 shows CNT-cantilever preparations.

Figure 3.12 shows example of AFM-imaging, gold nanoparticle.
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Figure 3.11 CNT-cantilever preparations [12, 28, 29].
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Figure 3.12 Example of AFM imaging, gold nanoparticle [30].



3.4 Electroplating technique

Electroplating is the application of a metal coating to a metallic or other
conducting surface by an electrochemical process. The article to be plated is set the
cathode (negative electrode) of an electrolysis cell through which a direct electric
current is passed. The article is immersed in an aqueous solution (the bath)
containing the required metal in an oxidized form, either as cation or as a complex
ion. The anode is usually a bar of the metal being plated. During electrolysis metal is

deposited on to the work and metal from the bar dissolves [31]:

Cathode Mz'(aq) + ze —>M(s)

Anode M(s) —Mz (aq) + ze’

3.4.1 Faraday's laws of electrolysis

Michael Faraday enunciated his laws of electrolysis in 1833. They are basic to
both the understanding and the practical use of electrolytic processes. They may be

stated as follows:

1. The amount of chemical change produced by an electrical current is proportional

to the quantity of electricity that passes.

2. The amounts of different substances liberated by a given quantity of electricity are

inversely proportional to their chemical equivalent weights.

3.4.2 Nickel Electroplating

To transfer nickel onto the surface of the article properly, a negative charge
must be applied to the base material, while a rod made of nickel is connected to

the positive side of the rectifier or power source [32].

Next, the article is submerged in a solution that features a salt with a chemical

makeup, including the electroplating metal. For nickel electroplating, this solution
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consists of water and nickel chloride salt (or nickel sulfate salt). Due to the electric
current present in the solution, the nickel chloride salt dissociates to negative
chloride ions and positive nickel cations. The negative charge of the base metal then
attracts the positive nickel ions, while the positive charge of the nickel rod attracts
the negative chloride anions. Through this chemical reaction, the nickel in the rod
oxidizes and dissolves into the solution. From here, the oxidized nickel is attracted to
the article, and subsequently coats the article. The process of nickel electroplating is

shown in figure 3.13.

g Wafer

Anode:
Ni. = Ni**+2e Ni2*+2e — Ni

Figure 3.13 The process of nickel electroplating [33].



3.4.3 Thickness of thin films

The thickness of thin films can calculate from Faraday's laws as showing below [34].

ItA
W =— (3.5)
nkF

where
W = weight of plated metal in grams
| = current in coulombs per second
t = time in seconds
A = atomic weight of the metal in grams per mole
n = valence of the dissolved metal in solution in equivalents per mole

F = Faraday's constant in coulombs per equivalent (F = 96,485.309

coulombs/equivalent)

The following illustration will describe how Faraday's Law can be used. Consider

nickel electroplating. The electrochemical reaction at the cathode will be:

NP+ 2e = Ni (3.6)
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Equation 3.6 means that nickel ions in solution will plate out as nickel metal on
the cathode when two electrons per nickel ion are passed into solution. The
thickness of the electroplated metal can calculate this thickness using the following

equation (3.7):

Wx10000
T = —— (3.7
pXS
where
T = thickness in microns
S = surface area of the plated part in square centimeters
P = density in grams per cubic centimeter

10000 = is a multiplicative constant to convert centimeters to microns

If equations (3.5) and (3.7) are combined we have the following equation for plated

thickness in equation (3.8).

__ ItAX10000

(3.8)
NFXPXS



3.5 Analytical Methods

3.5.1 Field Emission Scanning Electron Microscopy: FESEM

FESEM is microscope that works with electrons instead of light. The field
emission scanning electron microscope is a type of electron microscope that images
the sample surface by scanning it with a high-energy beam of electrons in a raster
scan pattern. The system uses a thermal field emission source to provide a stable
high beam current. Detector of secondary electron-is placed in the microscope that
collect signal to produce an image of the specimen. It is mounted at the right hand
side of the chamber over the sample [35]. Figure 3.14 shows schematic diagram of

main unit of SEM.
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Figure 3.14 Schematic diagram of main unit of SEM [36].



3.5.2 High Resolution Transmission Electron Microscopy: HRTEM

HRTEM is an instrument for high-magnification studies of materials sciences,
nanotechnology, the semiconductor and data storage industries. High resolution
makes it perfect for imaging materials on the atomic scale. High resolution
transmission electron microscope use electron beam which occur from high voltage
transmitted through filament. Electron depart from terminal of filament to object
which electron beam raster to objective lens and signal was enlarged then electron
will activate molecule of fluorescence screen in order to produce the 2D image.
Dark-field image obtained from the object that have high atomic number while
bright-field image obtained from-the object that have low atomic number [37].

Figure 3.15 shows schematic diagram of main unit of TEM.,
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Figure 3.15 Schematic diagram of main unit of TEM [38].



3.5.3 Raman spectrometer

Raman spectrometer is a spectroscopic technique based on inelastic
scattering of monochromatic light, usually from a laser source. Inelastic scattering
means that the frequency of photons in monochromatic light changes upon
. interaction with a sample. Photons of the laser light are absorbed by the sample
and then reemitted. Frequency of the reemitted photons is shifted up or down in
comparison with original monochromatic frequency, which is called the
Raman effect. This shift provides information about vibrational, rotational and other
low frequency transitions in molecules.-Raman spectrometer can be used to study
solid, liquid and gaseous samples [39]. Figure 3:16 shows Energy-level diagram.
Energy-level diagram showing the states involvedin Raman signal. The line thickness

is roughly proportional to the signal strength from the different transitions.
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Figure 3.16 Energy-level diagram [39].



CHAPTER 4

RESEARCH METHODOLOGY

This chapter describes steps of modification of used AFM cantilever by carbon
nanotube (CNT) attachment. It consists of selection of used AFM cantilever for
experiment, synthesis CNTs on AFM tip by floating Fe catalyst, synthesis CNTs on
AFM tip by electroplated Ni catalyst, design of AFM cantilever fixture for
electroplating, Ni deposition on used AFM cantilever by electroplating method,
synthesis of CNTs on used AFM-cantilever by chemical vapor deposition (CVD)
method, CNT characterizations and AFM imaging. performance test using
CNT-modified AFM cantilever. Fabrication of CNT of this experiment divided into
2 methods. First method is synthesis CNTs on AFM tip by floating Fe catalyst.
Second method is synthesis CNTs on AFM tip by electroplated Ni catalyst.

4.1 Selection of used AFM cantilever for experiment

The used AFM cantilever was observed by field emission scanning electron
microscope (FESEM) before CNT . attachment experiment. If used AFM tips were
broken or had contaminations, those tips were not selected for the CNT attachment
experiment. The used AFM ‘cantilevers that are appropriate for the experiment
should have curvature radius approximately 60 -.150 nm. If broken used tip is used

for scanning, the AFM imaging will not be clear and will be double images.

4.2 Synthesis CNTs on AFM tip by floating Fe catalyst method

Fe particles and carbon source were mixed together in the solution form and
were sprayed into the reactor. CNTs were grown from the Fe particles and then
attached on the tip. Figure 4.1 shows é schematic view of synthesis of CNTs on AFM
tip by floating Fe catalyst method. CVD condition is shown in table 4.1. CVD growth

time was varied in 5, 10, 15 and 25 min, respectively [10].
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Figure 4.1 Schematic views of synthesis CNTs on AFM tip by floating Fe catalyst.

Table 4.1 CVD condition for growth of CNTs by floating Fe catalyst (CVD condition C1)

Carbon source and catalyst : Ethanol 99 g, Ferrocene 1 g, Thiophene 0.157 ¢
solution

Temperature : 800°C

CVD Growth time : 5,10, 20, 25 min

Ar flow rate for ethanol bubbling. ' : 500 sccm

Ar flow rate for annealing : 500 sccm

Synthesis of CNTs on AFM tip by floating Fe catalyst method provided too
many CNTs on the tip. Thus, it is necessary to control density of CNTs. Selective

catalyst deposition at the tip apex by using electroplating method is required.

4.3 Synthesis CNTs on AFM tip by electroplated Ni catalyst method

To attach CNT at the apex of cantilever by CVD method, prior to CVD process,
it is necessary to deposit the metal catalyst film on the apex of pyramid shape
of cantilever. In this study, Ni was selected as metal catalyst and electroplating was

used for Ni deposition [16, 17]. Figure 4.2 shows schematic view of CNT growth on

used-AFM cantilever.
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Figure 4.2 Schematic view of CNT growth on used-AFM cantilever.

4.3.1 Design of AFM Cantilever Fixture for Electroplating

Design of AFM cantilever fixture for Ni electroplating method is very important
because it is desired to selectively deposit Ni film on tip apex (Si pyramid shape)
only. Sharp materials have high density of electric field so Ni.can attach on the tip
apex area. AFM cantilever fixture was designed to fix cantilever and keep it floating
on plating solution. Each AFM cantilever was set in the direction that its pyramid part
pointing down to plating solution. A foam sheet was cut in rectangle shape and

stainless steel (SS) sheets were fixed at both left and right sides of a foam sheet.

A foam sheet supports each cantilever to float in the same horizontal level
during electroplating. When conduct electroplating, cantilever was fixed on the SS
sheet by adhesive tape and conductive wire was connected between the SS sheet
and the direct-current (DC) power supply. Figures 4.3 and 4.4 show schematic views

of side and top views of the AFM cantilever fixture, respectively.
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Figure 4.3 Schematic view of side view of the fixture showing that Si

cantilever is set on the fixture.

SS sheet

Figure 4.4 Schematic view of top view of the fixture.



4.3.2 Synthesis CNTs on AFM tip by electroplated Ni catalyst.

In this study, electroplating method was adopted for Ni film deposition.
This method is simple and does not need vacuum system such as sputtering or
e-beam evaporation. Especially, this method can provide a selective deposition at
the tip apex due to the high density of electric field at the tip apex according to its
sharpness. Figure 4.5 shows setup of Ni electroplating. Ni film was deposited on the
cantilever using DC electroplating technique. A commercial Ni electroplating bath
was used as electrolyte in an electroplating process. Pyramid shape of cantilever was
pointed down to plating solution. The used AFM cantilever was connected to the

cathode while the Ni metal bar was connected to the anode of the circuit.

Currentsource

stai

«
{Si Cantilever) Nicke! Bar

Hot Plate

Figure 4.5 Setup of Ni electroplating for Ni film coating on Si cantilever.

4.3.2.1 Investigation of optimal condition for Ni electroplating

Effect of distance between anode and cathode and effect of plating time were

investigated.

Si AFM cantilever was used as the cathode while Ni bar was used as the anode.

Distance between anode and cathode were varied at 8 and 13 cm while the plating



time were varied at 6, 12 and 30 s. Voltage, current, temperature parameters of
electroplating were fixed at 1.4 V, 0.01 A and 40°C, respectively. The parameter
values used in this experiment were referred from the reference papers [16, 17, 40].
After electroplating, cantilever was cleaned by dipping in deionized water
approximately 15 s and drying by N, blow. Figure 4.6 shows schematic view of
mechanism of Ni electroplating at AFM tip. Table 4.2 is Ni electroplating condition for
electrode distance variation (Electroplating condition E1). Table 4.3 is Ni

electroplating condition for electroplating time variation (Electroplating condition E2).

Nt~ N M\ N TH2e
(aq (s} (s) (aq)

Figure 4.6 Mechanism of Ni electroplating at AFM tip.

Table 4.2 Ni electroplating condition for electrode distance variation
(Electroplating condition E1)

Current :0.01 A
Voltage :1.40 V
Plating time :6s
Distance between cathode and anode + 8,13 cm

Ni solution temperature : 40°C




Table 4.3 Ni electroplating condition for electroplating time variation

(Electroplating condition E2)

Current :001 A
Voltage : 1.40
Plating time 612 30:s
Distance between cathode and anode :13cm

Ni solution temperature : 40°C

The shape and the contour of the object can affect the thickness of the plated
layer. Cantilever with a pyramid shape which has a sharp tip will tend to have thicker
plated deposits on the outside corners and- thinner deposits in the recessed areas.
This occurs because the DC current flows more densely around the outer edges of

an object than the less accessiblte recessed areas:.

4.3.2.2 Investigation of optimal condition for synthesis of CNTs on used

AFM Cantilever by chemical vapor deposition method

Ni metal catalyst film-deposited- AFM cantilever was set into a quartz tube
reactor for CVD process. For standard CVD process, the quartz tube was filled with
Ar gas for 30 min. Then, cantilevers were heated to the growth temperature and
were annealed for 35 min.  After temperature reached to the desired temperature,
ethanol vapor (99.99%) was. switched into the fumace by Ar bubbling for 20 min.
After the temperature was droppedto room temperature, the cantilevers were taken

out from the furnace [10].

Figure 4.7 and 4.8 shows schematic view of CVD system using ethanol as a

carbon source and time-temperature profile during CVD process, respectively.
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Figure 4.7 Schematic view of CVD system using ethanol as a carbon source.
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Figure 4.8 Time and temperature profile during CVD process.




To investigate the effect of the electrode distance of Ni electroplating, the

Ni-deposited AFM cantilevers was used as a platform for CNT grown under CVD

condition shown in Table 4.4.

Table 4.4 CVD condition for investigation of effect of electrode distance

(CVD condition C2)
Temperature : 850°C
Growth time : 10 min
Ethanol temperature : 100°C
Ethanol flow rate : 125 sccm
Ar flow rate 500 sccm
Sample positionin the quartz tube : center

To investigate the effect of the Ni electroplating time, the Ni-deposited AFM

cantilevers was used as a platform for CNT grown under CVD' condition shown in

Table 4.5.

Table 4.5 CVD condition for investigation of effect of electroplating time

(CVD condition C3)
Temperature { (2026
Grovvt‘h time 10 min
Ethanol temperature :100°C
Ethanol flow rate : 500 sccm
Ar flow rate : 500 sccm
Sample position in the quartz tube : center

To investigate the optimal condition for synthesis of CNTs on used AFM

cantilever by CVD, effect of ethanol bubbling flow rate, CVD temperature and sample

position were investigated and each condition was shown in Tables 4.6-4.8,

respectively. The Ni electroplating condition was fixed by the condition shown in

Table 4.9.



Table 4.6 CVD condition for investigation of ethanol bubbling flow rate

(CVD condition C4)
Temperature : 7150°C
Growth time : 20 min
Ethanol temperature : 100°C
Ethanol flow rate : 125, 500 sccm
Ar flow rate : 500 sccm
Sample position in the quartz tube : center

Table 4.7 CVD condition for investigation effect of CVD temperature

(CVD condition C5)

Temperature : 750, 850°C
Growth time :20min
Ethanol temperature : 100°C
Ethanol flow rate : 125'scem
Ar flow rate : 500 sccm
Sample position in the quartz tube : center

Table 4.8 CVD condition for investigation of effect of position

(CVD condition C6)
Temperature +850°C
Growth time : 20 min
Ethanol temperature :100°C
Ethanol flow rate : 125 sccm
Ar flow rate : 500 sccm
Sample position in the quartz tube : left, center, right

Table 4.9 Ni electroplating condition for investigation of the optimal CVD condition
(Electroplating condition E3)

Current :0.01 A
Voltage : 1.40
Plating time - 16s
Distance between cathode and anode : 1% cm

Ni solution temperature : 40°C




Figure 4.9 shows a schematic view of sample position in the quartz tube for

CVD system. The length of the heater area is 30 cm.

30cm
Inlet E ( Left Center ' Right) OutletE

Figure 4.9 Schematic view of position in the quartz tube for CVD system.

Table 4.10 is a summary-of combination of electroplating conditions and CVD

conditions used in this research.

Table 4.10 A summary of electroplating and CVD conditions

Electroplating

Sample Set T CVD Condition
Condition
1. Floating catalyst method C1
2. Ni electroplating condition 5 s
(parameter: electrode distance)
3. Ni electroplating condition
! B2 €3

(parameter: electroplating time)
4. CVD condition

E3 ca
(parameter: ethanol bubbling flow rate )
5. CVD condition

E3 c5
(parameter: CVD temperature-)
6. CVD condition

E3 Cé6

(parameter: sample position )




4.4 Characterizations

4.4.1 Field Emission Scanning Electron Microscopy: FESEM

FESEM was used for characterization of morphology properties of catalyst
nanoparticles, multi-walled carbon nanotubes (MWNTs), AFM cantilever and AFM
standard sample. The model of FESEM that used in this research is FEI Sirion FESEM,
NPGS v.9, EDAX Falcon. The FESEM specifications are shown in table 4.11.

Table 4.11 Specifications of FESEM

Pressure (analyticalchamber) 6.3x10° mBar

Acceleration voltage (AV.) 30 kv

Magnification 40 - 1,200,000X

Beam curmrent > 25 nA (AV. 10 kV), > 0.5 pA (AV. 500 eV)

4.4.2 High Resolution Transmission Electron Microscopy: HRTEM

HRTEM was used- for. characterization of ‘MWNT" structure. For sample
preparation, CNTs on AFM cantilever apex were smeared from AFM tip to Cu grid.
The model of HRTEM that used in this research is FEI TECNAI G2 20. The HRTEM

specifications are shown in table 4.12.

Table 4.12 Specifications of HRTEM

Pressure (analytical chamber) <27x10° Pa
Acceleration voltage (A.V.) 200 kv
Magnification 25 - 700 kX

Filament type LaBg emitter




4.4.3 Raman spectrometer

Raman spectrometer was used for characterization of structure properties of
MWNTs and carbon bonding. The model of Raman spectrometer that used in this
research is DXR Smart Raman Spectrometer, Thermo Scientific. The Raman

spectrometer specifications are shown in table 4.13.

Table 4.13 Specifications of Raman spectrometer

Excitation energy 532 nm (2.45 eV)
Excitation power 5 mwW

Exposure time 2s

Acquisition time 15 times

4.5 AFM Imaging performance test using CNT-modified AFM Cantilever

To evaluate the AFM imaging performance of the CNT-modified cantilever,
the CNT-modified cantilever was used to scan the silicon dioxide coated with a
uniform layer of platinum ‘which is AFM standard sample (VLS| standard sample,
STS2-180P). Atomic force microscopy (BRUKER, Dimension lcon) was utilized for AFM
imaging in tapping-mode. Cantilever data are thickness of 4 pm, length of 125 pm,
width of 40 pm, resonance-frequency (f,) of 320 kHz and spring constant (k) of
42 N/m. For AFM imaging comparison, used and new cantilevers were also employed
for imaging scanning. The scanned images and line profiles were used for
comparison. After imaging scanning, the-CNT-modified cantilever was observed by
. FESEM again to confirm its durability. Table 4.14 shows conventional AFM cantilever

(Bruker, TESP) data.



Table 4.14 Conventional AFM cantilever (Bruker, TESP) data

Technical data Value Range
Thickness (um) 4 um 35-45
Mean width (um) 40 um 25.0 - 45.0
Length (um) 125 pm 110.0 - 140.0
Force constant (N/m) 42 N/m 20.0 - 80.0
Resonance Frequency (kHz) 320 kHz 200.0 - 410.0
Curvature radius (nm) 58 nm

Mode of operation Tapping




Chapter 5

RESULTS AND DISCUSSION

This chapter describes. the results of fabrication of CNT-modified used AFM
cantilever. Field emission scanning electron microscopy (FESEM), high resolution
transmission electron microscopy (HRTEM), Raman spectrometer were utilized to
characterize morphology and structure of the synthesized CNTs on the apex of
pyramid shape of AFM cantilever. AFM imaging performance of the CNT-modified
used AFM cantilever was investigate using .AFM standard sample as a sample test.
The obtained image and line profile was compared withthose obtained by used and

new cantilevers.

5.1 Characterization of used AFM cantilever for experiment

Figure 5.1 shows examples of FESEM images of used AFM tips before
electroplating and chemical vapor deposition. Used AFM cantilevers that are
appropriate for the experiment, should have curvature radius approximately 60 - 150
nm (Figures 5.1 (a){(c)).- Used AFM tips those were broken or contaminated, were not
used in the experiment (figures 5.1 (d)<(i)). When' broken tips were used for image
scanning, the AFM imaging was not clear and showed double images as shown in

figure 5.2.



Figure 5.1 Examples of FESEM images of used AFM tips
(a)-(c) used tip for CNTs growth, (dH(f) broken tips and (g)i) contaminated tips

Figure 5.2 AFM image obtained from broken used AFM tip.
(a) 2D image and (b) 3D image



5.2 FESEM Characterization of CNTs on AFM tip by floating Fe catalyst
method

Figure 5.3 shows FESEM images of used cantilevers after CVD process by Fe
floating catalyst CVD at different growth times. CVD condition is' shown in table 4.1.
CVD growth time was varied in 5, 10, 20 and 25 min, respectively.

Figure 5.3 FESEM images. of synthesized CNTs on used AFM cantilever by Fe floating
catalyst CVD at different growth times;(a) 5, (b) 10, (c) 20 and (d) 25 min

Growth times of 5 and 10 min gave low density of CNTs at cantilever body and
no CNT on the apex of the tip. Growth times of 20 and 25 min gave high density of
CNTs covered tip apex. Figure 5.4 shows FESEM images at high magnification of CNT-
modified AFM cantilever by floating Fe catalyst method.



Figure 5.4 FESEM images at high magnification of CNT-modified AFM cantilever by
floating Fe catalyst method.

From figure 5.4, FESEM images at high magnification. of CNT-modified AFM
cantilever by floating Fe catalyst method, shows too many CNTs on the tip, so it is
necessary to control density of CNTs. Selective catalyst deposition at the tip apex by

using electroplating method is a promising method.

5.3 Characterization of CNTs on AFM tip by electroplated Ni catalyst

5.3.1. Optimal condition for Ni electroplating
5.3.1.1 Effect of electrode distance

Effect of distance between-anode and cathode was investigated; 8 and 13 cm.
The electroplating and CVD conditions are shown in tables 4.2 and 4.4, respectively.
Figure 5.5 show FESEM images of the CNTs synthesized from electroplated Ni catalyst

deposited at different electrode distances.
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Figure 5.5 FESEM images of the CNTs synthesized from electroplated Ni catalyst
deposited at different electrode distances; (a) 8 and (b) 13 cm

From figure 5.5, electrode distance of 8 cm shows high density of CNTs covered
cantilever while electrode distance of 13 ¢m shows tow density of CNTs only on

cantilever body.

5.3.1.2 Effect of electroplating time

Effect of plating time was investigated; 6, 12 and 30 s. The electroplating and
CVD conditions-are shown in tables 4.3 and 4.5, respectively. Figure 5.6 show FESEM
images of the CNTs synthesized from electroplated Ni catalyst deposited at different

electroplating times.

Figure 5.6 FESEM images of the CNTs synthesized from electroplated Ni catalyst deposited
at different electroplating times; (a) 6, (b) 12 and (c) 30 s.



From figure 5.6, electroplating time of 6 and 12 s shows low density at the tip

while electroplating time of 30 s shows high density of CNTs covered cantilever.

Thus, electrode distance of 13 cm and electroplating time of 6 s is an optimal

condition for synthesis of CNTs on used AFM cantilever.

5.3.2. Optimal condition for CVD

5.3.2.1 Effect of ethanol bubbling flow rate

Effect of ethanol bubbling flow rate was investigated; 125 and 500 sccm.
The electroplating and CVD conditions are shown in tables 4.9 and 4.6, respectively.
Figure 5.7 show FESEM images of the CNTs synthesized from different ethanol
bubbling flow rates.

Figure 5.7 FESEM images of the CNTs synthesized from different ethanol bubbling
flow rates; (a) 125 and (b) 500 sccm.

From figure 5.7, ethanol flow rate of 125 sccm shows a low density of CNTs
at the tip while that of 500 sccm shows a low density of CNTs at the tip with a high
density of CNTs at the cantilever body.



5.3.2.2 Effect of CVD temperature

Effect of CVD temperature was investigated; 750 and 850°C.
The electroplating and CVD conditions are shown in tables 4.9 and 4.7, respectively.
Figure 5.8 show FESEM images of the CNTs synthesized from different CVD

temperatures.

Figure 5.8 FESEM images of the CNTs synthesized from different CVD temperatures;
(a) 750 and (b) 850°C.

From figure 5.8, CVD temperatures of 750 and 850°C show. a low density of
CNTs on the tip. There are no significant differences of CNT density at different CVD

temperatures.

5.3.2.3 Effect of sample position

Effect of sample position was investigated; left, center and right position.
The electroplating and CVD conditions are shown in tables 4.9 and 4.8, respectively.
Figure 5.9 show FESEM images of the CNTs synthesized from different sample

positions.



Sample on Left of Quartz tube Sample on Center of Quartz tube Sample on Right of Quartz tube

B v v e
Figure 5.9 FESEM images of the CNTs synthesized from different sample positions;

(a) left, (b) center and (c) right of quartz tube.

From Figure 5.9, left position shows one or.two CNTs, center position shows

a low density of CNTs and right position shows the highest density of CNTs.

From this study, the optimal condition for Ni-electroplating of used AFM
cantilever is shown in table 5.1 and the optimal condition for growth of CNT on AFM

cantilever apex using CVD method is shown in table 5.2, respectively.

Table 5.1 The optimal condition for Ni electroplating on used
AFM cantilever

Current :0.01LA
Voltage 2140V
Plating time 1 6s
Distance between cathode and anode AFcm
Ni solution temperature : 40°C

Table 5.2 The optimal condition for growth of CNT on AFM

cantilever apex using CVD method.

Temperature : 850°C
Growth time : 20 min
Ethanol temperature +100°C
Ethanol flow rate : 125 sccm
Ar flow rate : 500 sccm

Sample position in the quartz tube : Left




Figures 5.10 (@) - (c) show FESEM images of CNT-modified cantilevers at
different magnifications of FESEM from the optimal electroplating and CVD
conditions. CNTs were found at the tip apex of Si pyramid shape, the edge of Si
pyramid shape and the edge of cantilever. Figure 5.11 shows FESEM images of other

CNT-modified cantilevers grown from the optimal electroplating and CVD conditions.

Figure 5.10 FESEM images of CNT-modified cantilevers at different magnifications of FESEM.

Figure 5.11 FESEM images of other CNT-modified cantilevers grown from the optimal
electroplating and CVD conditions.

Figures 5.12 (a) - (c) show FESEM images of used, new and CNT-modified

cantilevers, respectively.



Used cantilever New cantilever CNT-modified cantilever

Curvature radius: 145 nm  Curvature radius: 58 nm  Curvature radius: 17 nm

Figure 5.12 FESEM images of (a) used, (b) new and (c) CNT-modified cantilevers.

The curvature radius of each cantilever apex was different. Used cantilever had
the dull apex with a curvature radius of 145 nm, while new cantilever had the
relatively sharp apex with a curvature radius of 58 nm. For CNT-modified cantilever,
CNTs with a thin tubular structure were protruded from apex of cantilever with a
length of approximately 465 nm. The curvature radius of the used cantilever before
CNT modification was approximately 87 nm. After modified used AFM cantilever,

curvature radius was approximately 17 nm.

5.3.3 HRTEM Characterization of CNTs on AFM tip by electroplated Ni
catalyst

For HRTEM observation, it is difficult to directly observe the structure of CNT
protruded from cantilever apex..To obtain the trend. of the resultant CNTs, CNTs on
cantilever were smeared to Cu grid and characterized. Thus, not only the CNTs at the
apex, but also CNTs at the cantilever body were observed. Figures 5.13 show HRTEM

images of CNT on used cantilever after CVD process.



Figure 5.13 HRTEM images of CNT-modified cantilever.

It was found that the resultant CNTs consisted of graphite layers, implying multi-
walled carbon nanotube (MWCNT) structure [41]. The high contrast in the image was
assumed to be Ni catalyst. Diameters of MWNTSs were approximately estimated to be
with a diameter of 17.29+0.59 nm. From, HRTEM it cannot determine the growth
mode of the CNTs.

5.3.4 Raman Spectrometer Characterization of CNTs on AFM tip by
electroplated Ni catalyst

The CNT-modified cantilever was characterized by Raman spectrometer by
using an Ar ion laser with a wavelength of 532 nm (2.45 eV).and a power of 5 mW.
The laser was focused at the apex of modified CNT AFM tip. Figure 5.14 shows
Raman spectrum obtained from CNT-modified AFM tip at high-frequency region.

There are two important peaks of CNTs. D peak is approximately 1350 cm’ and
G peak is approximately 1590 cm'l, which can be reasonably assigned to disorder-

induced (D) mode and C-C stretching (G) mode of graphite structure, respectively.

This spectrum implies the MWCNT structure. The intensity ratio of G-band to
D-band is usually used for evaluating the quality of the produced CNTs. The higher
ratio of intensity of G-band to D-band indicates the higher crystallinity and purity of
the produced CNTs [10, 17]. The intensity ratio of G-band to D-band of this MWCNT is
approximately 1.38.
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Figure 5.14 Raman spectrum obtained from CNT-modified AFM tip.

5.4 AFM Imaging using CNT-modified AFM Cantilever

5.4.1 AFM standard sample

For AFM imaging performance test, the CNT-modified cantilever was used to
scan silicon dioxide coated with a uniform layer of platinum which is AFM stardard
sample (VLS| standard sample, STS2-180P). Images were scanned in tapping mode.
Cantilever had thickness of 4 pm, length of 125 um, width of 40 um, resonance
frequency (fy) of 320 kHz and spring constant (k) of 42 N/m. For AFM imaging
comparison, used and new cantilevers were also employed for imaging scanning.
Figure 5.15 shows FESEM image of AFM standard sample. Figure 5.16 shows
schematic view of line profile measurement of height, pitch and angle of standard

sample. Table 5.3 shows specifications of the standard sample.



Figure 5.15 FESEM image of AFM standard sample.
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Figure 5.16 Schematic view of line profile measurement of height, pitch and angle.

Table 5.3 Specifications of the standard sample.

Mean Height, Z | Mean Pitch, X | Mean Pitch, Y Angle
(nm) (um) (um) (degree)
Standard 18.400+ 3.300 1.799+ 0.023 1.799+ 0.023 90.000°

sample




5.4.2 AFM Imaging Comparisons

For imaging scanning, each cantilever was scanned under the same AFM
operation setting at a scan rate of 1 Hz, a set point of 250 mV, a scan size of
6 um x 6 um, samples/line of 512 and a scan angle of 90°. AFM scanning was
conducted for 2 times for each cantilever. Figures 5.17 (a) - (f) show 2D and 3D AFM
images of standard sample obtained by used, new and CNT-modified cantilever,

respectively.

From figures 5.17 (a), (c) and (e), it can be obviously seen that the imagings from
new and CNT-modified cantilever were clear, while the imaging from used cantilever

was vague.

Figures 5.18 (a) - (c) show line profile of AFM image obtained from used, new
and CNT-modified cantilevers, respectively. Average mean height, mean pitch and
angle of each image were measured from its line profile of 9 pitches and were
summarized in table 5.4. Differences of line profile of AFM-images scanned by
different cantilevers compared to standard sample specification were summarized in
table 5.5. Table 5.6 shows percentage difference of average of mean height, mean
pitch and angle of AFM image scanned by different cantilevers compared to standard
sample spéciﬁcation. Figure 5.19 shows a pareto chart of percentage difference from
the standard specification. Percentage differences of mean height scanned by CNT-
modified, new and used AFM cantilevers are approximately are 0.91, 17.67 and
20.48%, respectively. Percentage differences of pitch X scanned by CNT-modified,
new and used AFM cantilevers are approximately 0.22, 0.28 and 1.00%, respectively.
Percentage differences of pitch Y scanned by CNT-modified, new and used AFM
cantilevers are approximately are 1.28, 1.72 -and 1.72%, respectively. Percentage
differences of angle scanned by CNT-modified, new and used AFM cantilevers are
approximately 2, 4 and 8%, respectively. These results show that CNT-modified
cantilever provided scanned image with only 1 - 2% difference from the standard

specification while used cantilever showed 2 - 20%.

Line profiles of the image obtained from CNT-modified cantilever show
relatively same specification as that of standard sample, while that of used and new

cantilevers showed the much difference especially in mean height, implying that



superior to new and used AFM cantilevers, the CNT-modified AFM cantilevers exhibit

high-resolution imaging in both lateral and vertical resolution.

Moreover, focusing at the line profile of the AFM image scanned by
CNT-modified cantilever, it was found that surface of cavity showed roughness while
the line profile of the AFM image scanned by new and used cantilever showed flat
surface of cavity. These results also indicate that CNT-modified cantilever have higher

resolution than new and used AFM cantilever in term of bottom roughness.

Figure 5.17 (a), (c), (e) 2D and (b), (d), (f) 3D AFM images of standard sample
obtained by used, new and CNT-modified cantilevers, respectively.
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Figure 5.18 AFM line profiles using(a) used, (b) new and (c) CNT-medified

cantilevers.

Table 5.4 Average mean height, mean pitch and angle of AFM image scanned by

different cantilevers.

cantilever

Mean Height, Z | Mean Pitch, X | Mean Pitch, Y Angle

(nm) (um) (um) (degree)
Standard 18.400+ 3.300 1.799+ 0.023 1.799+ 0.023 90.000°
sample
Used 14.632+ 0.185 1.817+ 0.023 1.830+ 0.016 97.610° + 1.370
cantilever
New AFM 15.148+ 0.269 1.804+ 0.017 1.830+ 0.014 93.620° + 2.230
cantilever
CNT-Modified 18.568+ 0.315 1.803+ 0.013 1.822+ 0.015 92.020° + 1.630




Table 5.5 Difference of average mean height, mean pitch and angle of AFM image

scanned by different cantilevers compared to standard sample

specification.
AMean Height, AMean Pitch, AMean Pitch, AAngle
Z (nm) X (um) Y (um) (degree)
Used cantilever 3.768 0.018 0.031 7.610
New AFM 3.252 0.005 0.031 3.620
cantilever
CNT-Modified 0.168 0.004 0.023 2.020
cantilever

Table 5.6 Percentage difference of average mean height, mean pitch and angle of

AFM image scanned by different cantilevers.compared to standard sample

specification.

%delta of | %delta of | %delta of | %delta of
height pitch X pitch Y angle
Used cantilever 20.48 1.00 1.72 8.46
New AFM cantilever 17.67 0.28 152 4.02
CNT-Modified cantilever 0.91 0.22 1.28 2.24
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Figure 5.19 Pareto chart of percentage difference from the standard specification.



5.4.3 Durability of CNT-modified AFM cantilever

To confirm the durability of CNT-modified cantilever, CNT-modified cantilever
before and after AFM measurements were characterized by FESEM. Figures 5.20(a)
and (b) show FESEM images of CNT-modified cantilever before and after AFM

measurements.

Before After ™

Figure 5.20 FESEM images of CNT-modified cantilever (a) before and (b) after

AFM measurements.

FESEM image of CNT-modified cantilever before AFM imaging test showed two
thin tubular structures were protruded from apex of cantilever. After AFM imaging
test for two times, CNT-modified cantilever was characterized by FESEM again.
The results show that CNTs still stick on the cantilever, implying that CNT-modified
cantilever has durability and long life time due to excellent mechanical properties of

CNT.



5.5 Yield of synthesis of CNT-modified AFM cantilever

In this research, 11 cantilevers were used for CNT synthesis under the optimal
electroplating and CVD conditions (table 5.1 and 5.2). Figure 5.21 shows FESEM

images of used cantilevers after CVD under the optimal conditions.

After CVD, there are 7 cantilevers that have CNTs on the tip apex of AFM
cantilevers as shown in figures 5.21 (a)<(g). Thus, yield of synthesis of CNTs on used

AFM cantilever [42] is approximately 64%.

However, for AFM imaging, there should be only 1-2 CNTs on the tip apex.
After CVD, there are 3 cantilevers that are suitable for AFM cantilever application as
shown in figures 5.21 (a)—(c). Yield of synthesis of CNT-modified AFM cantilever [42] is

approximately 27%.

Figure 5.21 FESEM images of used cantilevers after CVD under the optimal conditions.

A low yield of synthesis of CNT-modified AFM cantilever may be attributed to
the reproducibility of the optimal condition of Ni electroplating. The Ni electroplating

time is 6 s, thus it is difficult to precisely control due to our device limitation.



Chapter 6
CONCLUSION

AND SUGGESTIONS FOR FUTURE RESEARCH

Modification of used atomic force microscope (AFM) cantilever by carbon
nanotube (CNT) attachment and its imaging performance was demonstrated.
Used Si AFM cantilever is a dull tip or an apex-damaged tip. AFM imaging obtained
from these used cantilevers is-not clear and-low resolution. Used AFM cantilevers
that are appropriate for the experiment, should have curvature radius approximately

60 - 150 nm.

In this ‘study, the used cantilever was modified by attaching CNT on the Si
pyramid shape of cantilever by direct growth, using floating Fe catalyst and Ni

catalyst-assisted chemical vapor deposition (CVD) method.

First, attachment of CNTs on the tip of the used cantilever using floating Fe
catalyst was investigated. The synthesized CNTs at the tip were high density. A high
density of CNTs.on the tip is not appropriate for AFM imaging. Thus, it is necessary to
control density of CNTs. Selective catalyst deposition at the tip ‘apex by using

electroplating method is required.

Second, attachment ,of CNTs on the tip of the used cantilever using Ni
catalyst was investigated. Design of AFM cantilever fixture is very important because
it is desired to selectively deposit Nifilm-on.tip-apex (pyramid shape). AFM cantilever
fixture was designed to fix cantilever and keep it floating on plating solution during Ni
electroplating process. Each AFM cantilever was set in the direction that its pyramid
part pointing down to plating solution. The optimal condition for Ni electroplating
was investigated. Effect of distance between anode and cathode, and plating time
were studied. . The optimal electroplating was performed at Ni plating solution
temperature of 40°C for 6 s at the applied voltage of 1.4 V, current of 0.01 A and the
distance between anode and cathode of 13 cm. For CVD process, ethanol was used

as carbon source. The optimal condition for CVD process was investigated. Effect of



ethanol bubbling flow rate, CVD temperature and sample position were studied.
The optimal CVD was performed at growth temperature of 850°C for 20 min at the
position of the left side of quartz tube under the ethanol bubbling flow rate of 125
sccm. Field  emission scanning electron microscope (FESEM), high resolution
transmission electron microscope (HRTEM) and Raman spectrometer were utilized for
the synthesized CNT characterization. There were 1-2 of thin tubular structures
protruded from the apex of cantilever with a length of approximately 465 nm and
the diameter of approximately 17.29 nm. The resultant CNTs consisted of graphite

layers, implying multi-walled carbon nanotube (MWCNT) structure.

The CNT-modified cantilever was used for AFM imaging. Test sample was silicon
dioxide coated with a uniform layer of platinum which is VLS| standard sample.
Scan rate is at 1 Hz and scan size is at 6x6 pmz. Line profile of the image obtained
from CNT-modified cantilever showing relatively ‘same specification as that of
standard sample, while that of used and new cantilevers showed the much
difference especially in mean height. CNT-modified cantilever showed 1 - 2 %
difference from- the standard specification while ‘used cantilever showed 2 - 20%
difference from the standard specification. These results implying that superior to
new and used AFM cantilevers, the CNT-modified AFM cantilevers exhibit high-
resolution imaging in both lateral and vertical resolution. Moreover, focusing at the
line profile of the AFM image scanned by CNT-modified cantilever, it was found that
surface of cavity showed roughness while the line profile of the AFM image scanned
by new and used cantilever showed flat surface of cavity. This result indicated that
CNT-modified cantilever have higher resolution than new.and used AFM cantilever in
term of bottom roughness. After AFM imaging, CNT still_attached on the cantilever,
implying durability and long life time of CNTs due to their excellent mechanical
properties. These results show a potential reuse of used cantilever which will have
advantages in terms of AFM imaging improvement and the company expense

reduction.

Yield of CNT-modified AFM cantilever is considered into two terms. Yield of 1-2
CNTs on the apex of AFM cantilever is approximately 27 %yield (3/11) while yield of
CNTs on the apex of AFM cantilever is approximately 64 %yield (7/11).



For future research, to apply CNT-modified cantilever for practical application, it
is required to study on life time and effect of CNT on hard disk drive surface.
The strength and Young’s modulus of CNT at the tip of AFM cantilever can be tested
by force distance curve before imaging scanning. The resolutions of the CNT on the
new cantilever and the CNT on the used cantilever should be compared. The used

cantilever after growth of CNT can possibly reuse again by plasma cleaning process.
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Abstract

Modification of used atomic force microscope (AFM) cantilever by carbon nanotube (CNT) attachment
and its imaging performance was demonstrated. CNTs were directly grown on apex of vsed AFM
cantilever by Ni catalyst-assisted chemical vapor deposition (CVD} using ethanol as carbon source. To
obmn&x?swmﬂmzﬁomﬂxapuof&epﬁmdshapeofmu the opttmmm CVD was
operated at growth temperature of 850°C for 20 min. Field-emission electron microscope, transmission
electron microscope and Raman spectroscopy were ttilized-for the synthesized CNT characterization.
For imaging performance test, silicon dioxide coated with a uniform layer of platinum which 15 AFM
standard sample. was used as a test sample. Swrpassing new and used AFM cantilevers. imaging
obtaised from CNT-modified AFM cantilever showed high-resolution imaging m both lateral and
vertical resolution.

Keywords: Carbon nanotube, Chemical vapor deposition, Atomic force micsoscope, Cantilever

L method of Ni catalyst-assisted CVD using ethanol as
Introduction carbon source.  Swpazsing new and used AFM
tool fWWWMm mampulatzz. AFM cansilever showed high-resolution mmaging in
Recently, with the development of nanotechnology,  both lxteral and vertical resolution.
carbos nanotube (CNT) iz considered as an ideal

struchire probe used for seanning probe M ial hod

due fo itz excellent stwmotwal  mechanical md and 3N

electrical properties [1]. The key advantages of CNT m{canﬂn-erwhxhcmumbelongexmd
over comventional < microfabnicated Si cantilever for 1 ing, used canfilever, was modified

mclude high lateral imaging resclution due to tip byam:hmmtofC\'Tonmzpex.Attachmentof
sharpmess, high imagzing consizfency cver prolonged ONT was conducted by direct growth of CNT on the
operation. and hizh duwability and long lifetime due to pyramid shape of the cantilever using Ni catalyst-
#ts excellent mechanical stiffness and high resthence asmsted CVD. Ni catalyst layers were deposited on
against mechanieal damage [1]. To fabricate the CNT the camhlever using electroplating technigue. Next, Ni
cantilever, CNT will be attached to the apex of the catalvst layer-deposited AFM cantilever was set into 2
pyranud shape of cun.kverbybondm;mmmgm quartz tube reactor for CVD process. Detailed
aervlic adhesive [2] or pm‘ CNT directly on the
cantilever apex by ch 1 wapor deposition (CVD)

[3-6]. Direct mowth provides a good mechamcal Cantllover

contact between CNT and the cantilever body. From

previous reports, CNT cantilevers mostly d strate g St pyramid shape
on the new Si cantilever However, in term of CNT

performance cost, modification of used AFM -,

cantilever for imagzing improvement is a challenge.
In this study, the used cantilever was used as 2 Figure 1 Schematic view of CNT-modified cantilever
platform for CNT attachment by direct growth
290



Siam Physics Congress SPC2013
Thai Physics Seciety on the Road to ASEAN Communiry 21-23 Marck 2013

—

Figure 2 FESEM images of (2) reused, (b) new and (¢) CNT-modified cantilevers
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Figure 3 AFM mmages and its bhoe prefile unng (2). (b) vensed. {2}, {4 new 2nd (8), () CNT-modified

AFM nps, respectvely. Scam areaas Sjum x 6 jim.

Table | Average of mean height mean and of AFM image scauned by different cantidevers
Mean Height, Z  Mean Pirch, X Mean Piech, Y Angle (degree)
(umm) i} Y} :
Standard sample 18.400¢ 3.300 1.799+ 0.023 1.799 0.023 $0.00"
Used cantilever 14.632£0.185 181720023 183020016 97612 1.37
New AFM cantilever 15.1482 0.265 1.804=0017 183620014 93.62°+2.23
CNT-Modified rannleves 18.568% 0313 1.803= 0013 1.822+ 0,015 20163

experiment 12 described elsewhere [7] Shonly, the
quartz tube was filled with Ar gas at 2 flow nafe of
500 scem wnhl the temperatwe veached to $50°C.
Ethanol vapor (99.99%) was swatched mito the famace
by Ar bubbling ata Sow rate of 125 scom for 20 nun.
Field-epussion electron mucroscope (FESEM, FEI
Smon NPGS V9, high resglution tamsmussion
electron microscope (HRTEM, FEI, Tecoa G2 20)
and Raman spectroscopy (Thermo Setentnfic, DXR
Smart Raman) were utilized for the synthesizad CNT:
charactenzation.

For AFM imaging performance test, the CNT

modified captilever was wed to scan silicon dioxide
coated with 2 umform layer of plattones whach 5

AFPM stapdard sample (VLSI standard sample, STS2-
180P). Atomic - force -mucroscopy (BRUKER,
Dimegsion Icon) was ulihzed for AFM mmaging
tapping mode. For comparson, new and used
cantilever: were also employed for magng scanmng,

Results and Discussion
Figure 1 shows a schematic view of CNT-

modified cantilever. Figwres 2(a)-{c} show FESEM



images of used, new and CNT-modified cantilevers,
respectivaly. The curvatare radin: of each cantilever
apex was different. Used cantilever had the dull apex
with 2 corvatwre radins of 145 nm, while new
cantiiever had the relatively sharp apex with 2
curvature radivs of 58 nm  For ONT-modified
cantiiever, CNTs with a thin tubular structure were
motnded from apez of cantilever with 2 length of
zpproximately 465 rm. The curvature sadims of the
used cantilaver before CNT modification was
zppreximately 87 nm,

TFor HRTEM observation, it is hardly fo divectly
observe the stuctwre of CNT protuded from
cantilever apex. To obtain the trend of the resltane
CNTs, CNTs on cantilever was removed to Cu grid
and characterized. Thu:, not only the ONTs at the
apex, but also CNTs at the cantilever body were
obsemé.ltmfmdthntheusulhnt@'[s

2 of maiti-graph Iayers, implying multi-
walled carbon nzno!lnbn (MWONT)  structwe.
Diamsters of MWNTs were approximately estimated
to be with a diameter of 17292059 nm (data not
showm).

In order to demonstrate the imaging perforomance
of the CNT-modified cantilever, silicon dioxide
coated with 2 uniform layer of platimom (VLSI
Standard sumple, STS2-180P) which is ATM standard
sample was used as a test sample. The specification of
the stand szmple was shown in Table 1. Its mean
height, mean piteh {x,y) and zngle are 18.400+3.300
=, 1.799 p.m:0.0ZB pm and 90°, respectively. For
maging 2, each 1l was d under
{Msmm&upmnmnmngztamnteufl
kHz, set point of 250 mV, scan size of 6 pm x 6 pm,
samples/line of 512 and scan angle of 90", Scanning
was conducted for 2 times for each cantilever. Figures
4(@)-4(D) show AFM images of standzrd sample and
its live profile obtained fom uied, mew and CNT-
modified AFM tip, respectively. From figures 4(z),
4{c)} and 4{e), it can be obviously seen that the
imaging from rew and CNT-modified cantilever was
clear, while the imaging from used cantilaver was
vagne. Average of mean hetght, mean pitch and angle
of each imaze were measured from it Ling profile of 9
pitches and were iry in. Table §. Line profile of
the imape obtained from CNT-modified cantilever
showing relatively same specification as that of
standard sample, while that of wed and pew
cantilevers ﬁwvud the small difference i memn
height, & that swpassing pot only used
czntﬂmbmabonewunhlmu the CNT-modifiad
cantilever showed beiter resolution imaging in both
lateral and vertical lution. Afler imaging, the
CNT-modified cantilever was obsenved by FESEM
again. The CNT stll attached on the cantilever,
showing it good mechanical contact with canfilever
{data not shown),

Concluasions

Siam Physics Congress SPC2013
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The used AFM cantilever was modified by
attachment of CNT. ONT was synthesized by CVD
method using ethanol ac cwbon source. Afler
optimum CVD condition, MWNTs were attached at
the zpes of pyramid shape of camtilever. Silivon
dioxide comted with a uniform layer of platinmm
which is AFM standard sample was used as a sample
for AFM imaging Surpassing pew and uwsed ATM
caofilevers, imaging obtained from CNT-modified
cantilever showed high-resolution imaging in both
lateral and vertical resolution. These results show a
potential reuse of used cantilever which will have
2dvaztages in terms of AFM pesformance and cost.
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