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Abstract

Effect of pressure on the film deposition
during RF magnetron sputtering

considering charged nanoparticles

Du Yun Kim
Department of Materials Science and Engineering
The Graduate School

Seoul National University

Non—classical crystallization, in which charged nanoparticles
(NPs) are building blocks of film growth, has been extensively
studied in chemical vapor deposition. It is necessary to study the
non—classical crystallization in physical vapor deposition. Thus,
generation of NPs in physical vapor deposition, especially in radio
frequency (RF) magnetron sputtering using titanium (Ti) was
confirmed and possibility of being charged was investigated. Also,
the effect of charged NPs on film deposition was analyzed. The Ti

NPs were captured on amorphous carbon membranes by means of
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exposing the membranes to plasma for a few seconds and they
were examined by transmission electron microscopy (TEM). The
NPs with the size of ~ 4 nm were observed and confirmed to be Ti.
Also, the possibility of being charged was investigated by applying
additional electric bias of —70, 0, +5, +15 and +30 V to the
membranes. The number density of Ti NPs was increased with
increasing negative bias, whereas decreased with positive bias. It
showed that these Ti NPs were positively charged. Under the same
condition and experimental setting, Ti films were deposited on
silicon substrates with the substrate bias of —70, 0, +30 V. Film
quality was analyzed by TEM, field—emission scanning electron
microscopy (FESEM), X-ray diffraction (XRD) and X-ray
reflectivity (XRR). Compared to the film deposited with O V, the
film deposited at =70 V had the highest crystallinity, growth rate
and density, whereas the film deposited with +30 V had the lowest
crystallinity, growth and density. This difference came from the
number density difference of charged Ti NPs to each substrate. It
can be confirmed that the control of the number density of charged
Ti NPs is necessary to enhance the film quality deposited at room
temperature.

Also, the effect of pressure on the generation of Ti NPs and on
the film deposition was investigated. Ti NPs were captured on
amorphous TEM membranes with the electric biases of —30, 0, +50

V under various pressure. The number density of Ti NPs was also
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examined by TEM, which was increased with negative bias,
whereas decreased with positive bias. As the pressure increased,
the difference of number density with the electric bias also
increased. This showed that the ratio of charged to neutral Ti NPs
increased as the pressure increased. Ti films were deposited under
the same condition and experimental setting and analyzed by
FESEM and XRD. The effect of substrate bias on film growth rate
became more pronounced as the pressure increased. This sensitive
dependence of the film growth rate on the substrate bias under
higher pressure is in agreement with the sensitive dependence of
the number density of Ti NPs on the substrate bias under higher
pressure.

This understanding of generation of charged NPs during RF
magnetron sputtering was also applied to deposition of tungsten film
with the purpose of decreasing resistivity of the film. Tungsten film
was deposited with substrate bias of =70, —30, —10, O, +50 V
under various pressure. Resistivity of tungsten film decreased with
negative substrate bias, whereas increased with positive substrate
bias. This bias effect on resistivity became pronounced as the
pressure increased. This difference should be attributed to the
attraction and repelling of charged NPs to the substrate by the
substrate bias. Therefore, it can be said that the charge of NPs play
an important role to obtain low resistivity film. In this point of view,

high power impulse magnetron sputtering (HiPIMS) was used to
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make NPs to be charged further, which resulted from the higher
lonization ratio. The tungsten films prepared by HiPIMS showed
much higher growth rate than RF magnetron sputtering with
comparable resistivity. It can be predicted that the film with lower
resistivity with high growth rate can be obtained by HiPIMS when
optimizing process condition and introducing additional experimental

setting.
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Chapter 1. Introduction

1.1. Non-classical crystallization

According to classical crystal growth mechanism, crystals
should grow by the building blocks of individual atoms, ions and
molecules. During chemical vapor deposition (CVD), thin films grow
by atoms or molecules which are formed on the film surface or in
the gas phase as a result of chemical reactions of precursors.
According to terrace, ledge and kink (TLK) model, these atoms and
molecules adsorb on a terrace and diffuse to a ledge, which are
subsequently incorporated into the crystalline lattice of film at the
kink [1, 2]. The atom adsorb on a terrace is called an adatom and
has excess broken bonds, whereas the atom at the kink has no
excess broken bond. Thus, during condensation and evaporation,

reversible atom transfer only occurs at the kink.

However, there have been some phenomena that cannot be

explained by the classical crystal growth mechanism. These



phenomena can be successfully explained by a new crystal growth
mechanism in which thin films grow by building blocks of
nanoparticles (NPs). This new concept of crystal growth is called

‘non—classical crystallization’ [3—7]. However, it is difficult to
be accepted generally at first because the NPs have too small size
to be detected, which are less than the wavelength range of visible
light. Also, it is hard to be proved that the crystalline films and
nanostructures are made by the NPs. However, recently in—situ

transmission electron microscope (TEM) observation confirmed the

non—classical crystallization and now it has become well established.

Many books related to non—classical crystallization have been
published and tutorial sessions of international conferences have

been introduced.

The crystals that had been believed to be made by units of
atoms, ions and molecules, now turn out to be made by building
blocks of NPs. The non-—classical crystallization has been
extensively studied by Hwang et al. in the CVD process. They have
published related text books and more than 80 SCI papers. [8—12]
They emphasized that the charged carried by the NPs played a
critical role in the deposition of thin films and nanostructures. [ref]
This new crystal growth mechanism is called ‘theory of charged
nanoparticles (TCN)’ . According to TCN, charged NPs which are

spontaneously generated in the gas phase in most CVD processes



contribute to deposition of thin films and nanostructures. They
suggested that neutral NPs undergo random Brownian coagulation
and produce a porous structure. In contrast, charged NPs are self—
assembled and undergo epitaxial recrystallization because the
charge carried by the NPs weakens the bond strength of NPs. This
makes the NPs liquid—like and consequently dense films or

crystalline nanostructures are obtained.

TCN can well explain paradoxical phenomena in diamond
deposition process. As shown in Figure 1.1, during diamond
deposition process in CVD, very porous and graphitic soot particles
grow on an iron substrate, whereas crystalline diamond films grow
on a silicon substrate under the identical condition [7, 13]. These
different deposition phenomena are related to the charge transfer
rate of substrates. Diamond films are generated on the substrate
having a low charge transfer rate whereas soot is generated on the
substrate having a high charge transfer rate. According to Hwang et
al., the charged diamond nuclei in the gas phase remain their
diamond phase and charge when they approach the substrate having
a low charge transfer rate. [9] Thus, these charged diamond nuclei
undergo self—assembly because of their charge, like a colloidal of
nanometer unit, and form crystalline diamond film as shown in
Figure 1.1 (a). In contrast, when the charged diamond nuclei in the

gas phase approach the substrate having a high charge transfer rate,
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they lose their charge to the substate and turn their structure into
graphite. These neutral graphite nuclei undergo random Brownian
coagulation and form very porous soot as shown in Figure 1.1 (b).
It can be deduced that the charge carried by the diamond nuclei
stabilize diamond structure. To confirm this deduction, Hwang et al.
deposited films on floating and grounded iron substrates under the
identical condition. Soot particles grew on grounded iron substrates,
whereas diamond crystals grew on floating iron substrates. This
could be explained that the charge carried by diamond nuclei in gas
phase was reserved on the floating iron substrates and stabilize the

diamond structure.

As mentioned above, Hwang et al. suggested that charged NPs
are building blocks of thin films and nanostructures in most CVD
processes. [9,10] The generation of these charged NPs in the gas
phase was experimentally confirmed using a differential mobility
analyzer (DMA) in many CVD systems [14—16]. Youn et al. used
DMA to show the generation of charged silicon NPs in the gas
phase during a silicon CVD process as shown in Figure 1.2. [17]
Negatively and positively charged silicon NPs were generated in the
gas phase and their size distribution was obtained using DMA. In
addition, to show that these charged silicon NPs actually affect
silicon film deposition, they compared the deposition behavior

between floating and grounded silicon substrate. On the floating



substrate, the charge carried by the NPs would build—up whereas
the charge would not build—up on the grounded substrate. Obvious
differences between the two substrates are shown in Figure 1.3.
The substrate temperature was 900° C and deposition time was 2
hours. Low— and high—magnification of field emission scanning
electron microscopy (FESEM) images of the surface microstructure
of film deposited on the floating substrate are shown in Figure 1.3
(a) and (b), respectively. As shown in Figure 3 (a) and (b), silicon
nanowires with the diameter of 10 ~ 30 nm grew on the floating
substrates. Figure 1.3 (¢) and (d) are respectively low— and high—
magnification of FESEM images of the surface microstructure of
film deposited on the grounded substrates. On floating substrates,
silicon nanowires were grown without catalytic metals or seeds of
silicon oxide. Vapor—Iliquid—solid (VLS) [18] and oxide—assisted
growth (OAG) mechanism [19] cannot explain this deposition. The
only difference between the two experiments is the substrates,
which means that the charge build—up on the substrates would be
the reason of these different deposition behavior. The reason that
nanowires grew on the floating substrates is that self—assembly of
NPs occurred because of the charged carried by the NPs. In
addition, although the nanowire grew by building blocks of NPs, the
reason that the NPs grew into ‘rod—shaped single crystal’ rather
than in the form of a pearl necklace—shape is also that diffusion was

promoted by the charge.



When the flow rate of carrier gas increased, films were grown
on both floating and grounded substrates as shown in Figure 1.4.
Figure 1.4 (a) and (b) shows top view and cross—section view of
FESEM images of the films deposited on floating substrates,
respectively. Also, Figure 1.4 (c¢) and (d) shows top view and
cross—section view of FESEM images of the films deposited on
grounded substrates, respectively. As described earlier, obvious
deposition difference was shown between the two substrates. In
Figure 1.4 (a) and (b), a dense film of 220 nm thickness was
deposited on the floating substrate. This is thought to be due to the
electrostatic interaction between charged NPs and the growing
surface. On the other hand, looking at Figure 1.4 (c) and (d), a
190nm—thick porous film was deposited on the grounded substrate.
This is also believed to be due to the fact that there was little
electrostatic interaction in the growing surface. Therefore, the
amount deposited on a floating substrate is much higher than that of
a grounded substrate. That is, as the charge build—up differs on a
floating substrate and a grounded substrate, the deposition behavior
of charged silicon NPs is very different. This study shows that
charge plays a very important role to obtain smooth nanowire or

dense film.

From the research results described so far, it can be seen that

charged NPs are liquid—like, that 1s, charge weakens the bond



strength of NPs. To confirm this possibility, we searched the
results of related studies. Clare et al studied the effect of charge on
the bond strength of hydrogenated amorphous silicon. [20] The
effect of a single negative or positive charge on the strength of Si—
Si and Si—H bonds in the SiHs and SigHs molecules was calculated
by ab initio calculations. To find out the difference in energy
required to break a single Si—H bond in SiHy, SiHs" and SiHy~ were
calculated for the following 6 types: SiHs, SiHsz", SiH3™ and SiHy,
SiH,", SiHs . Also, the required energy was determined by
comparing the bond strength of each species. In addition, to find the
effect of a lower charge/size ratio and to determine the effect of
charge on the Si—Si bond energy, this calculation was done for
SisHe, SieHe" SioHe™, SioHs, SizHs™ and SizHs . The results of the
calculations are summarized in Table 1.1. If atoms are lodged in a
lattice, they cannot achieve a shape similar to the optimized ionic
shape, although they can relax to some extent. So, in hydrogenated
amorphous silicon, the actual effect of charge on bond strength will
be between what is represented by the unoptimized (adiabatic) row
and the optimized (vertical) row in Table 1.1. It will be closer in
case of unoptimized rows. Both positive and negative charges
significantly weaken the bonding strength of Si—Si and Si—H. The
bonding strength of Si—Si weakens from 3.2 eV to 1.11 eV when
SisHg 1s negatively charged. When SisHg is positively charged, it

weakens to 1.6 eV. The bonding strength of Si—H is significantly



weakened from 3.9 eV to 0.98 eV when SiHy is negatively charged.
When SiHy is positively charged, it weakens to 0.3 eV. The effect of
charge on bond strength can be explained by the bond order of
molecular orbital theory. The bond order, which indicates the
strength or stability of a bond, is the number of bond electron pairs
shared by two atoms in a molecule. The order of bonding is defined
as half the difference between the number of bonded and prevented

electrons expressed by the following equation (1.1)

#of bonding electrons - #of antibonding electrons
i

Bond order=

(1.1)

If NPs are negatively charged, electrons are added to the anti—
bonding orbitals. When NPs are positively charged, electrons are
removed from the bond orbitals. So, both positive and negative
charges reduce bond orders, weakening bond strength. The
weakening of the bond strength caused by electric charges is of
great importance because it means improved diffusion or dynamics.
As a result, the weakening of the bond strength by charge can
explain the liquid—like properties of charged NPs. Thus, these
experimental and computational results can explain the rapid
kinetics of coalescence by the charge, where the chemical reaction
of the reactant gases is enhanced even at low temperatures and
crystalline films are deposited at low temperatures in most CVD and

some PVD processes.



Figure 1.1. (a) Diamond and (b) soot grown on Si and Fe substrates,

respectively [7, 13].
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Figure 1.2. Number concentrations and size distributions of

negatively (open) and positively (closed) charged NPs at a Ny flow

rate of 500 sccm and 1000 sccm, respectively [17].
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Figure 1.3. FESEM images of (a) low and (b) high magnification
images of a floating substrate and (c) low and (d) high

magnification images of a grounded substrate with a N2 flow rate of

500 scem [17].
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Figure 1.4. FESEM images of (a) top and (b) cross—section view
images of a floating substrate and (c) top and (d) cross—section
view images of a grounded substrate with a N flow rate of 1000

scem [17].



TABLE X.
Summary of Si—H and Si—Si Bond Strengths.

Compound Si—H (eV) Si—Si (eV)
SiH, (optimized) 3.9 | -
SiH, (optimized) 0.98 —
SiH; (optimized) 0.30 —
Si;H (optimized) [35] [32]
SipHg (optimized) 1.02 1.11
Si,H¢ (optimized) 1.59 1.6
SiH; (unoptimized) 1.35 —
SiH,; (unoptimized) 0.09 —
Si;Hg {unoptimized) 1.34 13
Si;Hg (unoptimized) 1.49 1.6

Table 1.1. Calculation of charge effect on the bond strength of Si—H

and Si—Si in hydrogenated amorphous silicon [20].
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1.2. Chemical vapor deposition (CVD)

In the chemical vapor deposition (CVD) method, when a
gaseous source gas containing a desired material is injected into a
reactor, energy is received from heat or plasma and decomposed.
At this time, the desired material reaches the substrate to form a
film. CVD is largely composed of a gas distribution device, a reactor,
and a pump device. CVD is classified in various ways according to
the pressure of the reactor, the energy source of the chemical
reaction, the temperature of the reactor wall, the reaction
temperature, the shape of the reactor, and the reaction raw material.
In a normal CVD process, a room temperature reactant 1is
introduced into the reaction chamber. This gas mixture is heated up
to the evaporation surface and is continuously supplied with heat by
convection or heating of the evaporation surface. Depending on the
various process conditions, the reactant gas may cause a
homogeneous reaction in the gas phase before reaching the
deposition surface. Near the deposition surface, the gas flow is
heated, the velocity decreases due to viscosity, and the composition
changes. A boundary layer of composition is formed. The
introduction gas or reaction intermediate causes a heterogeneous
reaction on the deposition surface, thereby forming a thin film.

Subsequently, gaseous by —products exit the reaction chamber.

14 A=



CVD runs in a variety of formats. These processes usually
differ in the means by which chemical reactions are initiated. First,
CVD is classified according to its operating conditions. Atmospheric
pressure CVD (APCVD) operating at atmospheric pressure
(APCVD), low pressure CVD (LPCVD) operating below atmospheric
pressure. [21] Low pressure tends to reduce unwanted gas phase
reactions and improve film uniformity across the wafer. Ultra—high
vacuum CVD (UHVCVD) operating at very low pressures, typically
less than 107 torr. In other applications, a low distinction between
high and ultra—high vacuum is common. 10~Y torr. The most modern

CVD is LPCVD or UHVCVD.

Additionally, CVD is classified by the physical properties of the
vapor. Aerosol—assisted CVD (AACVD) in which precursors are
transported to a substrate through a liquid/gas aerosol that can be
generated by ultrasonic waves. This technique is suitable for use
with non—volatile precursors. And it determines liquid injection
CVD (DLICVD) in which the precursor is in liquid form (liquid or
solid dissolved in a convenient solvent). The liquid solution is
injected from the vaporization chamber towards the injector
(typically a car injector). The precursor vapor is then transferred
to the substrate as in conventional CVD. This technique is suitable
for use with liquid or solid precursors. High growth rates can be

reached with this technique.
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In addition, CVD is classified according to the type of substrate
heating. The chamber's hot wall CVD is heated by an external
power source and the substrate is heated by radiation from the
heated chamber wall. And low—temperature wall CVD where only
the substrate is directly heated by induction or by passing an
electric current through the substrate itself or a heater in contact

with the substrate. The chamber walls are room temperature.

At last, there are types of CVD that the plasma method
supports. Plasma Enhanced CVD (PECVD) uses plasma to speed up
the chemical reaction of precursors. [22] The PECVD process
enables deposition at low temperatures, which are often critical in
semiconductor manufacturing. Low temperatures can also remove
the location of organic coatings such as plasma polymers used for
nanoparticle surface functionalization. [23] And remote plasma
enhanced CVD (RPECVD) is similar to PECVD except that the
wafer substrate is not directly in the plasma discharge area.
Processing is possible by removing the wafer from the plasma area.
It goes down to room temperature. LEPECVD (Low Energy Plasma
Enhanced Chemical Vapor Deposition) uses a high density, low
energy plasma to obtain epitaxial deposition of semiconductor
materials at high speed and low temperature. Atomic layer CVD
(ALCVD) deposition. Successive layers of different materials

produce a layered crystalline film. Combustion chemical vapor
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deposition (CCVD) is an open atmosphere, flame—based technology
for depositing high—quality thin films and nanomaterials. Hot
filament CVD (HFCVD), also known as catalytic CVD (Cat—CVD) or
more commonly initiated CVD (@(CVD), uses hot filaments to
chemically break down the source gas. [24] Thus, the filament
temperature and substrate temperature are controlled
independently, allowing a lower temperature for better absorption at
the substrate and higher temperatures required to decompose the
precursor from the filament to free radicals. [25] Hybrid Physical
Chemical Vapor Deposition (HPCVD) involves both chemical
decomposition of precursor gases and evaporation of solid sources.
Metal organic chemical vapor deposition (MOCVD) is based on
metal organic precursors. Rapid Thermal CVD (RTCVD) rapidly
heats a wafer substrate using a heating lamp or other method.
Heating only the substrate, not the gas or chamber walls, helps
reduce unwanted gas phase reactions that can lead to particle
formation. Photo Initiated CVD (PICVD) uses UV light to stimulate
chemical reactions. It is similar to plasma treatment, given that the
plasma emits strong UV radiation. Under certain conditions, PICVD
can operate at or near atmospheric pressure. [26] Laser chemical

vapor deposition (LCVD) uses a laser to heat a spot or line.
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1.3. Physical vapor deposition (PVD)

PVD is a vacuum deposition method that can be used to deposit
or coat thin films. PVD has a process of converting a source
material, which exists as a condensation step, into a vapor step, and
then converting it into a thin film—shaped condensation step. The
most common PVD processes are sputtering and evaporation. PVD
1s used in the manufacture of items that require thin films with
various mechanical, optical, and electrical properties. [27—29] In
this process, the source material i1s deposited not only on the thin

film, but also on most other surfaces inside the vacuum chamber.

PVD can obtain a harder and corrosion—resistant thin film
compared to the electroplating process. And most of them are
stable at high temperatures, have excellent impact strength and
abrasion resistance, and therefore do not require a protective coat.
In addition, virtually any type of inorganic and some organic coating

can be applied to a variety of substrates and surfaces.

In contrast, as a disadvantage, since most of PVD is deposited
on the line of sight, it is difficult to coat complex shapes. And since
some PVD processes generally require very high temperatures or

very high vacuum levels, they are not easy to maintain. In addition,
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a cooling system is required to stably use high temperatures.

1.3.1. Sputtering

Sputtering deposition i1s one of the PVD processes using
sputtering of a target material. [30] That is, particles generated by
sputtering a target used as a source reach a substrate such as a
silicon wafer, and a thin film is deposited. In Figure 1.5, when the
ions hit the target surface, this sputtering occurs. Ions can be
reflected and neutralized immediately. This scattering process is
the basis of an analytical technique called ion scattering
spectroscopy. lon bombardment can release electrons from the
target, and these electrons are called secondary electrons. Ions can
penetrate the target. This process, known as ion implantation, is
widely used in integrated circuit technology to dope silicon wafers
selectively. It can control the depth and amount of impurity atom
atoms. Ions can cause structural changes in the target material.
These changes can lead to changes in target composition due to
major lattice defects as well as simple vacancies and interstitial

defects.

Ion bombardment can cause a series of collisions between
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target atoms. This ejection process 1is called sputtering. This
continuous current glow discharge, which generates energetic
particles that support the sputtering process, can be obtained by
applying a potential difference between the two electrodes with
sputtering gas maintained at low pressure inside the vacuum
chamber. The abbreviated process is shown in Figure 1.6. Voltage
can be delivered by a power supply that provides tens of thousands
of volts of energy. As a result, an electric field is generated
between the two electrodes. This electric field accelerates
electrons or ions formed by thermionic emission or collisions or
reaction with cosmic rays. Sequentially these accelerated electrons
collide with other atoms or ions and generate more electrons, which

generate discharge between the electrodes.

The sputtered atoms emitted from the target typically have a
wide energy distribution, up to tens of eV. The sputtered ions fly
straight away from the target and energetically impact the substrate
or vacuum chamber, which is called re—sputtering. Alternatively, at
higher gas pressures, ions act as mediators and collide with
diffusely moving gas atoms, reacting back to the substrate or
vacuum chamber wall, and condensate after going through a random
walk. By changing the background gas pressure, it is accessible to
the full range from high energy ballistic impacts to low energy aging

motions. Sputtering gas is often an inert gas such as argon. For
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efficient momentum transfer, the atomic weight of the sputtering
gas must be close to that of the target. Therefore, for sputtering,
light elemental neon is preferred, and for heavy elements, krypton
or xenon 1s used. Compounds can also be sputtered using reactive
gases. The compound can form on the target surface, in flight, or on
the substrate depending on the process parameters. Not only 1s it a
complex process because there are so many parameters available
to control sputter deposition, but it also gives professionals great

control over the growth and microstructure of the film.

One of advantages of sputter deposition is that even very high
melting point materials are easily sputtered, whereas evaporating
these materials is very hard or impossible. The film deposited by
sputtering has a composition similar to that of the source material.
If they are different, it is because the elements are spread out
differently because of different masses. The films deposited by
sputtering generally show better adhesion to the substrate than the
films deposited by evaporation. Other advantages of sputter
deposition is that the target contains large amounts of material and
requires no maintenance, making it a suitable technology for ultra—
high vacuum applications. The sputtering source does not contain
hot components and is compatible with reactive gases such as
oxygen. Sputtering can be done top—down, and evaporating ions

should be done bottom—up. It is also possible to use advanced
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processes such as epitaxial growth.

One of drawbacks of the sputtering process is that it is more
difficult to combine the process with lift—off for film structuring due
to diffuse transmission, which is a characteristic of sputtering. This
makes the entire shadow impossible. Thus, it is impossible to limit
where the atoms go, which can cause contamination problems. In
addition, active control for layer—by-—layer growth is difficult
compared to pulsed laser deposition, and inert sputtering gas can be

embedded as impurities.

1.3.2. Direct current (DC) sputtering

DC sputtering system consists of a pair of planar electrodes as
described in section 1.3.1. As can be seen in Figure 1.7, one of the
electrodes, which 1s a cathode, is the target and the other electrode,
which is an anode and where the substrate is mounted, is grounded.
The opposite side of the cathode is cooled by water. Argon gas is
injected to maintain the pressure of chamber and to maintain plasma
between electrodes. A voltage of several kilovolts 1s applied
between the electrodes to initiate the glow discharge. The positive

argon ions present in the plasma are accelerated toward the cathode,
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which cause sputtering of the target atom. The sputtered atoms

diffuse and reach the substrate, resulting to deposit a thin film. The

cathode of a DC diode system, which is a target, must be conductive.

If the target is an insulator, charge will build up on the target
surface and 1on bombardment on the target surface will be

prevented.

By introducing a suitable magnet behind the target, the
electrons in the plasma can be kept close to the target surface.
Thus, the electron density can be increased by the magnetic field.
This system is called DC ‘magnetron’ sputtering and shown in
Figure 1.8. High density plasma can be obtained by this high
electron density and this makes more ions to bombard the target.
This electron trapping by the magnetic field increases the
probability of ionization of neutral molecules in the gas by several
times. Also, this increasing ion density greatly improves the sputter
yield and the deposition rate of the substrate, which make

sputtering at low pressure possible.

1.3.3. Radio frequency (RF) sputtering

When the target is an insulator, the glow discharge does not last
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because charge will build up immediately on the insulating target
surface. To maintain a glow discharge with an insulating target, the
DC power supply must be replaced by an RF power supply, which is
called RF sputtering system. When an RF potential is connected to
an electrode, the electrode turns to the anode and cathode
alternately. During each half of a cycle applying negative potential
to the target, ions are accelerated towards the target surface and
can have enough energy to sputter. During the other half of a cycle,
positive potential is applied to the target and electrons are
accelerated towards the target surface. These electrons neutralize
the positive charge build up and prevent the formation of a charge
barrier. This system requires an impedance matching network
between the power supply and the chamber. The impedance of the
RF source is typically 50 ohm and the discharge impedance is
within range of 1 to 10 k—ohm. In this system, the current density

is given by the following equation.

I. = CdV/ dt

where C is the capacitance between the plasma and the target and
dV/dt is the change of the target surface potential over time. From
this equation, it can be observed that the ion current at the cathode
increases with increasing frequency. The frequency applied in

commercial systems is 13.56 MHz.
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As described, since RF sputtering 'cleans' the target surface in
each cycle, there is less risk of arc generation. Arcing occurs when
a localized and concentrated discharge occurs in the electrode,
which 1s released into the plasma. Since RF sputtering reduces
charge build—up on the target surface, arcing generation can be

reduced, and numerous quality control problems can be reduced.

Also, RF sputtering reduces the generation of 'track erosion' on
the target surface. Electrons are trapped around the target by the
magnetron as described above, and the trapped electrons sputter
the target in the magnetic field direction. That is, erosion occurs in
the magnetic direction on the target surface, and in the case of RF
sputtering, the generation of this erosion can be reduced. In rf
sputtering, since electrons are less trapped in the magnetic field
compared to dc sputtering, the width and depth of this erosion is

much smaller.

1.3.4. High power impulse magnetron sputtering

HiPIMS is a relatively recently developed magnetron sputtering
process. HiPIMS creates a high density plasma and increases the

lonization rate by applying a very high voltage for a short duration.
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A high voltage in the unit of kW cm™? is applied to the target in a
pulse method, but since it has a short duty time within 10%, it does
not overheat the target or other process systems. Targets heated
during the duty time are cooled during off duty, and as a result the

average power 1s low enough to keep the system stable.

The high voltage and resulting high ionization rate of HiPIMS
improve film adhesion and uniformity. Also, HiPIMS makes it
possible to deposit more uniform film on complex shaped substrates.
Because of these advantages, HiPIMS becomes popular for tough
and dense film with less void where conventional deposition
processes do not deposit uniform film on irregular shaped

substrates.

These characteristics of HiPIMS are enabled by the pulsing.
Pulsing creates ionized atoms at much higher energy levels than
conventional sputtering. Also, this significantly increases the
probability of ionizing collisions and the sputtered material ionizes
and collides with the process gas atoms. Thus, HiPIMS generates
high plasma density of 10" jons cm™® that is much higher than
conventional sputtering processes. Another advantage of HiPIMS is
that it is very simple to install. Conventional sputtering system can

be retooled into HiPIMS system just introducing suitable power

supply for HiPIMS.
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One of the drawbacks of HiPIMS is arcing. Because of high
voltage of HiPIMS, there can be heavy arcing spreading from the
cathode to plasma. This can overheat the target or even make

droplets from the target that can cause problem to film deposition.

1.4 Purpose of this study

Theory of charged NPs has been confirmed by many
experiments and calculations. The generation of NPs was confirmed
during many CVD systems and their polarity of charge was also
verified. Theory of charged NPs has been applied to larger area and
become so established that many regarding books and papers have
been published.

However, the area of theory of charged NPs has been rather
limited to CVD system. It is well applied to CVD system and now it
1s necessary to confirm the theory to PVD system. A few PVD
system like evaporation has been studied and the theory also can be
applied to evaporation system. Thus, the generation of charged NPs
is expected during other PVD system and the regarding study is
needed. Especially sputtering 1s a very widely used deposition
process of PVD. Also, sputtering process uses plasma, which

consists of many charged species like ions and electrons. Thus, the
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generation of charged NPs during sputtering is well expected and
needs to be studied.

Therefore, the main purpose of this Ph. D course is to confirm
the generation of charged NPs during sputtering, especially RF
magnetron sputtering and to investigate how these charged NPs
affects the actual film deposition. After confirming the generation of
charged NPs, it was investigated how the behavior of these charged

NPs and their effect on film deposition depend on pressure.
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Chapter 2.
Generation of charged Ti nanoparticles
and their deposition behavior with
substrate bias during RF magnetron

sputtering

2.1. Introduction

Titanium (Ti) thin films have outstanding properties such as
good biocompatibility, good thermal and chemical stability [31—36].
Thus, Ti thin films are widely used in biomedical applications and
microelectronics. Ti films are mainly obtained by direct current
(DC) sputtering or radio frequency (RF) sputtering, which are well
established technology in the industry to deposit thin films because

of their high reproducibility and growth rates [37—43].

On the other hand, according to classical crystallization, it has

1]
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been believed that thin films are deposited by individual atoms, ions
or molecules. However, there are several phenomena that cannot be
explained by classical crystallization. These phenomena can be
successfully explained by a novel growth mechanism where thin
films are deposited by building blocks of nanoparticles (NPs). This
growth mechanism has been supported by a lot of experimental

evidence and is called 'non—classical crystallization' [44—50].

According to Hwang et al. who have extensively studied non—
classical crystallization in CVD system, it is suggested that the
electrically charged NPs are spontaneously generated in the gas
phase during CVD system and become the building blocks of thin
film [51]. Also, the charge carried by the NPs critically affects
deposition of crystalline thin films and synthesis of crystalline
nanostructures such as nanorod and tetrapod [52—57]. This new
crystal growth mechanism is called ‘theory of charged NPs
(TCN)’" . According to TCN, neutral NPs undergo random Brownian
coagulation resulting in porous structure. In contrast, charged NPs
produce ordered structure by self—assembly. Because these
charged NPs have liquid—like property, they undergo epitaxial
recrystallization after self—assembly, resulting in dense and
crystalline structures. The liquid—like property can be explained by
the calculation that the charge can weaken the bond strength.

Indeed, Clare et al. conducted the ab—initio calculation and reported
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that the bond strength of Si—H and Si—Si is weakened by the
charge in SiH; and SisHg molecules [20]. In addition, many
experiments in CVD system supports these understandings of TCN.
For instance, homoepitaxial Si films were deposited on negatively
biased Si substrates at low substrate temperature of 550° C during
plasma enhanced CVD [58]. Crystalline and dense Si films were
deposited by controlling the behavior of Si charged NPs during

inductively coupled plasma CVD [59].

A few researches have been studied to utilize NPs for thin film
deposition in PVD system. Sahu et al. modified magnetron into 3—D
confined magnetron to induce the generation of crystalline NPs and
enhanced the property of indium tin oxide films [60]. Hayasaki et al.
also deposited epitaxial yttrium barium copper oxide films by
inducing nano—sized clustering during thermal plasma flash
evaporation [61]. However, these researches did not concern the

charge carried by NPs carefully.

Thus, in this paper, the generation of NPs and the charge of
NPs were carefully investigated during conventional RF sputtering
system using Ti1 target. Also, effect of charged NPs on film
deposition was confirmed. The generation of NPs and their polarity
were confirmed by capturing them on amorphous carbon

membranes with applying electric bias. Amorphous carbon
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membranes were analyzed by transmission electron microscopy
(TEM). The effect of charged NPs on film deposition was
investigated by the electric bias on substrates. Property of films
was analyzed by TEM, field—emission scanning electron

microscopy (FESEM) and x—ray reflectivity (XRR).

2.2. Experimental method

Figure 2.1a shows schematics of RF sputtering system with Ti
target. The distance between the Ti target and a sample stage was
7 cm. Amorphous carbon TEM membrane (Ted Pella, Inc.) was
used as substrate for capturing NPs and a p—type Si substrate was
used as substrate for film deposition. Substrates were placed on a
steel plate. In order to apply electric bias on the steel plate, the
steel plate was electrically isolated with the grounded sample stage.
Also, to prevent the electric bias of the steel plate from interfering
with plasma, a grounded mesh in Figure 2.1b was installed 2 mm
above the steel plate. Electric field will be generated between the
grounded mesh and steel plate. If charged NPs exist, they would

interact with the electric field.

To control the exposure time for capturing NPs or film
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deposition, a round—shaped shutter with diameter of 5 cm was
installed 5 mm above the grounded mesh. This means that the flux
from plasma was blocked when the shutter was closed. When the

shutter was opened, and the capture or film deposition started.

Ar gas was used to sustain plasma and pressure was 20 mTorr.
RF sputtering power was 160 W and the heating system for
substrate temperature was not used. NPs were captured on
amorphous carbon TEM membrane for 30 sec. To confirm the
charge of NPs, various electric bias of =70, O, +5, +15 and +30 V
was applied to the membrane. Also, to investigate the effect of Ti
charged NPs on the film deposition, Ti films were deposited under
the same condition with capturing NPs on p—type (100) Si

substrates for 30 min with the substrate bias of =70, O and +30 V.

To stabilize plasma, the capturing NPs and film deposition
processes were conducted 30 sec after turning on the plasma. Any
flux from plasma to TEM membrane or Si substrate were perfectly

blocked by the shutter during stabilizing.

The NPs were analyzed by TEM (FEI, Tecnai F20). The
microstructure of Ti films was analyzed by SEM and TEM. The

density of the films was calculated by measuring critical angles of

XRR.
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2.3. Results and discussion

2.3.1. Capturing charged NPs during RF sputtering with T1 target

The electric field generated between the grounded mesh and
the steel plate will interact with charged NPs. White dots are shown
in scanning transmission electron microscope (STEM) images in
Figure 2.2. These dots are confirmed to be titanium dioxide (TiO2)
NPs by the fast Fourier transformation as shown in inset of Figure
2.3. NPs were captured with applying various steel plate bias of —
70, 0, +5, +15 and +30 V. As shown in Figure 2, the number
density of NPs increased as increasing negative bias from O V to —
70 V. In contrast, it decreased as increasing positive bias from 0 V
to +30 V. From these results, the NPs are thought to be positively
charged. Thus, it is thought that they were attracted to the TEM
membrane when negative bias was applied to membrane, whereas
they were repelled when positive bias was applied. As the positive
bias get bigger, the more positively charged NPs would be repelled

according to energy distribution of NPs.

The result at +30 V should be focused. There was no NPs that
was observed on the TEM membrane at +30 V as shown in Figure

2.2 (e). This might be attributed to that all positively charged NPs
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were repelled by +30 V, which means that there was no NPs that
was more energetic than +30 V. On the other hand, in case of
negatively charged NPs, they were expected to be blocked by
potential difference between plasma and the grounded mesh.
Because the grounded mesh had more negative potential with
respect to plasma, there was negative potential difference between
the grounded mesh and plasma. Thus, it is thought that there was
no negatively charged particle that was energetic enough to

overcome the negative potential difference.

Neutral NPs should land on the TEM membrane regardless of
the sign of bias. However, there was no NPs observed on TEM
membrane at +30 V. Thus, there are two possibilities to explain the
absence of neutral NPs on the TEM membrane at +30 V. One
possibility is that neutral NPs did not exist, so that they were not
observed. The other possibility is that the neutral NPs had too small
size that they could not be observed by HRTEM although they
landed on the TEM membrane. To check these possibilities, Ti thin
films were deposited under the same conditions with capturing the

charged NPs. This will be discussed in chapter 2.3.2.

As discussed above, the white dots in Figure 2.2 were
confirmed to be TiO2 by FFT analysis. The insets of Figure 2.3

show fast Fourier transformation of HRTEM images, which are the

39 A '_' 1-II



NPs captured at =70 V and O V. The captured NPs had the average
size of ~5 nm and d-—spacing of ~0.217 nm mainly, which
corresponded to the value of TiOs. This is due to the oxidation of Ti
NPs immediately after they were taken out of the vacuum chamber

and exposed to air, because Ti becomes oxidized very easily [62].

2.3.2. Ti thin film deposition

As mentioned in earlier chapter 2.3.1, Ti films were deposited
under the same conditions with capturing the charged NPs on Si
(100) substrates for 30 min. The films were deposited with
applying bias of —70, 0 and +30 V. Figure 2.4 shows the cross—
section view SEM images of these films. Thickness of the films
deposited at =70, O and +30 V was respectively 180, 146 and 92
nm. Compared to the film at O V, thickness of the films increased
when applying negative bias of =70 V, whereas it decreased when
applying positive bias of +30 V. This should be due to attraction

and repelling of positively charged NPs by the substrate bias.

Although there was no NPs observed in case of +30 V as
discussed earlier, film was deposited at +30 V as shown in Figure
2.4c. If neutral NPs did not exist indeed, the film would be
deposited by only neutral atoms like atomic layer deposition. It

means that the film should have the highest crystallinity and density
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among all films deposited at —70, O and +30 V. As the second
possibility, if neutral NPs had too small size that they could not be
observed by HRTEM although they landed on the TEM membrane
as discussed above, the film would be deposited also by the
minute—sized neutral NPs not only by atoms. It means that the film
should have very low crystallinity and density or even porous
structure. In this regard, Jeon et al. reported that the film deposited
by high fraction of neutral clusters showed rough surface
morphology and fractal structure whereas the film with high fraction
of charged clusters showed smooth morphology and high quality
during copper thermal evaporation [52]. Thus, to confirm these two
possibilities, property of the films deposited at —70, O and +30 V

was analyzed. Crystallinity and density of the films were analyzed.

Figure 2.5a—c show low magnification HRTEM images of the
films at =70, 0 and +30V, respectively. Also, Figure 2.5d—f show
high magnification HRTEM images of the films at —70, O and +30V,
respectively. As shown in Figure 2.5d—f, the films at —70 and OV
show obvious lattice fringe images and FFT images. However, the
film at +30 V show obscure images. Amorphous regions of the films

at +30 V are marked by ovals in Figure 2.5f1.

Moreover, as shown in Figure 2.6a—c, the diffraction patterns

of the films at —70 and O V had clear peaks, whereas that of the
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film at +30 V is obscure and had ring—shaped pattern. As can be
seen by HRTEM and diffraction pattern images, it can be concluded
that the films at —70 and OV had higher crystallinity than the film at

+30 V.

In Figure 2.7, XRR graphs of the films at =70, O and +30 V are
shown. The first 0.7 degrees of XRR graphs is shown. The critical
angle of the films at —70, 0 and +30 V correspond to the inflection
point of the graphs and are 0.31° , 0.28° and 0.25° , respectively.
Using the critical angle, the density of the film could be calculated

theoretically the equation (1),

§ 2 1
rA (Z + ')
Up = \/GT NA Af £ - Equation (1)

where . is the critical angle, ro is the classical electron radius, A
is the wavelength of Cu—=K a1, Na is Avogadro’ s number, Z is the
atomic number of Ti, {* is the real part of the dispersion coefficient,
A 1s the atomic weight of Ti and p is the density of the films. The
theoretically calculated densities of the films at —70, 0 and +30 V

were 4.974, 4.058 and 3.499 g/ cm®, respectively.

Characteristics of the films at —70, O and 30 V are summarized
in Table 2.1. As discussed until now, the film at +30 V shows the

lowest crystallinity and density among the all films. Comparing
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these results and the research of Jeon et al. [52], the film at +30 V
would be deposited also by the minute—sized neutral NPs not only
by atoms. This means that the neutral NPs had too small size that
they could not be observed by HRTEM although they landed on the
TEM membrane. If neutral NPs did not exist, the film at +30V was
deposited as atom by atom like ALD and should have extraordinarily

high crystallinity and density among all three films.

Meanwhile, the film at —70 V had the highest crystallinity and
density. This was might be due to the attraction of the positively

charged NPs. The positively charged were accelerated toward the

substrate by negative bias of —70 V, resulting in forming dense film.

Thus, it can be concluded that the behavior of positively charged
NPs critically affected the growth of the highly crystalline and

dense film in the RF sputtering process.

2.4. Conclusion

Generation of NPs was confirmed during RF sputtering system
and the NPs were also confirmed to be positively charged. Under
the same condition, effect of charged NPs on film deposition was

investigated by applying substrate bias. When negative substrate
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bias was applied, thickness of the film increased, whereas it
decreased when positive substrate bias was applied. Also,
crystallinity and density of the film get higher when negative
substrate bias was applied, whereas those of the film get lower
when negative substrate bias was applied. These differences might
be due to attraction and repelling of the charged NPs by the
substrate bias. Conclusively, charged NPs are generated in RF
sputtering system and they play an important role to growth of

crystalline and dense film.
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Figure 2.1. Schematics of RF sputtering system (a) main chamber
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Figure 2.2. STEM images of NPs captured on amorphous carbon
TEM membranes at the electric bias of (a) =70V (b) OV (¢c) +5V

(d) +15 V and (e) +30 V.



Figure 2.3. HRTEM images and fast Fourier transform (FFT)

—spacing

information (inset of the lower right in the image) with d

value of NPs at the electric bias with (a) =70 V and (b) O V.
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100 nm

Figure 2.4. SEM images of Ti films deposited on Si substrates at

the electric bias of (a) =70 V (b) O V and (c) +30 V.
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Figure 2.5. Low and high magnification TEM images with FFT
information (the lower right) of the Ti films deposited on Si
substrates at the electric bias of (a), (d) =70V (b), (e) 0 V and (c),
(f) +30 V.
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Figure 2.6. Diffraction pattern images of the Ti films at the electric

bias of (a) =70V (b) OV and (c) +30V
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Figure 2.7. X—ray reflectivity (XRR) data of the Ti films in the

range of 0 ° ~ 0.7 ° at the electric bias of =70V, 0 V and +30 V.
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Substrate bias (V) -70 0 +30

Thickness (nm) 180 146 92
Crystallinity High High Low

Critical angle (°) 0.31 0.28 0.25

Density (g/cm?) 4.974 4.058 3.499

Table 2.1. Characteristics of the Ti films with thickness,
crystallinity, the calculated density and the measured critical angle

by XRR at the electric bias of =70V, O V and +30 V.
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Chapter 3.
Effect of pressure on the film deposition
during RF magnetron sputtering

considering charged nanoparticles

3.1. Introduction

Ti thin films have good biocompatibility and are widely used in
biomedical applications [31, 32, 34]. Also, they have outstanding
thermal and chemical stability [36] and are widely used in
microelectronics [33, 35]. Ti thin films are prepared by direct
current (DC) sputtering [37—41, 63], radio frequency (RF)
sputtering [43], and high power impulse magnetron sputtering
(HIiPIMS) [64—66] because of their high reproducibility and growth

rate.

Meanwhile, according to the classical crystallization, the
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deposition of thin films has been believed to occur by an individual
atom, ion or molecule. However, there are some phenomena that
cannot be explained by the classical crystallization. Such
phenomena can be successfully explained by a new growth
mechanism in which thin films grow by a building block of
nanoparticles (NPs). This new growth mechanism was supported by
many experimental evidences. This new mechanism is referred as

‘non—classical crystallization” [15, 44—48, 51, 54].

Hwang et al. have extensively studied the nonclassical
crystallization of thin films and nanostructures in the chemical vapor
deposition (CVD) process [561]. They reported many experimental
evidences showing that electrically charged NPs are spontaneously
generated in the gas phase in many conventional CVD processes.
Most importantly, these charged NPs become a building block of
thin films and nanostructures. Hwang et al. emphasized that the
charge carried by the NPs played a critical role in the deposition of
thin films [52, 53, 57] and nanostructures [56]. They suggested
that neutral NPs undergo random Brownian coagulation and produce
a porous structure, whereas charged NPs self—assemble and
undergo epitaxial recrystallization, consequently producing a dense
and crystalline structure. [51] The epitaxial recrystallization
indicates that charged NPs undergo liquid—like coalescence, which

implies that the bond strength of the NPs should be weakened by
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the charge carried by the NPs. According to the ab initio calculation
of Clare et al. [20], positive or negative charge in silane (SiH;) and
disilane (SizHg) molecules weakens significantly the bond strength
of Si—H and Si—Si. This new film growth mechanism is called

‘theory of charged NPs (TCN)’ |, which turns out to be applicable
to many CVD systems. For instance, a negative substrate bias
favored the growth of a homoepitaxial SiC film on a SiC substrate
during hot wire CVD [67]. Also, a negative substrate bias favored
the growth of a fully epitaxial Si film on a Si substrate at a substrate
temperature of 550° C during radio frequency plasma—enhanced

CVD [58].

Until now, the generation of charged NPs and their contribution
to film growth have been studied mainly in CVD systems. Recently,
the generation of negatively charged NPs and their contribution to
film growth were studied during DC sputtering of Ag [68] Also, the
generation of positively charged NPs and their contribution to film
growth was studied during RF sputtering of Ti. [69] Thus, a more
systematic study is needed about how the generation of charged
NPs is affected by the processing parameter such as pressure in

the sputtering process.

The purpose of this study is to confirm how the generation of

charged NPs depends on pressure and affects the film deposition
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during RF sputtering using a Ti target. To identify the polarity of
charged NPs, the electric bias was applied to amorphous carbon
membranes for transmission electron microscopy (TEM). The
effect of charged NPs on the film deposition was also studied by
applying the electric bias to the p—type Si (100) substrate. The
growth rate of the films was determined by the cross—section
image of field—emission scanning electron microscopy (FESEM)
and the crystallinity and orientation of the films were analyzed by

X—ray diffraction (XRD).

3.2. Experimental method

Figure 3.1a is a schematic of the RF sputtering system used in
this study. A 4—inch Ti target was used and the distance between
the target and sample stage was 7 cm. An amorphous carbon TEM
membrane (Ted Pella, Inc., Redding, CA, USA) was used as a
substrate for capturing NPs and a p—type silicon (100) wafer was
used as a substrate for film deposition. The substrate was placed on
an insulating polymer sheet for electrical isolation from the sample
stage which is grounded. A DC bias device was connected to the
substrate for applying the electric bias. In order for the electrical

potential of the substrate not to interact with the plasma, a
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grounded mesh, which is shown in Figure 3.1b, was installed 1 ~ 2
mm above the substrate. This grounded mesh had the hole size less
than Debye length of the plasma [70]. Thus, the same plasma
condition could be maintained regardless of the electrical potential
of the substrate. In order to capture NPs on a carbon TEM
membrane, a round—shaped shutter with 5 cm diameter was
installed above the grounded mesh as shown in Figure 3.la. For
capturing NPs, the TEM membrane was exposed to plasma for a

few seconds. The exposure time was controlled by the shutter.

Prior to the experiment, the sputtering chamber was evacuated
to be less than 1 x 10—6 Torr. For sputtering, RF power was kept
at 160 W and Ar gas was used for plasma generation. Pressure was
varied from 20 to 80 mTorr. The parameters chosen in this study
are those commonly used in the RF sputtering process [71—73].
Since the number density of captured Ti NPs under 80 mTorr was
smaller than that under 20 mTorr, the exposure time under 80
mTorr was 8 s and that under 20 mTorr was 5 s to control the

number density of NPs appropriate for TEM observation.

To confirm whether the Ti NPs were charged or not, the
number density of captured Ti NPs was examined at various
electric biases of —30 V, O V and +50 V applied to the TEM

membrane. Also, to confirm how the pressure affects the ratio of

57 A ‘._, ‘_]l



charged to neutral Ti NPs as well as the deposition behavior of Ti
films, the pressure was varied as 20 mTorr, 40 mTorr, 60 mTorr
and 80 mTorr and the electrical bias applied to the Si substrates
was varied as —30 V, =10 V, O V and +50 V with the other

conditions being the same as those of capturing Ti NPs.

Ti NPs captured on the TEM membrane were analyzed by TEM
(FEI, Tecnai F20, Hillsboro, OR, USA). The microstructure of the
Ti films was investigated by FESEM (Carl Zeiss, SUPRA,
Oberkochen, Germany). TEM and FESEM were operated at
accelerating voltages of 200 kV and 2 kV, respectively. The
crystallinity and orientation of the films were analyzed by XRD
(PANalytical, X’ pert—Pro, Almelo, The Netherlands) at 2—theta

ranges of 20° ~ 60° using Cu—K a wavelength of 0.154 nm.

3.3. Results and discussion

3.3.1. Capturing charged NPs with various pressure during RF

sputtering with a Ti target

To capture and observe charged Ti NPs, a TEM membrane was

used as a substrate. Figure 3.2 is high—resolution transmission
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electron microscopy (HRTEM) images showing Ti NPs captured on
the amorphous carbon TEM membrane at no substrate bias. Ti NPs
in Figure 3.2a and b were captured, respectively, for 5 s under 20
mTorr and for 8 s under 80 mTorr. Crystalline Ti NPs in Figure 3.2
are enclosed by dashed ovals to distinguish them from the other
area. Crystalline Ti1 NPs enclosed by dashed ovals were identified
by crystalline peaks in the fast Fourier transformation (FFT) image

shown as the inset of Figure 3.2.

The majority of the NPs in Figure 3.2 had the average size of
~3 nm. The d—spacing values of the NPs determined by the FFT
image are mainly 0.212 and 0.216 nm, respectively, for 20 mTorr
and 80 mTorr, both of which correspond to the d—spacing values of
titanium carbide (TiC). This result indicates that Ti NPs became
carbonized. In relation to the possible cause of carbonization, our
previous experiments showed that Ti NPs captured on SiO and SiN
membranes were also carbonized during TEM observation.
Therefore, Ti NPs in Figure 3.2 seemed to be carbonized by carbon
contaminants in the TEM chamber when exposed to electron beams.
When the electric bias was applied to the substrate, the electric
field would be generated between the substrate and the grounded
mesh. This electric field would interact with Ti NPs, if charged,
which passed through the grounded mesh toward the membrane.

Figure 3.3 shows HRTEM images of NPs captured under 20 mTorr
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and 80 mTorr at various substrate biases of =30 V, O V and +50 V.
It should be noted that to compare the number density of Ti NPs
between electrical biases of =30 V, O V and +50 V, Figure 3.3 has
a lower magnification than Figure 3.2. Each crystalline Ti NP was

marked by dashed ovals in Figure 3.3.

In Figure 3.3, the number density of NPs is higher at the
negative bias of —30 V than that at O V under both pressures. In
contrast, it is lower at the positive bias of +50 V than that at O V
under both pressures. These results indicate that some of Ti NPs
are positively charged. The positively charged NPs would be
attracted to the substrate with the bias of —30 V, increasing the
number density of Ti NPs captured on the TEM membrane (Figure
3.3a and d). At the same time, they will be repelled by the substrate
with the bias of +50 V, decreasing the number density of Ti NPs
captured on the TEM membrane (Figure 3.3c and f). In agreement
with these results, Kwon et al. reported that the positively charged
Ti NPs were generated during Ti RF sputtering [69]. The strong
dependence of the number density of Ti NPs on the electrical bias
in Figure 3.3 indicates not only that some of Ti NPs are electrically
charged but also that they were formed in the gas phase instead of
being nucleated on the TEM membrane. Their formation in the gas
phase was further supported by the fact that most NPs in Figure 3.3

had the similar size of ~3 nm regardless of the substrate bias. If
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NPs are nucleated on the membrane, they should have a size

distribution instead of the similar size of ~ 3 nm.

As shown in Figure 3.3, the dependence of the number density
on the substrate bias is greater under 80 mTorr than under 20
mTorr. When counted from HRTEM images, the number density
under 20 mTorr at the substrate biases of —30 V, O V and +50 V
was 134, 103 and 21 per 100 x 100 nm2, respectively, whereas
that under 80 mTorr at the substrate biases of —30 V, O V and +50
V was 196, 98 and O per 100 x 100 nm2, respectively. No T1 NP
was observed in Figure 3.3f at the bias of +50 V. In the other area,
also, NPs were hardly observed under 80 mTorr at the substrate

biases of +50 V.

It should be noted that no observation of crystalline Ti NPs in
Figure 3.3f does not mean the absence of Ti NPs. If small neutral Ti
NPs exist, they would not only be affected by the electric bias but
also lose their crystalline identity after landing on the amorphous
carbon membrane because they would accommodate their structure
to the amorphous membrane. If small neutral Ti NPs exist, it is
difficult to estimate their contribution to film deposition in
comparison with the contribution of neutral atoms to film deposition.
One possible way to determine which of small neutral NPs and

atoms would be a dominant flux for film deposition would be the
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quality of the film deposited under the positive bias applied to the
substrate. If the film has good crystallinity, atoms would be a
dominant flux whereas if the film has a poor crystallinity, small
neutral NPs would be a dominant flux. Which of small neutral NPs
and atoms would be a dominant flux can be determined by studying
the crystallinity of the film deposited under the positive bias. The

result will be shown later.

The ratio of the number density for biases of =30 V and 0 V
was 1.30 (Figure 3.3a and b) and 2.02 (Figure 3.3d and e),
respectively, under 20 mTorr and 80 mTorr. The larger ratio under
80 mTorr indicates that the percentage of positively charged Ti
NPs is higher under 80 mTorr than under 20 mTorr. The reason
might be that the collision frequency of NPs with Ar+ ions or other
positively charged species in the plasma would be higher under 80
mTorr because the mean free path under 80 mTorr is shorter than

that under 20 mTorr.

If Figure 3.3 indicates that the percentage of positively charged
NPs is higher under 80 mTorr than under 20 mTorr, the bias effect
on the film growth rate would be more pronounced with increasing
pressure. To check this possibility, Ti films were deposited on a Si
substrate at substrate biases of =30 V, =10 V, O V and + 50 V

under 20 mTorr, 40 mTorr, 60 mTorr and 80 mTorr.
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3.3.2. Deposition of Ti thin films under various pressures

Figure 3.4 is the images of FESEM showing cross—sections of
Ti1 films deposited for 15 min under 80 mTorr at biases of =30V, —
10 V, O V and +50 V. Film thicknesses of Figure 3.4a—d are,
respectively, 132, 133, 97 and 29 nm. The film thickness drastically
decreased as the bias increased from —30 V to +50 V, indicating
that an appreciable percentage of NPs is positively charged. At
substrate biases of —30 V and —10 V, positively charged Ti NPs
would be attracted toward the substrate, increasing the film growth
rate. At the substrate bias of +50 V, however, positively charged Ti
NPs would be repelled from the substrate, decreasing the film
growth rate. The effect of the substrate bias was most pronounced
under 80 mTorr and became less pronounced with decreasing

pressure.

Figure 3.5 shows the growth rate of the films deposited under
varying biases and varying pressures. The growth rate of films
deposited at —10 V is higher than that deposited at O V under all
pressures. The reason would be the attraction of the positively
charged Ti NPs to the Si substrate applied with the bias of —10 V.
However, the growth rate of films deposited at —30 V was lower
than that deposited at —10 V under all pressures except 20 mTorr.

Although more Ti NPs would be attracted to the substrate at —30 V
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than at —10 V, the incident energy of Ar" ions on the growing
surface would be so high at —30 V that the bombardment of Ar®

ions would resputter the Ti film, decreasing the growth rate.

On the other hand, the growth rate of films deposited at +50 V
is the lowest under all pressures. The reason would be that the
substrate bias of +50 V repelled the positively charged Ti NPs from

the substrate.

As shown in Figure 3.5, the bias effect on the film growth rate
becomes more pronounced as pressure increases. The reason
would be that as the pressure increases, the mean free path
decreases and the collision frequency of NPs with Ar+ and other
positively charged species increases; as a result, the percentage of

positively charged NPs increases as discussed in Section 3.1.

It should be noted that although Ti NPs were absent at the
substrate bias of +50 V in Figure 3.3f, the film growth rate was
appreciable at the bias of +50 V in Figure 3.5. Considering Figure
3.3f, the film growth at +50 V in Figure 3.5 comes entirely from the
deposition of neutral atoms or NPs. If the film was deposited mainly
by neutral atoms at +50 V, it would have good crystallinity whereas
if the film was deposited mainly by neutral NPs at +50 V, it would

have poor crystallinity. This aspect was studied by Kwon et al. [69],
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who reported that neutral NPs produce not only films of poor
crystallinity but also films of low density. To determine which of
neutral atoms and NPs are the main flux, the crystallinity of films,

which can be analyzed by XRD, should be examined.

Figure 3.6 shows XRD data of the films deposited at various
substrate biases under various pressures. Under all pressures, the
films deposited at the substrate bias of +50 V do not show any
clear peak in contrast to the films deposited at the substrate biases
of =30 V, —10 V and O V. These results indicate that the films
deposited at +50 V are almost amorphous or nano-—crystalline.
From these results, it is confirmed that at the bias of +50 V, the
films were deposited not only by neutral atoms but also by neutral

clusters.

Meanwhile, the films deposited at the substrate biases of =30 V
and —10 V show XRD peaks with (100) orientations of Ti under all
pressures, whereas the films deposited at O V show either (100) or
(002) orientations. This difference is thought to come from the
difference in the incident energy of sputtered species on the
substrates. According to Kwon et al. [42], the different incident
energy on floating and grounded substrates during Ti RF sputtering
affected the orientations of the films. The (100) oriented Ti films

were obtained with high incident energy whereas the (002)
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oriented Ti films were obtained with low incident energy. In this
experiment, the positively charged NPs would be accelerated by the
substrate biases of —30 V and —10 V, resulting in high incident
energy and (100) orientation of the films. In contrast, in the case of
0 V, the incident energy was relatively low, resulting in either

(100) or (002) orientation.

3.4. Conclusion

Positively charged Ti NPs were spontaneously generated during the
RF sputtering process. The ratio of charged to neutral Ti NPs
increased as the pressure increased. The negative substrate bias
increased the growth rate of the films, which is attributed to
attracting positively charged Ti NPs, whereas the positive substrate
bias decreased the growth rate of the films, which is attributed to
repelling them. Such a bias effect became pronounced as the

pressure increased.
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Figure 3.3. HRTEM images of NPs at the substrate bias of (a) —30
V, (b) 0 Vand (c) +50 V under 20 mTorr and (d) =30V, (e) OV

and (f) +50 V under 80 mTorr.




Figure 3.4. SEM images of the Ti films deposited on Si substrates

under 80 mTorr at biases of (a) =30V (b) =10V (c) 0V and (d)

+50 V.
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Figure 3.6. XRD data of the Ti films deposited at the substrate bias
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Chapter 4.
Methods for growing low-resistivity
tungsten film by controlling charged

nanoparticles

4.1. Introduction

Tungsten is a heavy and very hard transition metal, which is
produced from wire manganese lite and scheelite. Among the
elements, it has the highest melting point, and its density 1s
19.3g/cm?®, which is similar value to gold or uranium. Pure tungsten
is hard and has excellent ductility, and when a small amount of
impurities is added, it is hard but brittle and difficult to process.
Pure tungsten is used in the electronic fields but is mainly used as a
compound or alloy. The filament of the bulb is the most
representative. Also, since tungsten is hard and dense, it is widely

used for bullets that pierce the armor of tanks for military purposes.
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However, if 1impurities are slightly mixed, there 1is a
disadvantage that it becomes hard and brittle. Tungsten has the
highest melting point of all elements, which is 3422° C and the
lowest vapor pressure, which is above 1650° C. Although the
temperature at which carbon exists in a solid state is higher,
tungsten is an element with the highest melting point because
carbon does not pass through a liquid state at about 4027° C and
immediately sublimes into gas. In addition, the tensile strength of
tungsten is the highest among all elements because the electrons of

the 5d orbital strongly bond tungsten atoms to each other.

In addition, tungsten has two kinds of atomic arrangements. One
is a tungsten, which has a body—centered cubic structure and is
the most stable among tungsten structures. B tungsten has an Alb5
equiaxed crystal structure, which is shown in Figure 4.1. This
structure is a metastable phase and can exist with the o structure
in a general state. The a structure has an electrical resistance of
1/3 of that of the B structure, and the critical temperature at which
it becomes a superconductor is about 0.015K, which is lower than
that of 1~4K in the B structure. When the two types of structures
are mixed, the critical temperature is intermediate. Alloys made
from a mixture of tungsten and other metals exhibit higher critical
temperatures, which are used in low—temperature superconductor

circuits.
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Tungsten thin films are also used in metallization field. As
semiconductor devices are miniaturized, the line width of the
currently used copper interconnect is also decreasing. However, as
the line width decreases, the resistivity rapidly increases, that is,
the resistivity size effect appears seriously in the case of copper.
Meanwhile, tungsten has a shorter electron mean free path than
copper. Because the resistivity size effect can be reduced as the
electron mean free path get shorter, tungsten is replacing the

copper interconnects and now generally used.

Meanwhile, in the earlier sections, the generation of charged
NPs and their effect on film deposition during RF magnetron
sputtering was discussed. Also, the effect of charged NPs on film
deposition get pronounced as the pressure increases. In this
context, this understanding of charged NPs can be applied to
deposit of tungsten film with the purpose of decreasing resistivity
of the film. If the resistivity of tungsten film can be reduced using
the understanding of charged NPs, it could be a good example to
show that the control of charged NPs is another critical factor to
enhance the film quality. Thus, applicability of the theory of charged

NPs is investigated in this chapter.

RF magnetron sputtering which is used in this study is selected

to increase the ionization rate of plasma that is used to deposit film.
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The ionization rate of RF magnetron sputtering is higher than that of
DC magnetron sputtering because of electron oscillation. The higher
ionization rate is favored to induce the charging of NPs, which
results in enhancing the film quality. Thus, if the ionization rate can
be higher than that of RF magnetron sputtering, the film quality is
expected to be enhanced more. High power impulse magnetron
sputtering (HiPIMS) is known to have higher ionization rate than
conventional sputtering. Thus, it is well expected to induce more
charging of NPs using HiPIMS than RF magnetron sputtering, which
can enhance the film qualities like resistivity. Thus, films were
deposited with HiPIMS and the qualities of the films were compared
with those of the films deposited with RF magnetron sputtering also

in this chapter.
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Figure 4.1. Crystal structure of A—15 B tungsten.
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4.2. Experimental method

Figure 4.2a is a schematic of the RF magnetron sputtering
system used in this chapter. A 2—inch tungsten target was used and
the distance between the target and sample stage was 7 cm. An
amorphous carbon TEM membrane (Ted Pella, Inc., Redding, CA,
USA) was used as a substrate for capturing NPs and a p—type
silicon (100) wafer with 1 x 1 cm? size was used as a substrate for
film deposition. An insulating polymer sheet was placed between
the substrate and the sample stage for electrical isolation because
the sample stage is grounded. A DC bias device was connected to
the substrate for applying the electric bias. To separate the
substrate and plasma, a grounded mesh, which is shown in Figure
4.2b, was installed 1 ~ 2 mm above the substrate. With this
grounded mesh, the electrical potential of the substrate did not
interfere with the plasma. Thus, the same plasma condition could be
maintained regardless of the electrical potential of the substrate.
For this purpose, the grounded mesh had the hole size less than

Debye length of the plasma [70].

In order to capture NPs on a carbon TEM membrane, it should
be exposed to plasma for a few seconds. With a longer exposure

time, films will be deposited on the membrane not NPs. To control
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exposure time, a round—shaped shutter with 5 cm diameter was

installed above the grounded mesh as shown in Figure 4.2a.

Prior to the experiment, the sputtering chamber was evacuated
to be less than 1 x 107° Torr. For sputtering, RF power was kept at
40 W and Ar gas was used for plasma generation. Pressure was
varied from 5 to 80 mTorr. Tungsten NPs were capture with
substrate bias of —70, 0, +50 V. Also, tungsten films were

deposited with substrate bias of =70, —30, —10, O and +50 V.

Experimental setting for HiPIMS is shown in Figure 4.3. It was
very similar to that of RF magnetron sputtering although different
chamber was used. Power supply for HiPIMS was connected to
target. A 3—inch tungsten target was used and the distance
between the target and sample stage was 14 cm. A p—type silicon
(100) wafer with 1 x 1 cm2 size was used as a substrate for film
deposition. For sputtering, average power was 0.5 kW and 0.7 kW.
Ar gas was used for plasma generation and pressure was 0.5 Pa,
0.7 Pa and 0.9 Pa. Experiment to capture tungsten NPs was not
conducted because it was impossible to install the grounded mesh

and the shutter that was used during RF magnetron sputtering.

Tungsten NPs captured on the TEM membrane during RF

magnetron sputtering were analyzed by TEM (FEI, Tecnai F20,
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Hillsboro, OR, USA). The microstructure of the tungsten films was

investigated by FESEM (Carl Zeiss, SUPRA, Oberkochen, Germany).

TEM and FESEM were operated at accelerating voltages of 200 kV
and 2 kV, respectively. The crystallinity and orientation of the films
were analyzed by XRD (PANalytical, X' pert—Pro, Almelo, The
Netherlands) at 2—theta ranges of 20° ~ 60° using Cu—Ka

wavelength of 0.154 nm.

4.3. Results and discussion

4.3.1. Tungsten film deposited by RF magnetron sputtering

The main purpose of this chapter was to reduce resistivity of
tungsten film based on the understanding of charged NPs. For this,
tungsten films were deposited on silicon substrates with various
substrate bias and the resistivity of the films were measured. The
results are shown in Figure 4.4. Compared to resistivity of the film
deposited with O V, resistivity of the film with positive substrate
bias is higher. Especially, resistivity with + 50 V under 80 mTorr is
much higher than the others. For more detail, the rescaled graph is

shown in Figure 4.5. Under all pressure, resistivity with positive
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bias is higher than those with O V, whereas resistivity with negative
bias is lower than those with O V. As the more negative bias was
applied, resistivity of the films gets lower. This might be due to the
existence of positively charged tungsten NPs. It will be discussed
with capture experiment. Like the discussion of chapter 3, the bias

effect gets pronounced as the pressure is high.

Figure 4.6 is a graph showing the XRD result of the thin film
according to the bias by pressure. Currently, two phases of
tungsten have been observed. To explain this for a moment,
tungsten is a stable phase, alpha tungsten having a BCC structure
exists, and beta tungsten as shown in Figure 4.1 exists as a
metastable phase. Since this beta tungsten has higher resistivity
than alpha tungsten, it is necessary to prevent the formation of beta
tungsten in order to lower the target resistivity. On the other hand,
it is reported that these studies on the formation of beta tungsten
appear when the process pressure is increased and the sputtering
power 1s decreased. That 1s, beta tungsten 1s formed under low
energy conditions of particles incident on the substrate, and alpha
tungsten is produced under high energy conditions. Looking at
Figure 4.6 again from this point of view, looking at the O V samples
without bias, when the pressure is high, the pick of beta tungsten
dominates. In other words, when no bias is applied, the formation of

beta tungsten can be prevented by using a low pressure. In Figure
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4.5, the lower the pressure, the lower the resistivity. However,
even in the case of 80 mTorr with increased pressure, when
negative bias is applied, the same resistivity as bmTorr with low
pressure can be obtained. Considering this based on the
understanding obtained in Chapter 3, it seems that the charging rate
of nanoparticles increased as the pressure increased, and the
incident energy increased due to attraction to the substrate. In
other words, by inducing charging of nanoparticles, low resistivity
can be obtained even at high pressure, and the growth rate of 80
mTorr is approximately 30 % higher than that of bmTorr. In other
words, by inducing charging of nanoparticles, a thin film with low

resistivity could be obtained at a high growth rate.

4.3.2. Tungsten film deposited by HiPIMS

For HiPIMS experiment, pressure and power were varied.
Pressure of 0.5 Pa, 0.7 Pa and 0.9 Pa was used and average power
of 0.5 kW and 0.7 kW was used. However, the films under 0.5 Pa
were peeled out. Under the other 4 conditions, the films were well

deposited. This is summarized in table 4.1.
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0.5 Pa 0.7 Pa 0.9 Pa

0.5 kW X O ©)

0.7 kW X O ©)

Table 4.1. Summary of results of HIPIMS

Films were deposited for 30 min. FESEM cross—section images
of the films are shown in Figure 4.7. Figure 4.7.a and b were films
under 0.7 Pa and 0.9 Pa, respectively, with 0.5 kW. Figure 4.7.c and
d were films under 0.7 Pa and 0.9 Pa, respectively, with 0.7 kW.
The films under higher pressure and higher power shows high

growth rate.

Also, FESEM top—view images of the films are shown in Figure
4.8. Figure 4.8.a and b were films under 0.7 Pa and 0.9 Pa,
respectively, with 0.5 kW. Figure 4.8.c and d were films under 0.7
Pa and 0.9 Pa, respectively, with 0.7 kW. Sharp edges are observed
under all conditions, but there was little difference between the

conditions.

Resistivity and roughness of the films were measured and these
are shown in Figure 4.9. The roughness of the films does not show
a big difference, whereas the resistivity of the films shows much
obvious difference. The film deposited under 0.7 Pa with 0.7 kW

shows the lowest resistivity. Because the purpose of this chapter is
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to reduce the resistivity of the films, we applied additional

experimental setting under this condition.

The substrate bias of —10, —20, —30 V was applied under 0.7
Pa with 0.7 kW. FESEM cross—section images of the films are
shown in Figure 4.10. Figure 4.10.a, b, ¢ and d are respectively the
films deposited with substrate bias of O, —10, —20 and —30 V. the
films with —10 V shows the highest growth rate and when negative
bias becomes bigger, the growth rate slightly decrease. This might

be attributed to attraction of positively charged tungsten NPs.

Also, FESEM top—view images of the films are shown in Figure
4.11. Figure 4.11a, b, ¢ and d are respectively the films deposited
with substrate bias of 0, —10, —20 and —30 V. With top—view

image, the films do not show an obvious difference.

Resistivity and roughness of the films were measured and these
are shown in Figure 4.12. The roughness of the films does not show
an obvious difference. However, when the substrate bias of —20
and —30 V was applied, the resistivity of the films decreased. The

film deposited with —20 V shows the lowest resistivity.

4.3.3. Comparison of the results of RF sputtering and HiPIMS
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The purpose of this chapter was to reduce the resistivity of
tungsten films with high ionization rate by HiPIMS. To compare the
results of RF magnetron sputtering and HiPIMS, growth rate,
resistivity and FWHM of the all films were measure. Figure 4.13
shows the growth rate and resistivity of all films deposited by
HiPIMS and RF magnetron sputtering. The films deposited by
HiPIMS show higher growth rate and higher resistivity than those
deposited by RF magnetron sputtering. We expected that the films
deposited by HiPIMS would show lower resistivity, but the results
do not match with the expectation. However, the condition that used
to deposit films by HiPIMS is the condition that the growth rate is
much higher than that of RF magnetron sputtering. They were
almost 5 times higher than those of RF magnetron sputtering. Thus,
if the condition is optimized, the resistivity is expected to be more

decreased.

Figure 4.14 is the XRD analysis of all films and the FWHM of
the XRD graph is shown in the below table. The XRD analysis also
show that the crystallinity of the films deposited by RF magnetron
sputtering is better than those of HiPIMS. This also seems to be
because of high growth rate of HiPIMS. If the condition is optimized,

crystallinity will be improved.
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4.4. Conclusion

Tungsten films were deposited by RF magnetron sputtering and
HiPIMS. During RF magnetron sputtering, the resistivity of films
was reduced by applying negative substrate bias. During HiPIMS,
the resistivity of films was also reduced by applying negative
substrate bias. However, contrary to expectations, the resistivity of
the films deposited by HiPIMS was higher than that of the films
deposited by RF magnetron sputtering. This might be attributed to
higher growth rate of HiPIMS than that of RF magnetron sputtering.
It is expected that the resistivity of films deposited by HiPIMS

could be more reduced if the process condition is optimized.
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Figure 4.2. Schematics of RF sputtering system (a) main chamber
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Figure 4.3. Schematics of HiPIMS system.

88



Resistivity (uQ2 cm)

10000 -

A w80 mTorr

9000+ mmm 20 mTorr

8000 + mmm 5 mTorr
7000:
6000:
5000:
4000;
3000:
2000:

1000:
0_- _— —————
-0V~ 30V 10V oV +50V

Sub. bias

A

Figure 4.4. Resistivity of the films deposited by RF magnetron

sputtering under 5 mTorr, 20 mTorr and 80 mTorr.

3 ) 211 |
389 ":l'\-"i -';"-1 !. _.-'l:i



mmm 80 mTorr
600 -
mmm 20 mTorr
E 500 mmm 5 mTorr
(@)
% 400 - A
2 300- /
2 o
D 2004
(7p]
& - ———o—*
1004 o . . "
J |
0 1 1 I I 1
-70V -30V -10V oV +50V
Sub. bias
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Figure 4.7. FESEM cross—section view images of the films
deposited by HiPIMS under (a) 0.7 Pa and (b) 0.9 Pa, respectively,
with 0.5 kW and under (c) 0.7 Pa and (d) 0.9 Pa, respectively, with

0.7 kW.
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Figure 4.8. FESEM top view images of the films deposited by
HiPIMS under (a) 0.7 Pa and (b) 0.9 Pa, respectively, with 0.5 kW

and under (c) 0.7 Pa and (d) 0.9 Pa, respectively, with 0.7 kW.
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Figure 4.11. FESEM top view images of the films deposited by
HiPIMS with the substrate bias of (a) OV, (b) =10V, (¢c) =20V
and (d) —30 V under the pressure of 0.7 Pa with the average power

of 0.7 kW.
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