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1. Introduction

Electrocrystallisation processes occurring at electrochemical solid/liquid interfaces have
attracted the interest of many researchers from both fundamental and applied viewpoints.
After the pioneering works of Max Volmer at the beginning of the last century (Volmer,
1934a, 1939b), the processes of electrocrystallisation have been the subject of numerous
intensive studies, the results of which have been documented in several books (Bockris &
Razumney 1967; Budevski, et al., 1996; Fischer,1954). The electrochemical method offers
several advantages over vapour deposition techniques such as molecular beam epitaxy for
depositing nanoscale superlattices. Additional technological advantages over the vapour
deposition techniques consist in the relatively low processing temperature and the high
selectivity. The low processing temperatures minimizes interdiffusion whereas the high
selectivity of electrocrystallisation process allows uniform modification of surfaces and
structures with complicated profiles. Phase formation and crystal growth phenomena are
the most common morphological parameters observed in many technological important
cathodic and anodic electrochemical reactions. One of the most frequently studied
electrocrystallisation process is the cathodic metal deposition on foreign and native
substrates from electrolytes containing complex metal ions (Fleischmann & Thirsk, 1963;
Milchev, 2002; Paunovic & Schlesinger, 2006). Some of the typical cited examples are
electrocrystallisation of Ag from Ag* containing electrolytes (Budevski et al., 1980;
Fischer, 1969) and the electrodeposition of Cu (Budevski, 1983; Danilov et al., 1994;
Hozzle et al., 1995; Michhailova et al. , 1993) which has recently become technologically
important for the fabrication of Cu interconnects on integrated circuit chips (Andricacos et
al., 1998; Oskam et al. 1998). Since the electrodeposition of metals is a process of great
technological importance, a large number of studies have been carried out to understand
the mechanism of electrodeposition of metals on conducting surfaces by employing a
variety of electrochemical and spectroscopic techniques (Andricacos, 1999; Markovic &
Ross, 1993). The conventional electrochemical methods such as cyclic voltammetry,
impedance spectroscopy have been used to assess the mechanism and kinetics of metal
electrocrystallisation. These techniques however provide information on the whole
surface.
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174 Smart Nanoparticles Technology

To fully understand the process, it is essential to obtain structural information on the
substrate and the deposit in pm to the atomic level. Although techniques such as electron
microscopy and optical microscopy have been employed to examine the morphology of the
substrate and the metal deposit, they can be used only for the ex situ examination. The
discovery of scanning tunnelling microscopy and atomic force microscopy (STM and AFM)
offered new exciting possibilties for in situ studies of the electrocrystallisation phenomenon
down to an atomic level (Binning & Rohrer, 1982; Lustenberger et al., 1988, Sonnenfeld &
Hannsma, 1986). The application of these techniques in the last two decades has
revolutionized the experimental work in this field and led to significant progress in the
understanding of the atomistic aspects of the electrocrystallisation process (Gewirth &
Siegenthaler, 1995; Staikov et al., 1994; Stegenthaler, 1992). These processes range from
measuring the lateral force using a cantilever tip, measuring magnetic force, electrostatic
force, Kelvin potential to the determination of surface conductivity. The invention of
scanning probe microscopy (SPM) also provoked a rapid development of the modern
nanoscience and nanotechnology dealing with nanoscale structures and objects including
single atoms and molecules. Over, the years, many other types of scanning probe
microscopic techniques have evolved from the base concept of AFM. Electrochemical
fabrication of metal nanostructures has been reported using SPM-based lithography,
typically by tip induced electrochemical deposition of metal ions transferred by the STM or
AFM tip to the surface. (Allongne, 1995; Benenz et al., 2002). Many studies have been
directed towards in situ STM and AFM imaging of metal underdeposition (Hachiya et
al.1991; Li et al., 2001) and bulk deposition (Nichols et al., 1992; Yau et al. 1991). Since STM
can only be applied to observe conductive surfaces, the existence of anodic oxide films as
well as the space charge layer in the depletion condition makes the STM measurements of
semiconductor electrodes relatively difficult (Batina & Nichols, 1992). On the other hand,
AFM can image even non-conducting surfaces and electrochemical processes on the tip,
which causes serious problems in the STM measurements in electrolyte solutions. AFM is
also found to be more useful than STM in studying the electrode surface in situ. AFM works
the same way as STM and can transfer materials from tip to substrate at a biased voltage. As
AFM tips are normally made of silicon or silicon nitide, metallic materials have to be coated
onto the AFM tip in order to make the deposition happen. Once it is coated with metals, it
becomes no different from a STM tip, and deposition takes place under high electric field.
AS AFM can work in liquid solution, it is possible to initiate electrochemical deposition
using an AFM tip. Also the electrochemical reaction rate at the interface can be controlled by
application of an external potential to the substrate. In particular, the amount of deposit and
the kinetics of the metal deposition onto the surface can be controlled. Its because the
electrochemical process is sensitive to the surface properties, in situ local deposition of metal
can be made selective by tuning the surface characteristics. Copper has been
electrochemically deposited onto GaAs surface by immersing the AFM tip into a mixture of
CuSOs4 + HySO4 solution (Carlsson et al., 1990).

The electrodeposition of Cu is strongly dependent on the structure of the substrate, applied
potential and concentration of Cu2* ions in the precursor solution. The nanoscale
electrodeposition of metal in nanopatterned alkanethiol-modified Au (III) has been reported
(Gewirth & Sigenthaler, 1995). Although the interaction between the tip and the sample
enhanced Cu deposition on the surface, Cu did not deposit uniformly in the area scanned,
but only deposited at the edges of the scanned area as well as in defects in the alkanethiol
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(self assembled monolayer) (SAM). The authors suggested the physical and electrostatic
inhibition by the tip, or the diffusion of Cu ions to the area under the tip, even on a bare Au
(III) surface. In one of the studies (Koinuma & Uosaki, 1994), AFM and scaling analysis have
been employed to investigate the effect of current density, temperature and levelling agent
on the morphology of electrolytically produced copper. However, very little information is
available on the morphology of the nanostructures formed by the electrodeposition of
copper on the AFM tip. In the present chapter an effort has been made to examine various
modes of nucleation and growth of copper deposits on an AFM tip of 80 nm. Electron beam
lithography techniques have been employed to facilitate selective electrodeposition of
copper on the nanosize AFM tip in the presence of photoresist named poly (methyl
methacyrlate).

2. Experimental method

In the present study an AFM probe NSC/18 /Ti-Pt was used which consisted of a Si base
coated by films of Ti (1st layer, 15 nm) and Pt (2ndlayer) 10 nm. The Cantilevers employed
were 230 pm in length and 40 pm in diameter with pyramidal tips of diameter 80 nm. The
tip height ranged from 20 to 25 pm. The schematic diagram of the uncoated AFM probe
containing the tip is shown in Fig. 1a. The magnified image is demonstrated in Fig. 1b. One
of the AFM probes acted as a anode and the other as a cathode. Two connectors were placed
on the AFM probes to facilitate the current flow between the power supplier and the probes,
as illustrated in Fig. 2. For the preparation of a connector, a Cu plate of diameter 3.4 mm and
length 12 mm was first plated with electroless Au (Fig. 3). The following electrolytic
composition was used in the study: 2g/L KAu (CN)y 75 g/L NH4Cl; 50 g/L
6Hs5Na307 2H20; and 10 g/L NaHPO,.H20. The pH of the electrolytic solution was
maintained at 7 and the solution temperature was kept at 92°C.

mm&SS AW my00F  02rX  WoZh 13 ylel K LEI 5.0kv  X2000 10xm WD10.7mm

Fig. 1. SEM micrograph illustrating the schematic representation of an uncoated AFM probe

The layer of electroless gold on the copper plate provided good adhesion. The Cu plate
coated with electroless Au was connected to a Cu wire as shown in Fig 3 by means of
mechanical force. Finally, the connector was electroplated with a hard layer of Au to
provide good abrasion ability and a thicker Au layer. The Si holders and the connectors
were fixed together and were placed in a rectangular cell containing the electrolyte of
composition 80 g/L CuSO4 and 200 mL/L H>SOs. The power supply was fixed in the range
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of 10 pA to 100 A. Because the AFM probes cannot bear large amounts of current, a large
electrode system consisting of Pt anode and Cu cathode was used as shown in Fig. 4.

Side view of specimen

e

\\\?‘a"‘*‘%

S

Si holder
500 £ m

Fig. 2. Schematic diagram of the AFM probe placed on the Si holder

The cathode and anode were placed in parallel connection with the AFM probes.The current

from the power supply was controlled between 10 and 0.1 A to provide a stable current

between the AFM probes. Electron-beam lithography (EBL) techniques were used in our
present work.

3.4mm
=

12mm
—
Cu plate with {4 shape Electroless /\u\
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Connector

Cu wire Seal the interstices  Electroless Au

Fig. 3. Schematic diagram of the connector used in the electrodeposition process
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Fig. 4. Schematic diagram demonstrating the electrodeposition of copper on the AFM probe.

The samples were patterned using a JEOL 6400 thermionic emission scanning electron
microscope equipped with the lithography software Elphy Quantum. The polymer used for
EBL studies was poly_methyl methacrylate (PMMA). PMMA was the standard positive e-
beam resist dissolved in a casting solvent anisole. The PMMA solution was spin-coated onto
the AFM probe at a rotating speed of 1000 rpm for 60 s. Then baking was performed at
220°C to harden the film and to remove the remaining solvent. The EBL system employed a
focused electron beam which moved across the sample to selectively expose a pattern in the
resist previously designed with the system’s built-in computer-assisted design tools.The
open area of the AFM tip was selectively exposed to the high energy- beam electrons. The
sample was then immersed in the developer solution (3:1 methyl isobutyl ketone: isopropyl
alcohol developer) for 30 sec to selectively remove the resist from the exposed areas,
whereas the unexposed resist remained insoluble in the developer. The process thus left a
patterned resist mask on the sample that could be used for further processing. Finally, Cu
was electrochemically deposited on the AFM tip.

2.1 Effect of various electrodeposition parameters
2.1.1 Effect of current density on copper electrodeposition

Scanning Electron Microscopy (SEM) was used to investigate the morphologies of the
copper deposits nucleated on the AFM probe. SEM micrograph for Cu deposition on the
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investigated AFM probe for a plating time of 300 s and a current density of 0.03 A/dm?is
shown in Fig. 5a . The secondary electron image (SEI) and back scattered electron image
(BEI) are displayed in Figs. 5a and 5b. The figure reveals that only a slight amount of copper
is electrodeposited on the AFM probe. Further increase in current density to 0.3 A /dm?2
enhanced the copper deposition on the AFM probe however the deposits observed are non-
uniform and discontinuous (Fig.6a). The magnified image is seen in Fig. 6b. Furthermore, a
gradual increase in the current density to 0.6 A /dm?results in uniform deposition of copper
on the probe (Fig.7), nevertheless, no copper deposition is noticed on the AFM tip. Similar
observations have been reported (Seah et al., 1998). They visualised this morphology on the
basis of the fact that formation of more nucleation sites promoted uniform grain growth. In
the present study, the formation of uniform copper deposits on the AFM probe could be
attributed to the enhanced mass transfer of copper ions with the increase in current density.
Litearture reports (Chang, 2001) describe that increase in plating current density increased
the surface roughness and reduced the grain size of copper films due to an increase of
plating overpotential. Several other researchers have demonstrated that the polarization
overpotential increased with increasing the plating current density leading to high copper
nucleation rate (Takahashi & Gross, 1999a, 2000 b; Tean et al., 2003; Teh et al., 2001).

The difficulty in depositing Cu ions on the AFM tip arises due to the local increase of the ion
concentration in the electrolyte around the tip, which makes the effective local Nernst
potential for deposition at the surface underneath the AFM tip more positive.

50kv  X2500 10xm WD 16.1mm COMPO 50KV X2500 10um WD 16.1mm

Fig. 5. SEM image obtained after copper deposition on the AFM tip for plating time of 300 s
and current density of 0.03 A/dm? (a) SEI image (b) BEI image

Since, the standard electrode potential (ye) of Cu2* [ ye (Cu2* + /Cu = +0.337 V) is larger
than zero (Fu et al., 1990), from the theoretical point of view, the more positive the e value,
the more easier it is for the reduction of metal ions, and the more negative the e value, the
more difficult it is to reduce the metal ions. Our results suggest that the copper ions can be
reduced to copper atoms more easily on the surface underneath the AFM tip. It might be
possible that the effective Nernst potential which is required to initiate nucleation on the
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AFM tip might be larger due to the deposition overvoltages. Also, the diameter of the AFM
tip, which is around 80 nm, might induce high overpotential for deposition of copper on the

tip.

LEI 50KV X2500 10zm WD 165mm NCKU COMPO 50KV  X5000 1um WD 165mm

Fig. 6. SEM image obtained after copper deposition on the AFM tip for plating time of 300 s
and current density of 0.3 A/dm? (a) SEI image (b) Magnified image (Lin, 2008)

The above results can also be explained on the basis of two reaction schemes which govern
the Cu electrodeposition process on the AFM probe: one is the electrode surface reaction
and the other one is the Cu2* diffusion from the electrolyte solution to the electrode surface.

COMPO 5.0kV »>2,500 1M0um WD 16.1mm

Fig. 7. SEM image obtained after copper deposition on the AFM tip for plating time of 300 s
and current density of 0.6 A/dm? (Lin, 2008)

Polarization occurs when the rate of Cu2* supply from the electrolyte solution is not faster than
the rate of reaction at the electrode surface. The film morphology is primarily dependent on
the degree of polarization (Seah et al., 1999).Thus higher polarization would make
electrodeposition slower resulting in a smoother film. Since the effect of increasing current
density is to increase the electrode surface reaction, a faster surface reaction makes Cu2*
undersupplied from the electrolyte solution. Hence, the polarization is higher and smoother
film morphology is observed. Nevertheless, when the applied current density is greater than
the limiting current density, it is impossible for the electrode to gain any Cu ions from the
electrolyte solution; thereby leading to an increase in the Cu film surface roughness.
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2.1.2 Effect of plating time on copper electrodeposition

The effect of different plating times during copper electrodeposition on the AFM probe is
investigated. The plating time was varied from 5 to 900 s for different current densities. The
SEM micrograph in Figs. 8-11 illustrates the morphology of copper deposit formed under
current density of 0.3 A/dm?2and various plating times namely 5, 60, 300, 540 s respectively.
The results reveal a random distribution of copper crystals on the cantilever with no trace of
copper deposits on the AFM tip. This morphology clearly suggests the case of instantaneous
nucleation.

COMPO 150kV X2000 10ym WD16.1mm COMPO 150KV X10,000 1xm WD16.1mm

Fig. 8. SEM micrographs illustrating Cu deposition on the AFM tip at a current density of 0.3
A/dm?2and plating time of 5 s (a) 2000 T (b) 10000 T magnification of the marked area in red

As instantaneous nucleation corresponds to a slow growth of nuclei on a small number of
active sites, all activated at the same time. It can be noted from the SEM images displayed in
Fig. 8-11, that in most of the samples the nuclei may be nucleated almost simultaneously, as
confirmed by their similar size. In other words i.e at high nucleation rates (instantaneous
nucleation), all nuclei are formed immediately after imposition of the potential and grow at
the same rate. As a result, they are all of the same age and their number remains constant.

COMPO 150kV  X2000 10xm WD 18.0mm COMPO 15.0kV  X10,000 1m WD 18.0mm

Fig. 9. SEM micrographs illustrating Cu deposition on the AFM tip at a current density of 0.3
A/dm?2and plating time of 60 s (a) 2000 T (b) 10000 T magnification of the marked area in red
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The mode of instantaneous nucleation is described by the following equation involving the
first-order kinetics law (Budevski et al., 1996; Milchev, 1997)

N= No[1 — exp (—At)] (1)

where N is the number of sites converted into nuclei at time t and A is the nucleation rate
constant, No is the respective saturation value. Nucleation does not occur simultaneously
over the entire cathode surface and a diameter distribution for the crystallites ensues. When
A is very high, N = Ny, all surface sites are converted immediately into nuclei and the
nucleation is said to be instantaneous. The nonhomogeneity and overgrowth of the Cu
deposits may be due to the existence of low nucleation overpotential in the area beneath the
tip. At low overpotentials, the nucleation is described well by the model of instantaneous
nucleation for reasonably long time scales (Kelber et al., 2006)

v b - B
T )

COMPO 15.0kV X2,000 10zm WD 15.5mm COMPO 15.0kV X10,000

Fig. 10. SEM micrographs illustrating Cu deposition on the AFM tip at a current density of
0.3 A/dm?2and plating time of 300 s (a) 2000 T (b) 10000 T magnification of the marked area
in red

However, the morphology of copper deposits formed under current density of 0.6 A/dm?
and plating time of 900 s were found to be totally different. The copper layer on the AFM
probe also shows resemblance to a candle base (Fig. 12), and a thicker layer of copper
deposits are grown on the whole of the AFM probe containing the tip. Also, on the basis of
instantaneous nucleation model, It has been reported (Thirsk & Harrison, 1972) that under
the diffusion controlled three-dimensional growth, the cathodic current density is
proportional to t1/2.

The growth of copper layer also takes place slowly and farther away from the tip. Also it can
be noticed that the growth rate on the side of tip is faster than on the tip (Fig. 12). From the
results it could be established that higher current density and higher plating time increases
the mass transfer of Cu?* ions in the open area beneath the tip, thereby enhancing the rate of
Cu deposition between the open area and the tip. The variance of the thickness of copper
deposits on the tip and its surrounding area might be attributed to the nanoscale dimension
of the AFM tip as compared to the whole of the AFM probe. Literature reports reveal (Seah
et al., 1999) that in case of nanocrystalline electrodeposited Cu the pinhole number-density
necessary for full coverage on the substrate can be reduced by increasing the current density.
However, abnormal crystallite growth-leading to the formation of bimodal grain
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NCKU COMPQO 150kV X2000 10xm WD 159mm COMPO 15.0kV  X10,000 1“7m WD 159mm

Fig. 11. SEM micrographs illustrating Cu deposition on the AFM tip at a current density of
0.3 A/dm?2and plating time of 540 s (a) 2000 T (b) 10000 T magnification of the marked area
in red

NCKU E 150KV X2,000 10xm WD 16.9mm NCKU LEI 150kv  X1,500 10pzm  WD23.5mm

Fig. 12. SEM micrographs illustrating Cu deposition on the AFM tip at a current density of
0.6 A/dm?and plating time of 900 s (a) SEI image (b) image taken at 350 tilt (Lin, 2008)

LEI 15.0kV  X2,000 10 pxm WD 16.9mm

Fig. 13. SEM micrographs illustrating Cu deposition on the AFM tip at a current density of
0.6 A/dm?2and plating time of 1200 s (a) SEI image (b) image taken at 35° tilt (Lin, 2008)
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structures- can be suppressed by increasing the electrodeposition current density. In our
present case, the crystal growth variation is seen on the open area below the tip and the tip
itself. The morphology observed in Fig. 12 is a case of progressive nucleation followed by
growth.

As nucleation progresses, the nuclei begins to overlap. Each nucleus is defined by its own
diffusion zone through which copper diffuses, thus representing the mass-supply
mechanism for continuation of growth. Progressive nucleation corresponds to fast growth of
nuclei on many active sites all activated during the course of electroreduction (Pardave et
al., 2000). Fig.12b. shows the SEM micrograph for copper deposition at 0.6 A/dm? and 900s
taken at a tilted angle of 350. Further increase in the plating time to 1200 s for similar current
density resulted in an entirely different morphology from the micrograph shown in Fig. 12.
The AFM probe containing the nanoscale AFM tip seems to be entirely covered with copper
deposits and also a significant increase in growth and thickness of the deposits are observed
in Figs. 13a. Fig. 13b represents the SEM image tilted at an angle of 450 for clear depiction of
the copper deposition on the AFM probe. The copper deposition process on the AFM probe
proceeds through instantaneous and progressive nucleation modes for different values of
current density. The mechanisms for instantaneous and progressive nucleation modes are
described below.

Once nucleation begins, crystals growth may be determined by the rate of charge- transfer
or diffusion process. Simple equations have been described (Harrison & Thirsk, 1971) for
two- or three dimensional nucleation and crystal growth processes occurring on a foreign
substrate for charge transfer control reactions.

For two-dimensional (2D) instantaneous nucleation and cylindrical growth, current is
described by

i =2zFith Nok2 opt / p exp (—JI M2 Nok»2p tZ) / p2 (2)

And for 2D progressive nucleation

i = z FnithMK>2p A,Dt2 / p exp ( -1 M2 k22 pAop 3 / 3p2) (3)

where kop represents the lateral growth rate constants (mol cm2 s1), h is the layer height in
cm, Np represents the total number of active centers (cm2), Ayp the nucleation rate (nuclei
cm2s1), M is the atomic weight (g mol!) and p the density ( g cm-3) of the deposit. For these
type of mechanisms the current usually increases and then decreases to zero when the
surface gets completely covered by two dimensional crystals However, for three
dimensional (3D) instantaneous nucleation and growth, the current is depicted by the
following equations below.

i=zFK [1-exp (-1 M2k2Np 2 /p2) ] (4)
and for 3D progressive nucleation:
i=2zFK [ 1- exp (-1M2 k2Asp 13 / 3p2) | ®)

Where k and k' signify the lateral and vertical growth rate constants (mol cm? s-1) and Asp
the nucleation rate (nuclei cm?s-1). Hence nucleation and growth phenomena are affected by
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many factors i.e a combination of 2D and 3D growth (Abyaneh & Fleischmann, 1981; Creus
et al., 1992), the death and rebirth of nuclei (Abyaneh & Fleischmann, 1981) and the
secondary three dimensional (3D) growth on top of the first growth layers (Abyaneh et al.,
1982).

2.2 Electron Beam lithography studies

EBL (Electron-Beam lithography) technique followed soon after the development of the
scanning electron microscope (SEM) in 1955 (Smith, 1955) and is one of the earliest processes
used for IC fabrication (Buck, 1957). To date, EBL is widely exploited to produce structures
in the sub-100 nm range (Allee et al., 1991; Matsui et al., 1989; Sun et al., 2005). Also, as
compared with photolithography, the lateral resolution achieved by EBL is higher because
the beam of electrons can be focused to produce probe size as small as 1 nm. More over,
electrons do not suffer from optical thin-film interference. For ICs, where at present low
beam energy and thick conventional resists are employed; electron scattering is the most
important factor whereas for nanolithography, which utilizes high beam energy and thin
resists, secondary electron emission is the most dominant factor. The resolution of EBL is
also dependent on the chemical nature of the resist. Recently, new class of resists such as
organic self-assembled mono layers (SAMs) has been developed to fabricate structures
below 10 nm (Golzhauser et al., 2000; Lercel, 1996) Currently, electron beam lithography is
used principally in support of the integrated circuit industry, where it has three niche
markets. The first is in maskmaking, typically the chrome-on glass masks used by optical
lithography tools. It is the preferred technique for masks because of its flexibility in
providing rapid turnaround of a finished part described only by a computer. The ability to
meet stringent line width control and pattern placement specifications, on the order of 50
nm each, is a remarkable achievement.

2.2.1 Principle of EBL

The principle of pattern transfer based on EBL consists of several process steps. The process
steps are essentially the same as those used for photolithography, except that the pattern on
the resist is formed by scanning directly the focused particle beam across the surface. The
lithographic sequence usually begins with coating of substrates with a positive or negative
resist. Positive resists such as poly (methyl-methacrylate) (PMMA) used in the present
chapter become more soluble in a developing solvent after exposure because the radiation
causes local bond breakages and thus chain scission. This causes the exposed regions
containing material of lower mean molecular weight to dissolve after the development.
Nevertheless, negative resists become less soluble in solvent after exposure because cross-
linking of polymer chains occurs. If in case, a region of a negative resist-covered film is
exposed, only the exposed region will be covered by the resist after development.
Subsequently, the resist-free parts of the substrate can be selectively coated with metal or
etched before removal of the unexposed resist thus leaving the desired patterns at the
surface. Fabrication of metallic nanostructures has been widely explored using conventional
EBL and lift off techniques. However, this top-down approach cannot be employed for the
fabrication of high aspect ratio vertical structures since gradual accumulation of materials at
the top of the resist blocks and closes the opening of the structures during the evaporation of
metal. Electrodeposition of metals into the holes formed in presence of PMMA resist is a
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convenient alternative to solve this problem (Simon et al., 1997). The fabrication of dense
ultra-small magnetic arrays by filling nanoholes with electrodeposited Ni has been
demonstrated (Xu et al., 1995).

2.2.2 EBL induced Copper deposition

Electron beam lithography technique is used in the present study to enable selective
electrodeposition of Cu on the AFM tip and the open area beneath it. The selective
electrodeposition of Cu on n-type Si (111) surfaces covered with organic monolayers by
using e-beam lithographic techniques has been reported (Balaur et al.,, 2004). Selective
copper deposition on e-beam patterned alkane and biphenylthiols has been reported (Kalten
Poth et al., 2002) at suitable deposition potentials. 1-octadecanethiol (ODT) was used as a
“positive template” leading to copper deposition only on the irradiated parts, 1,1-biphenyl-
4-thiol ( BPT) on the other hand acted as a “‘negative template,” where the irradiated and
cross-linked biphenyl layer exhibited a blocking behavior, allowing copper deposition on
the non-irradiated parts. In the present study, the open area of the nanosize AFM tip was
selectively exposed to the e-beam. It is noticed that copper electrodeposition occurs on the
exposed area of the AFM tip. For the copper electrodeposition process, the current density
applied was 0.6 A/dm? and the electrodeposition time was varied from 300 to 2400s.

Tip site

NCKU COMPO 150KV 2000 T0um WD 17.8mm NCKU © COMPO 150KV X15000° Tgm WD 17.8mm

Exposure
area site

COMPO 15.0kvV X15,000 Tum

Fig. 14. SEM micrograph demonstrating Cu deposition on the AFM tip after EBL treatment
under current density of 0.6 A/dm?2 and electrodeposition time of 300s (a) BEI image
(b) Image taken at the tip site (c) Exposure area site
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SEM micrographs for copper electrodeposition on the AFM tip and the open area beneath it
for various deposition times (i.e 300, 600, 1200, 2400 s) and current density of 0.6 A/dm? are
presented in Figs. 14-17.These SEM micrographs were taken after exposure to the electron
beam. In Figs. 14 (a) - (c) the micrographs for copper deposition on the AFM tip under
current density of 0.6 A dm?2 and electrodeposition time of 300 s are clearly depicted.
Copper deposition is found to be minimum and non-uniform in these images. Further
increase in the electrodeposition time to 600 s for the similar current density and exposure to
the e-beam increases the amount of copper deposits on the nanosize AFM tip and the open
area beneath it (Fig. 15 a). SEM micrographs in Fig. 15b and 15 c refers to the magnified
images of the AFM tip and the exposed site.

§¢

X
Tip site

COMPO 150kv X2000 10xm WD 176mm NCKU COMPO 15.0kV X15000 1xzm WD17.6mm

Expos.url - L
area site

COMPO 15_0k‘;f X15,000 Tum WD 17.6mm

Fig. 15. SEM micrograph demonstrating Cu deposition on the AFM tip after EBL
treatmentunder current density of 0.6 A/dm? and electrodeposition time of 600s
(a) BEI image (b) Image taken at the tip site (c) Exposure area site

The micrographs reveal that copper deposition is not uniform in the open area beneath
the AFM tip. However a significant change in the morphology of copper deposits is
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observed when the electrodeposition time was increased to 1200 s. SEM micrograph in
Fig. 16a shows that an uniform layer of copper is deposited on the AFM tip and the open
area beneath the tip. These results indicate that the exposure of the tip to the high energy
electron beam might have facilitated the electrodeposition of copper on the tip. The
micrographs in Fig. 16 b reveal that some copper is being deposited on the edges of the
cantilever. This is because the PMMA layers on the edges are found to be thinner than on
the platform. Those places are not exposed to the e-beam; therefore the developer could
dissolve the PMMA layer on the edges and hence copper deposition took place on the
edges. The overpotential required to deposit copper on the edges is lower than on the
AFM tip.

LEl  150kV X2,000 10uzm WD 16.1mm LEl  150k¥ X5000 1um WD 16.1mm

Tip Site

LEI 150kY  X10,000 1ym  WD16.1mm LEI 150kv¥ X850 10gzm WD 16.1mm

Fig. 16. SEM micrograph demonstrating Cu deposition on the AFM tip after EBL treatment
under current density of 0.6 A/dm? and electrodeposition time of 1200s (a) SEI image
(b) Magnified to 5000 T (c) Tip site (d) Cantilever site
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Theoretically it has been established (West, 1971) that deposition at low overpotentials is
dominated by surface diffusion; hence nucleation and growth occur primarily at step edges
and dislocations (Winand, 1975). Fig. 17 illustrates the morphology of copper deposition on
the nanosize AFM tip obtained under current density of 0.6 A/ dm?2 and electrodeposition
time of 2400 s and after exposure to the e-beam. The micrograph in Fig.17a distinctly shows
that copper is deposited on the AFM tip and a very thick growth of copper deposits is seen
on the open area beneath the tip. From the series of micrographs obtained at different
electrodeposition times and current density of 0.6 A /dm?, it is noticed that copper gets
deposited both on the AFM tip and the open area beneath it, the most uniform deposition
seen at 2400 s of electrodeposition time.

ala oy

SEI 100ky  X2500 10xm WD 15.1mm NCKU S 10.0kv  X5,000 1.'-‘m_ WD 15.1mm

Fig. 17. SEM micrograph demonstrating Cu deposition on the AFM tip after EBL treatment
under current density of 0.6 A/dm? and electrodeposition time of 2400s (a) SEI image
(b) Magnified to 5000 T

The PMMA coated on the AFM tip becomes more soluble in a developing solvent after
exposure to the e-beam because the radiation causes local bond breakages and thus chain
scission (Djenizian et al., 2006) as mentioned above. It could be clearly seen from Fig. 17b
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that the unexposed areas below the AFM tip remain covered with PMMA. However, the
resist free parts of the AFM tip are selectively coated with copper. Reports on the selective
electrodeposition of Cu (Balaur et al.,, 2004) on n-type Si (1 1 1) surfaces covered with
organic monolayers and e-beam modified using e-beam lithographic techniques have also
been established. Copper was electrochemically deposited in the e-beam modified regions
and the selectivity of the deposition of copper in these regions was strongly dependent on
the applied e-beam dose. The selective deposition of copper on the nanosize AFM tip can be
described on the basis of Volmer-Weber approach which states that higher numbers of
activation sites are triggered with a higher overvoltage. In the Volmer-Weber model,
nucleation and growth are strongly potential dependent. At low cathodic potentials, only a
few sites are involved because the energy level is not sufficient whereas at high cathodic
voltages more initiation sites contribute to the nucleation process. It implies that at low
overpotentials the crystallites have to grow extremely large to reach coalescence and form a
homogenous deposit. In the present study, higher overpotential existing on the AFM tip
might have increased the number of activation sites, leading to the preferential deposition of
copper on exposure to the e-beam.

3. Conclusion

The investigations made in this chapter have highlighted electrodeposition as an attractive
approach for the preparation of nanostructured materials. Copper electrodeposition on a
nanosize AFM tip of diameter 80 nm was established by varying the magnitude of current
densities with electrodeposition time and vice versa. Significant changes in the morphology
of copper deposits were observed with changes in the above parameters. Morphological
investigations by SEM revealed that a nonuniform layer of copper was formed on the open
areas surrounding the tip and the AFM probe; however, deposition of copper on the AFM
tip could not be achieved in the absence of photoresist. Electron beam lithography technique
facilitated the formation of copper deposits on the nanosize AFM tip of diameter 80 nm in
the presence of PMMA. Copper was electrochemically deposited on the e-beam modified
regions of the AFM probe at a current density of 0.6 A/dm?2 with electrodeposition times
ranging from 300 to 2400 s. The most uniform deposition on the AFM tip was noticed after
EBL treatment under current density of 0.6 Adm-2and electrodeposition time of 2400 s.
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